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PREFACE  

° 

The release of the first human genome reference sequence was certainly a notable event on 

the biotechnology timeline, if not one of the most revolutionary scientific developments of our 

lifetime.  Scientists anticipated that knowledge of the human genome sequence would make 

enormous contributions to understanding the individuality of human disease.  Although our 

understanding of human disease has certainly grown rapidly, this advance in understanding has 

raised even more questions.  The post-genomic era has had a huge impact on modern 

medicine and has changed the face of the study of inborn errors of metabolism (IEM).  This 

group of rare diseases is heterogeneous, having a wide range of known clinical presentations.   

In earlier years, IEMs were perceived as rare diseases that almost always presented during the 

first few days of life and had severe clinical consequences; nowadays, however, there is more 

evidence of late-onset, adolescent and adult subtypes of the same severe early onset of the 

classic IEM (Gray et al., 2000).  Scriver (2004), one of the leading minds in the field of IEM, 

recognised that this group of diseases which usually arise from simple deficiencies of a single 

enzyme, is not as simple as once thought, but rather presents as complex traits (Scriver, 2004a; 

Pons et al., 2007; Touw et al., 2014).  Scriver (2004) has suggested, therefore, that if we truly 

want to understand the complex molecular basis of this group of seemingly rare diseases, a 

systems biology approach should be implemented (Scriver, 2004a; Touw et al., 2014).  The 

development of technology enables an earlier and more accurate and diagnosis of these 

diseases.  Advances in technology have also brought a greater awareness of new rare 

diseases, as well as of the subtle differences between patients with apparently identical 

disorders (Sedel et al., 2007a; Sedel et al., 2007b).   

This thesis focuses on isolated 3-methylcrotonyl-CoA carboxylase (MCC) deficiency, one of the 

600 well-characterised IEMs.  MCC-deficiency is considered a controversial topic in the field of 

the study of IEMs.  Although MCC-deficiency is considered the organic acidaemia most 

frequently detected by newborn screening (NBS) programmes, the unusually high frequency of 

asymptomatic MCC-deficient mothers identified when their babies were screened became a 

point of concern for physicians (Stadler et al., 2006; Lam et al., 2013).  The high incidence 

suggests that MCC-deficiency has a low penetrance, which evokes the on-going debate of 

whether or not to exclude screening for MCC-deficiency from the expanded NBS programme.  

The adult forms of classic IEM are often regarded as non-disease (Sedel et al., 2007b), but how 

the seemingly harmless conditions impact the quality of life and increase the risk of the 

development of secondary lifestyle-associated health problems has not yet been investigated 

and is not yet understood.  This thesis aims to address and contribute to a better understanding 
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of the molecular basis of MCC-deficiency by investigating the transcriptome, underlying 

molecular interaction networks and secondary signalling responses that are involved with 

clinically severe and marginal MCC-deficiency, using primary and immortalised skin fibroblast 

cultures.   

This thesis consists of five Chapters, three appendices, Supplementary Chapters, two 

submitted manuscripts and one manuscript in preparation.  The first Chapter summarises the 

most relevant and current problems and developments in the study of MCC-deficiency in the 

post-genomic era.  Chapter One includes a brief overview of current endeavours in the field of 

“omics” as a tool for the study of IEM and other complex and/or rare diseases, as well as the 

background and motivation of the study and the aim, objectives, study design and methods, 

which conclude the Chapter.  Chapter Two describes the characteristics of a South African 

family presenting with metabolites usually indicative of MCC-deficiency.  Selected sections of 

this Chapter have been submitted for publication to “Molecular Genetics and Metabolism”.  
Chapter Three describes the first whole-genome expression profile of immortalised cultured 

skin fibroblasts from patients with clinically severe MCC-deficiency, with a similar known 

mutation in the MCCC1 gene.  Sections from this Chapter have been submitted to the 

“International Journal of Biochemistry and Cell biology”.  Chapter Four describes a comparative 

transcriptome generated from immortalised skin fibroblasts of patients with clinically severe and 

marginal MCC-deficiency.  A manuscript that includes a selection of data from this Chapter is in 

preparation and will be submitted to “Gene”.  Chapter Five concludes the study with an overall 

discussion and summary of the most interesting findings from the study.  This Chapter also 

addresses the limitations of this study and proposes recommendations for further research 

arising from this study of MCC-deficiency in the post-genomic era.  The list of references cited 

throughout this thesis appears in the reference section following Chapter Five.  The referencing 

was done using EndNote and the prescribed NWU-Harvard-2015 output style.  The three 

appendices included are as follows: Appendix A describes the biological samples analysed in 

this study, while Appendix B summarises the quality control assessment of the HuExST1.0 

arrays analysed.  Appendix C summarises the qPCR data generated, which served as 

complementary validation experiments to the HuExST1.0 array experiments.  Supplementary 
data to Chapters Three, Four and Five are included in separate electronic folders enclosed on 

a disc. The final section of this thesis consists of the two submitted manuscripts as well as the 

current draft of the manuscript in preparation.   

The co-authors declare their contributions made to this study as follows:  Prof. A.A. Van Dijk 

supervised the study and was involved in the study design, data interpretation and writing of all 

the manuscripts. The other co-authors that contributed to the preparation of the manuscript 

presented in Chapter Two, entitled “Biochemical characterisation and whole-genome 
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ABSTRACT 

° 

Urinary 3-hydroxyisovaleric acid and 3-methylcrotonylglycine are usually indicative of the 

possibility of 3-methylcrotonyl-CoA carboxylase (MCC) deficiency.  In this study a South African 

family which presented with these metabolites was investigated.  A standard metabolic work-up, 

analyses of relevant enzyme activity and in vivo loading tests indicated that two of the males in 

the family might have marginal MCC-deficiency of unknown genetic origin.  The standard 

workup was extended with transcriptome analyses.  Affymetrix HuExST1.0 arrays were used to 

generate the transcriptome from cultured skin fibroblasts of two affected males of the family and 

then the underlying molecular interactions and functional network analyses were explored.  
Transcriptomes were also generated from immortalised skin fibroblast cultures of well-

documented clinically severe MCC-deficient patients as well as healthy controls.  Subsequently, 
the three transcriptomes (from the South African family, the clinically severe MCC-deficient 

patients and controls) were compared to further characterise and identify similarities and 

differences between clinically severe and marginal MCC deficiency.         

The biochemical phenotype indicative of MCC-deficiency in this South African family suggested 

an X-linked association.  The transcriptomic and functional analyses identified possible 

candidate genes to further investigate this apparent X-linked association of some MCC-deficient 

patients, especially the FAAH2 gene. The clinically severe 3-methylcrotonyl-CoA carboxylase 

deficient skin fibroblast transcriptome had a footprint indicative of mitochondrial dysfunction.  

The comparison of the transcriptomes and functional analyses from clinically severe and 

marginal 3-methylcrotonyl-CoA carboxylase deficiency further suggested the presence of 

aberrant pro-inflammatory cytokine signalling and associated impaired membrane integrity.   

The data presented in this thesis supports the notion that secondary factors other than the MCC 

loci might contribute to the presentation of the biochemical phenotype which is usually indicative 

of MCC-deficiency.  The data also suggested that the long-term impact of a 3-methylcrotonyl-

CoA carboxylase deficient biochemical phenotype should not be underestimated, especially 

since aberrant regulation of reactive oxygen species seems to play an intricate role in MCC-

deficiency.  It is evident that MCC-deficiency is far more complex than what was thought.  

However, despite the complexity of the functional analyses and the secondary signalling 

responses observed in the transcriptomes, interesting relationships were revealed that 

contribute to a better insight into the molecular impact of MCC-deficiency.  In summary, it is 

clear that this dataset has potential to be mined even more.  It is however important to keep in 

mind that the current state of the data is of an explorative nature and any specific implications 
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thereof must be confirmed experimentally. A vast amount of options for possible follow-up 

experiments are available and should be carefully explored.  

 

Keywords: 3-Methylcrotonyl-CoA carboxylase deficiency; transcriptome; Affymetrix 
HuExST1.0 arrays; mitochondrial dysfunction; secondary signalling responses
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OPSOMMING 

° 

Urinêre 3-hidroksie-isovaleriaansuur en 3-metiel-krotonielglisien is gewoonlik 'n aanduiding van 

die moontlikheid van 3-metielkrotoniel-KoA karboksilase (MKK) defek. In hierdie studie is 'n 

Suid-Afrikaanse familie wat hierdie metaboliete uitskei, bestudeer.  'n Standaard metaboliese 

ontleding, relevante ensiemaktiwiteitsbepalings en in vivo beladingstoetse het aangedui dat 

twee van die mans in die familie matige MKK-defek  van onbekende genetiese oorsprong het.  

Die standaard prosedure is uitgebrei met transkriptoom analises. Affymetrix HuExST1.0 

mikroraamwerkskyfies is gebruik om die transkriptoom van gekweekte velfibroblaste van die 

twee ge-affekteerde mans in die familie te genereer.  Die onderliggende molekulêre interaksies 

en funksionele netwerk analise is ook ondersoek. Die transkriptome van goed 

gedokumenteerde klinies ernstige MKK-defek pasiënte sowel as gesonde kontroles is ook 

gegenereer uit onsterflike velfibroblast kulture.  Daarna is die drie transkriptome (die Suid-

Afrikaanse familie, die klinies ernstige MKK-defek pasiënte en die kontroles) vergelyk om 

ooreenkomste en verskille tussen die klinies ernstige MKK-defek en gematigde MKK defek te 

identifiseer en te dokumenteer.  

 

Die biochemiese fenotipe wat „n aanduiding is van MKK-defek volg „n X-gekoppelde 

oorerwingspatroon in hierdie Suid-Afrikaanse familie.  Die transkriptoom en funksionele analise 

het moontlike gene geïdentifiseer wat hierdie oënskynlike X-gekoppelde oorerwingspatroon van 

sommige MKK-defek pasiënte sou kon verklaar.  Die FAAH2 geen blyk veral belangrik te wees.  

Die klinies ernstige 3-metielkrotoniel-KoA karboksilase defek velfibroblast transkriptoom het 'n 

bloudruk wat dui op mitochondriale wanfunksie. Die vergelyking tussen die transkriptoom en 

funksionele analise van die klinies ernstige en gematigde MKK-defek pasiënte het verder 

aangedui dat daar abnormale pro-inflammatoriese sitokien seinoordrag en gepaardgaande 

membraanskade plaasvind. 

Die data wat in hierdie tesis aangebied is, ondersteun die idee dat sekondêre faktore anders as 

die MKK locus self, kan bydra tot die ontstaan van die biochemiese fenotipe wat gewoonlik 'n 

aanduiding van die MKK defek is. Die data het ook aangedui dat die impak van 'n 3-

metielkrotoniel-KoA karboksilase defek biochemiese fenotipe oor die langtermyn nie onderskat 

moet word nie, veral omdat dit lyk asof die regulering van reaktiewe suurstofspesies „n 

ingewikkelde rol in MKK-defek speel. Dit is duidelik dat die MKK defek baie meer kompleks is as 

wat aanvanklik gedink is. Ten spyte van die kompleksiteit van die funksionele analise en die 

sekondêre seinoordrag stimulus wat waargeneem is in die transkriptome, is interessante 

verwantskappe tussen gene en proteïene gevind wat bydra tot 'n beter insig in die molekulêre 
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impak van MKK-defek. Ter opsomming, dit is duidelik dat hierdie datastel nog baie potensiaal 

het om verder ontgin te word.  Dit is egter belangrik om in gedagte te hou dat die data van 'n 

verkennende aard is en dat opvolg eksperimentele werk die spesifieke implikasies wat hier 

aangedui is, sal moet bevestig. 'n Groot verskeidenheid opsies vir opvolg eksperimente is 

moontlik en moet versigtig ondersoek word. 

Sleutelwoorde: 3-Metielkrotoniel-KoA karboksilase defek; transkriptoom; Affymetrix 
HuExST1.0 mikroraamwerkskyfie; mitochondriale wanfunksie; sekondêre seinoordrag 
stimulus  
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CHAPTER ONE 

I 

Inborn errors of metabolism and the study of 3-Methylcrotonyl-CoA 

carboxylase deficiency in the post-genomic era 

1.1 Introduction 

The mapping of the human genome was probably one of the greatest scientific achievements of 

our time and the beginning of a new era of science and technology.  The face and perspective 

of the study of human disease have changed radically over the past decade.  The constant 

stimuli between the advances in technology and developments in biology brought an explosion 

of possibilities.  Today, young scientists look back at the pre-genomic era of science and 

medicine and admire the scientific breakthroughs made without the luxury of a knowledge base. 

The completion of the first human genome sequence, released in February 2001, initiated the 

post-genomic era (Kiechle et al., 2004).  The post-genomic era today provides a platform where 

biology and technology meet.  The release of the human genome was somewhat disappointing, 

since it was believed that knowledge of the human genome sequence would answer many 

questions; instead, it generated even more questions.  The genome sequence provides 

important information identifying the genetic blueprint that is considered the backbone of genetic 

information and provides a list of genes that code for proteins upon which the environment 

impacts (Varki et al., 2008).  By themselves, however, these genes and proteins do not provide 

an understanding of the underlying principles of cellular systems. Even though the human 

genome sequence did not provide the anticipated answers that might lead towards a better 

understanding of phenotypic individuality, it most certainly laid the basis for the development of 

tools to study the growing world of “omes” and “omics”.  The suffix “ome” refers to a whole class 

of a distinct kind of biological moieties; for example, all genes are collectively referred to as the 

genome.  The molecular methods and the study of the genome are called genomics, “omics” 

referring to the study of the whole of the class of moieties.  As technology advances, the body of 

omic disciplines is growing by the day.  Genomics, transcriptomics, proteomics and 

metabolomics are only some of the most well-defined omics among the hundreds of omic areas 

known (Ellis et al., 2007).   

The paradigm has shifted from a static, targeted, one-gene-one-disease approach to a dynamic 

world of “omes”.  It is evident that molecular networks such as regulatory, biochemical and 

protein interaction networks need to be far better understood to elucidate the underlying 
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molecular networks and interactions in health and disease.  The development of functional 

analysis tools contributes towards understanding the logic of molecular networks involved in 

biological processes which, in turn, elucidate the function of genomic variation.  Although 

knowledge of these mechanisms is emerging (D‟haeseleer et al., 2000; Cusick et al., 2005; 

Bernstein et al., 2007; Han, 2008), there is little understanding of the mechanisms by which the 

genetic blueprint comes to life.  In the last decade we have advanced from having little 

information about the genetic details of biology, to possessing an immense amount of structural 

information about individual genes (Peltonen & McKusick, 2001).  This knowledge has 

contributed largely to the way inborn errors of metabolism (IEM), in particular, are perceived and 

studied today (Scriver, 2004a; Touw et al., 2014). 

 

1.2 Human disease in the post-genomic era  

The post-genomic era changed the way medicine and medical research is approached.  The 

post-genomic revolution in genetics and molecular biology has greatly facilitated the 

identification of candidate genes for understanding human diseases (Childs & Valle, 2000; 

Botstein & Risch, 2003).  This contribution alone has greatly accelerated the identification of 

mutations responsible for both rare and common diseases.  The interpersonal variation 

knowledge base and its contribution to applications such as the development of drugs and 

personalised medicine are of great value.  One of the overall challenges and important concepts 

of following an omics approach is the adaptation to the integrative biological network thinking 

process.  Shifting from static isolated sequential thinking towards making sense of complicated 

integrative biological networks is not an easy thing to do.  It is challenging to try to grasp the 

concept that no one process in a living organism exists independently of another, whether the 

mechanism is understood or not.  The imaginary boundaries which separated disciplines, set in 

the pre-genomic era, are now diffuse and difficult to distinguish, hence the emergence of 

systems biology.  The integrative biological network thinking process does not discredit the 

contributions made from studies done in isolated systems.  In fact, without the knowledge of the 

isolated systems, no reliable knowledge base, on which many integrative networking processes 

are based, would have been possible (Scriver, 2004b).   

Today, more than a decade after the onset of the post-genomic era, limitations and challenges 

in the field of omics are recognised.  It is evident that, in comparison with the large amount of 

research published in the initial discovery phase, only a small number of replication, validation 

and translation research studies exist (Medicine, 2012).  Studies that complement each other 

and which involve different biological networks seem to be a good way to cross-validate novel 

findings.  For example, the three biological networks – protein interactions, gene regulatory 
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networks and metabolic networks – are seamlessly integrated and are one of the major 

challenges in studying systems biology (Xiong et al., 2005; Prieto et al., 2008; Schramm et al., 

2012). It is, therefore, of utmost importance to understand the advantages and limitations of 

each omic study.  Ultimately several omic maps considered collectively will provide the atlas of 

molecular systems, from which new principles and discoveries will flow (Hamburg & Collins, 

2010; Baggerly & Coombes, 2011; McShane et al., 2013).     

1.2.1 Diseasome:  A systems biology approach  

With the rapid growth of new technologies, together with powerful computational and modelling 

tools which changed the face of life science studies, systems biology has developed extensively 

in recent years.  These information-based sciences study biological systems using 

computational models to predict and visualise integrative networks.  The possibility that a more 

global and comprehensive integration of different levels of information could be visualised in 

one model led to the emergence of the field of systems biology (Figure 1.1). 

 

 

Figure 1.1: Biological atlas of functional maps 
Conceptually, each “ome-map” can be conceived as a two-dimensional matrix.  The X-axis represents the 
genome, the complete set of open reading frames or the proteome.  The Y-axis represents a set of 
conditions, genetic backgrounds or phenotypes, or even the proteome itself.  Overlapping maps in the Z 
axis constitute the biological atlas (Vidal, 2001). 

 

Systems biology is an interdisciplinary field that focuses on complex interactions in biological 

systems.  Being able to visualise several levels of integrative networks assists in understanding 
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how biology responds to external stimuli.  These models create hypotheses about biological 

functions and mechanisms of disease, which can then be tested experimentally (Price et al., 

2013).  This enables the emergence of systems medicine, integrating the information of the 

genome and the interacting information from the environment in the context of the five 

fundamental mechanisms of life, namely evolution, development, physiological responses, 

ageing and the onset and progression of disease (Hood et al., 2004).  Therefore, to understand 

biological systems, information must be gathered from as many information levels as possible 

so that all can be integrated into models that generate hypotheses about how biology works 

(Hood et al., 2008). 

A systems approach to medicine argues that disease arises from disease-perturbed biological 

networks and that the dynamically changing, altered gene expression patterns that are 

controlled by the perturbed networks give rise to the disease manifestations (Price et al., 2013).  

Altered gene-expression profiles encode the dynamic pathophysiology of the disease and result 

in altered molecular fingerprints that can be detected clinically (Ma et al., 2010).  Although the 

omics-based tools have the potential to truly revolutionise patient care, advanced computational 

methods are much needed to reduce the high degree of data dimensionality associated with 

global datasets and to identify molecular signatures that can be used for disease diagnosis 

(Price et al., 2013).  It is important to understand, however, that with any great promise comes 

great responsibility.  Therefore, the drawbacks and the advantages of each omic study should 

be stated clearly, with well-defined confounding factors that could influence the interpretation of 

the data.  One of the great contributions systems biology has made towards visualising 

“Disease” was the map of human disease (Goh et al., 2007; Goh & Choi, 2012).  This human 

disease map shows the relationship between different diseases, as well as indicating the 

commonalities that different diseases share with each other.  Figure 1.2 gives a summary of the 

human disease network and the relationship between different nodes. It is evident that no 

features, whether they are genes, proteins, metabolites, diseases or clinical symptoms and 

even phenotypes, exist in isolation.  Everything seems to be interconnected, making the study 

and understanding of disease much more complicated.  Notwithstanding all the advances and 

rapidly growing applications in technology, it is evident that much work still remains to be done 

to implement omics in medical practice and patient care (Price et al., 2013). 
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Figure 1.2: Human disease map 
(Goh et al., 2007; Goh & Choi, 2012). 
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1.2.2 OMICS and the study of inborn errors of metabolism 

Although the value of omics in the study of IEM has only recently been recognised, it had 

already been shown to be a potentially powerful tool for investigating and understanding the 

complex molecular basis and pathomechanisms of these diseases (Saito & Matsuda, 2010; 

Trushina et al., 2012; Touw et al., 2014).  The omic approach showed potential in identifying 

subtle differences between seemingly identical cases (Saito & Matsuda, 2010; Trushina et al., 

2012; Touw et al., 2014).  IEM were thought to be simple Mendelian diseases but, more often 

than not, this group of diseases presents as complex multigenic traits (Dippel & McCabe, 2000; 

Scriver, 2004a).  Charles R. Scriver, a pioneer in the field of IEM, suggested the study of the 

“phenome”, as knowledge of the genome was gained and interpersonal variation was better 

understood (Scriver, 2004a).  Evidently, omics showed that combinations of gene clusters 

collectively contribute to the development of human diseases, irrespective of the fact that the 

diseases have either a seemingly simple Mendelian or a complex multigenic trait (Dippel & 

McCabe, 2000; Scriver, 2004a; Loscalzo et al., 2007; Scriver, 2007; Vockley, 2008; Li & 

Agarwal, 2009).  It was also suggested that diseases are functionally related via 

“supercomplexes” and/or biological pathways (Oti & Brunner, 2007; Li & Agarwal, 2009).  This 

suggests that human diseases are not isolated from each other but rather interconnected, 

based on shared underlying biology and adaptive mechanisms (Li & Agarwal, 2009).  The 

complex interaction between genes and their endogenous environment, such as  nutrients, 

brings about a transcriptome that results in a metabolome related to a dietary biosignature that 

can be observed in the biofluids of individuals (German et al., 2004), making metabolomics a 

valuable diagnostic tool.  With the study of IEM in mind, the metabolome and metabolomics are 

the logical ome/omic to explore, with the anticipated benefit that metabolomics applied in the 

clinical setting will improve knowledge and enhance strategies for the treatment and 

management of IEM (McCabe, 2010).  The benefits of metabolomics have made it possible to 

describe the "metabotype" in relation to the genotype of individual subjects (Whitfield et al., 

2004; Gieger et al., 2008).  The study of the metabolome and its changes in response to 

different physiological and genetic processes already shows promise in increasing our 

understanding of the metabolic pathways associated with specific pathological effects and 

nutritional deficiencies.  This global metabolic profiling approach has led to the first proof-of-

concept studies in IEM (Wikoff et al., 2007; Reinecke et al., 2011; Smuts et al., 2012).  Diverse 

phenotypes that sprang from these seemingly simple diseases again highlighted the genetic 

and regulatory complexity of these diseases.  An omic approach to the study of IEM is already 

contributing to a rethinking of the traditional concept of “one phenotype, one genotype” (Wikoff 

et al., 2007; Reinecke et al., 2011; Touw et al., 2014).  It is evident that the varying genome 

does not affect a single step in the metabolism but plays a more intricate role in a cascade of 

the metabolic conversions and modifications that consequently affect the molecular 
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mechanisms underlying disease (Desvergne et al., 2006; Hotamisligil & Erbay, 2008).  A 

metabolomics data set is complex and typically not part of a traditional work-up in the study of 

IEM (Goodacre, 2005); therefore, for metabolomics to be implemented in a clinical setting, 

dynamic disease biomarker patterns need to be established and understood (Van der Greef & 

Smilde, 2005). 

However, the lack of understanding of the regulation and of underlying molecular interaction 

networks, functional relations and secondary signalling responses that cause the biosignature 

resulted in a dead end in the implementation of metabotyping in daily medical practice (Go et 

al., 2003; Milner, 2003; German et al., 2004).  How the genes and nutrients and/or biomolecules 

interact with each other will remain unknown.  Currently, gaps exist between the discovery and 

implementation of new knowledge in daily medical practice and the understanding of the 

relationship between genetics and metabolic signatures.  It is important, therefore, to integrate 

transcriptomic approaches with metabolomics to achieve a better understanding of the 

underlying molecular interactions and regulation involved in specific conditions and IEM.  This 

approach has already demonstrated great potential in enabling an understanding of the subtle 

differences between patients presenting with similar clinical characteristics and seemingly 

identical diseases (Touw et al., 2014).  Therefore, combining transcriptomics and metabolomics 

will add great value to the investigation of IEM.  These complementing disciplines can aid not 

only in implementing metabolomics as a diagnostic tool, but also in advancing personalised 

medicine and preventative disease management, by increasing understanding of the underlying 

mechanisms and secondary signalling responses that bring about the biosignature and 

metabotype related to diseases and complex conditions (Plebani & Lippi, 2013). 

 

1.3 The balance between health and disease 

A number of diseases, including neurodegenerative diseases and some types of cancer, 

become visible only at later stages of life, which suggests that ageing most likely plays an 

important role in the manifestation of late-onset disease.  Carvalhal and co-workers (2015) 

studied the roles of cellular and organismal ageing during the development of late-onset 

maladies.  They suggest that the ageing process is partially regulated by genetic and metabolic 

pathways and that the manifestation of late-onset maladies, such as neurodegenerative 

disorders and cancer, originates from an ageing-associated decline in the activity of 

mechanisms that maintain cellular integrity (Carvalhal Marques et al., 2015).  Several theories 

have been proposed that link the processes of development to ageing in humans.  One of the 

many theories sprang from a neuroscience model that showed that age-related brain 
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degeneration in healthy humans mirrors development.  The researchers found that areas of the 

brain that are thought to develop later also seem to degenerate earlier (Douaud et al., 2014).  

Importantly, as cells age, the cell membrane composition also gradually changes.  It is evident 

that ageing causes detrimental changes in membrane phospholipid composition.  Decreased 

cell membrane fluidity and decomposition of cell membrane integrity, as well as breakdown of 

cell membrane repair mechanisms, are associated with various disorders, including liver 

disease, atherosclerosis, cancer and cell death, since rigid membranes have a greater risk of 

cellular injury.  Nutrient-sensing pathways, mitochondrial activity, DNA damage response and 

telomeres, as well as autophagy, are also associated with ageing, and play a surprisingly 

prominent role in disease development (Niccoli & Partridge, 2012).  Evidence has suggested 

that phosphatidylcholine, one of the main types of phospholipids in the cell membrane, 

decreases with age, whereas sphingomyelin and cholesterol both increase with age.  Not only 

does this composition shift occur with the plasma membrane, but it also impacts the organelles 

within the cell, resulting in a decline in membrane fluidity that ultimately leads to rigid 

membranes and poor signalling (Osellame et al., 2012; Weijers, 2012).   

1.3.1 Cell membranes and cellular signalling in health and disease 

The ability of an organism to regulate its internal environment comes about because the 

organism possesses the machinery that enables it to recover from disturbances and 

perturbations, both internal and external, of the cell.  Cell membranes are important in cellular 

signalling since cell membranes carry the proteins and other compounds needed to receive and 

amplify the signals. 

1.3.1.1 Cell membranes 

All cellular membranes consist of a lipid bilayer composed mainly of phospholipids, which are 

organised with the hydrophobic tails facing inwards and the hydrophilic heads facing outwards 

into the aqueous regions on either side (Figure 1.3).  The most abundant lipid class in 

membranes is the phospholipid, consisting of a glycerol-3-phosphate backbone containing three 

adjacent carbon atoms, a polar head group and two fatty acids. The carbons are stereotypically 

numbered sn-1, sn-2 and sn-3. The sn-3 carbon atom is linked through a phosphate group to a 

polar head group which determines the nomenclature of the phospholipid, named 

phosphatidylcholine (PC), phosphatidylethanolamine (PEA), phosphatidylserine (PS) or 

phosphatidylinositol (PI).  Two fatty acids are bound to the sn-1 and sn-2 positions, of which 

saturated fatty acids are predominantly at the sn-1 position and unsaturated fatty acids at the 

sn-2 position.  Each type of cell membrane maintains a specific ratio of the phospholipid species 

as well as a specific set of membrane-bound proteins, depending on the function of the cell.  
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The degree of membrane fluidity or membrane order is dictated by the saturation of the fatty 

acids incorporated into the phospholipid (Masi et al., 2013).  There are four principal 

phospholipids – PC, PS, PEA and sphingomyelin – which constitute almost 60 % of total 

membrane lipids.  The membrane also contains glycolipids and cholesterol as well as many 

proteins, such as receptors, ion channels and transporters, which are imbedded in this 

membrane to a higher or lower degree of rigidity (Lodish, 2008). 

 

Figure 1.3: Cellular membranes 
Adapted from http://flipper.diff.org/app/items/info/5980. 

The fatty acid tails attached to the phospholipid heads are critical for maintaining membrane 

fluidity.  Different lengths of fatty acids provide different interaction abilities since the interactions 

between short-chain fatty acids are weaker than those between longer chains; membranes with 

short fatty acid chains are less rigid and remain fluid at lower temperatures.  Furthermore, 

unsaturated fatty acids also contribute to membrane fluidity.  PC associates with highly 

unsaturated fatty acids, especially arachidonic acid.  The implication is that the outer layer has 

higher energy lipids than the inner layer of the membrane.  This is important since the main role 
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of PC is to maintain cell membrane integrity, which is very important for basic biological 

functions, including cellular energy distribution and intracellular communication. 

Fatty acids can be hydrolysed from phospholipids by a superfamily of phospholipase (PL) 

enzymes, releasing a free fatty acid and a lysophospholipid.  These enzymes are known to play 

multiple roles in the maintenance of membrane phospholipid homeostasis and in the production 

of a variety of lipid mediators (Dennis, 2000b; Dennis et al., 2011).  Despite their common 

function, they are diversely encoded by a number of genes and express proteins that are 

regulated by various mechanisms.  PLA2 is responsible for releasing fatty acids at the sn-2 

position of membrane phospholipids and over 30 different types of PLA2s are present in 

mammalian cells (Murakami et al., 2011).  PLA2 is subdivided into six families based on 

structure, catalytic mechanism, localisation and evolutionary relationships (Quach et al., 2014).  

These families include cytosolic PLA2 (cPLA2), calcium-independent PLA2 (iPLA2), secretory 

PLA2 (sPLA2), lysosomal PLA2, platelet-activating factor acetylhydrolase, and the recently 

discovered adipose-specific PLA2 (Quach et al., 2014).  The families consist of various isoforms 

that are similar in structure and function (Sun et al., 2010).  

In a cellular system with a sufficient supply of adenosine triphosphate (ATP) and coenzyme A 

(CoA), the released free fatty acids are readily converted to acyl-CoA and afterwards returned to 

membrane phospholipids through lysophospholipid acyltransferases. Since arachidonic acid 

and docosahexaenoic acid are major fatty acids in the sn-2 position of phospholipids, the 

deacylation–reacylation system plays a critical role in controlling the metabolic activity of these 

long-chain polyunsaturated fatty acids (LCPUFA) (Sun et al., 2010).  In addition to being 

returned to the cellular membrane, LCPUFA can also be metabolised to lipid mediators 

(eicosanoids and docosanoids) (Dennis, 2000b) or degraded by beta-oxidation or peroxidation 

(Yavin et al., 2002).  Phospholipids and their metabolites are not only cell building blocks, but 

are involved in a large number of important cellular control systems.  This means that members 

of the PLA2 family are also important in systems such as signal transduction and eicosanoid 

production.  Through these systems, the actions of PLA2 affect a wide range of physiological 

functions and diseases, including asthma and allergy, sepsis, inflammatory bowel disease, 

arthritis and other inflammatory diseases (Dennis, 2000a). 

1.3.1.2 Cellular signalling  

The body possesses three super cellular signalling systems: the endocrine system, which 

secretes hormones, the nervous system, which uses neurotransmitters and neuromodulators as 

signalling mediators, and the immune system, which employs cytokines.  Five families of 

signalling proteins are regarded as cytokines – the Toll and Toll-like proteins that mediate 

inflammatory and innate immune responses, haematopoietic signalling molecules, tumour 
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necrosis factors (TNFs), chemokines, which serve as chemical chemoattractants, and 

interferon, which is important in defences against viruses.  The cell membranes carry signalling 

proteins which are highly modular and complex.  The components of the proteins are built up of 

pieces, each with a well-defined function.  Receptor proteins, for example, are imbedded in the 

membrane of cells and receive a signal.  The signal implies that binding between the receptor 

and the cytokine occurs, which results in a conformational change.  This rearrangement in turn 

launches a series of biochemical reactions within the cell.  The signal typically amplifies the 

message, producing multiple intracellular signals for every one receptor that is bound. 

Phosphorylation allows for intricate control of protein function. Phosphate groups can be added 

to multiple sites in a single protein, and a single protein may in turn be the substrate for multiple 

kinases and phosphatases.  Within proteins, the amino acids, serine, threonine, and tyrosine, 

are especially common sites for phosphorylation.  These phosphorylation reactions control the 

activity of many enzymes involved in intracellular signalling pathways.  Specifically, the addition 

of phosphate groups causes a conformational change in the enzymes, which can either activate 

or inhibit the enzyme activity.  Then, when appropriate, protein phosphatases remove the 

phosphate groups from the enzymes, thereby reversing the effect on enzymatic activity.  At any 

one time, a cell is receiving and responding to numerous signals, and multiple signal 

transduction pathways are operating in its cytoplasm.  Many points of intersection exist among 

these pathways.  For instance, a single second messenger or protein kinase might play a role in 

more than one pathway.  Through this network of signalling pathways, the cell is constantly 

integrating all the information it receives from its external environment.  Second messengers, 

such as cyclic AMP [cAMP], diacylglycerol [DAG] and inositol 1, 4, 5-triphosphate [IP3], are 

small molecules that initiate and coordinate intracellular signalling pathways.  In addition, 

reactive oxygen species (ROS) and nitrous oxide species (NOS) are recognised as important 

molecules that have the ability to act as second messengers, as well as through post-

translational modifications that alter the conformations and activities of signalling proteins.    

1.3.2 Mitochondrial function, reactive oxygen species in health and disease 

Mitochondria are complex dynamic and essential organelles in eukaryotic cells.  Mitochondria 

constitute the most prominent source of ATP and have a central function in various circuitries.  

The involvement of mitochondria in vital and lethal processes is crucial for embryonic and 

postembryonic development, as well as for maintenance of adult tissue homeostasis.  

Mitochondrial function as a whole is still not completely understood; however, primary 

mitochondrial defects that result in alterations in the signalling pathways underpin a large 

number of human diseases (Galluzzi et al., 2012).   

The major contribution of mitochondria to the cellular metabolism is based on their capacity to 

generate ATP in a highly efficient, oxygen-dependent fashion.  This highly effective machinery 
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that generates ATP also constitutes the most prominent source of intracellular ROS.  ROS are, 

therefore, a normal side product of respiration and important for intracellular signalling.  

Metabolic processes that involve enzymes such as xanthine oxidase, nitric oxide synthetase 

and p450 cytochromes all produce ROS as a metabolic by-product, whereas the primary 

function of NADPH oxidases (NOX) is to produce ROS.  These NADPH oxidases (NOX) are 

membrane-bound proteins that function to transfer electrons across membranes to a final 

electron acceptor, oxygen, where superoxide is generated.  These enzymes are important for 

cellular differentiation, growth, proliferation, apoptosis, cytoskeletal regulation, migration and 

contraction (Bedard & Krause, 2007). 

1.3.2.1 Reactive oxygen species signalling in normal physiological conditions  

It has long been known that ROS can destroy bacteria and destroy human cells, but research in 

recent decades has highlighted new roles for ROS in health and disease.  ROS have crucial 

roles in normal physiological processes, such as through redox regulation of protein 

phosphorylation, ion channels, and transcription factors; it has also recently been proposed that 

mitochondrial ROS play a crucial role in ageing.  ROS are required for biosynthetic processes, 

including thyroid hormone production and cross-linking of the extracellular matrix.  Biological 

specificity is achieved through the amount, duration, and localisation of ROS production.  A 

delicate balance between appropriate redox states and oxidative stress depends on the relative 

rate of ROS production and degradation (Figure1.4).   

For specificity in signalling, biological systems recognise the amount and type of ROS, as well 

as their temporal and spatial distribution.  Overproduction of ROS occurs during stimulated 

disease conditions, but there is also a genetic component to the propensity for ROS generation 

(Bedard & Krause, 2007; Brieger et al., 2012).  At low, regulated levels, ROS are involved in 

many vital physiological processes.  Normal immune function requires specific oxidative states.  

Furthermore, evidence has shown that ROS are involved in cognitive function (Thompson et al., 

1992) and memory function (Massaad & Klann, 2011).  A key point in the understanding of the 

involvement of ROS in cognitive functions is the molecular and functional link between NOX 

enzymes and glutamatergic neurotransmission (Sorce & Krause, 2009).  Modulation of nutrient 

sensing is an important aspect of ageing.  It is known that in eukaryotic cells, ageing is 

regulated by several factors such as the "target of rapamycin" (TOR), a nutrient-sensing protein 

kinase and the "AMP-activated kinase" (AMPK), which acts as a sensor of increased levels of 

AMP and ADP originating from ATP depletion (Salminen & Kaarniranta, 2012). 
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Figure 1.4:  Sources of ROS and the intracellular antioxidative defences 
ROS are endogenously generated inside cells by a variety of enzymes and through the mitochondrial 
respiratory chain.  Importantly, ROS are balanced by intracellular antioxidative defence, which consists of 
enzymatic and non-enzymatic components. 

 

Expression and activation of these two factors are finely modulated by ROS, both in 

physiological and pathological processes (Park et al., 2006; Sandstrom et al., 2006).  It has 

been proposed that ROS modulate the ageing process, mediating the stress response to age-

dependent damage (Hekimi et al., 2011). However, a better understanding of the mechanisms 

and the specific targets underlying the positive effects of ROS on the ageing process is needed 

(Brieger et al., 2012). 

1.3.2.2 Mitochondrial dysfunction, oxidative stress and inflammation in disease 

Reactive oxygen species (ROS) production by mitochondria can lead to oxidative damage to 

mitochondrial proteins, membranes and DNA, impairing the ability of mitochondria to synthesise 

ATP and to carry out their wide range of metabolic functions.  Mitochondrial dysfunction is 

increasingly being shown to be relevant in disease and in age-related and environmentally 

induced pathology.  The production of ROS by mammalian mitochondria is important because it 

underlies oxidative damage in many pathologies and contributes to retrograde signalling from 

the organelle to the cytosol and nucleus (Murphy, 2009).  Extensive research during last two 

decades has revealed the mechanism by which continued oxidative stress can lead to chronic 

inflammation, which, in turn, could mediate most chronic diseases, including cancer, diabetes 

and cardiovascular, neurological and pulmonary disease (Reuter et al., 2010).  Mitochondrial 

oxidative damage can also increase the tendency of mitochondria to release cytochrome c to 
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the cytosol by mitochondrial outer membrane permeabilisation and thereby activate the cell‟s 

apoptotic machinery.  Moreover, ROS production leads to induction of the mitochondrial 

permeability transition pore (PTP), which renders the inner membrane permeable to small 

molecules.  ROS may act as modulatable redox signals, reversibly affecting the mitochondrial 

function (Murphy, 2009).  Prolonged exposure to high ROS concentrations may lead to non-

specific damage to proteins, lipids, and nucleic acids, whereas low to intermediate ROS 

concentrations exert their effects rather through regulation of cell signalling cascades.  ROS-

related disease can be due either to a lack of ROS (e.g. chronic granulomatous disease, certain 

autoimmune disorders) or to a surplus of ROS (e.g. cardiovascular and neurodegenerative 

diseases) (Brieger et al., 2012).  Under sustained environmental stress, ROS are produced over 

a long time, and thus significant damage may occur to cell structure and functions and may 

induce somatic mutations and neoplastic transformation (Fang et al., 2009; Khandrika et al., 

2009; Reuter et al., 2010) (Figure 1.5). 

 

.  

Figure 1.5: Variations of ROS generation  
(a) Conceptual representation of genetically-determined ROS generation in the human population. 
Globally, there are significant variations of ROS generation. Note, however, that there is also regulation of 
ROS generation by epigenetics and external influences. (b) At moderate levels, NOX have crucial roles in 
health through mechanisms including signalling, biosynthetic processes, and host defence. When ROS 
levels are too low, the condition may result in decreased antimicrobial defence (e.g. chronic 
granulomatous disease), hypothyroidosis, low blood pressure or loss of otoconia. When levels are too 
high, there is an increase in cardiovascular disease, neurological disorders, cancers, and chronic 
inflammation (Brieger et al., 2012). 
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Indeed, cancer initiation and progression has been linked to oxidative stress by increasing DNA 

mutations or inducing DNA damage, genome instability and cell proliferation (Visconti & Grieco, 

2009).  The DNA damage inflicted by ROS contributes to the initiation and progression of 

carcinogenesis. ROS-dependent mutations in DNA include base modifications, rearrangement 

of DNA sequences, miscoding of DNA lesions, gene duplications, and activation of oncogenes 

(Brieger et al., 2012).  ROS are involved in a large number of cardiovascular diseases and the 

causal mechanisms are complex.  Vascular cells simultaneously express multiple NOX 

enzymes, and various cardiovascular diseases have been associated with changes in 

expression of NOX1, 2, 4, and 5.  In vascular smooth muscle cells from large arteries, NOX1 is 

required for migration, hypertrophy and proliferation, NOX4 mediates differentiation, and NOX1 

and 2 are implicated in hypertension (Brieger et al., 2012).  ROS have a role in neurological 

disease progression, primarily through the expression of NOX enzymes in microglial cells.  

Other brain cells, such as astrocytes and neurons, also generate ROS by mechanisms only 

partially understood.   While low ROS concentrations are required for brain function, high ROS 

concentrations contribute to disease due to neurotoxicity (Sorce & Krause, 2009; Brieger et al., 

2012).  ROS have been implicated in several psychiatric diseases, including depression and 

autism.  The most thoroughly studied example is schizophrenia, which illustrates yet more 

complicated and interesting roles for ROS (Brieger et al., 2012). 

Calcium is another crucial role player in the mitochondrial love-hate triangle.  Mitochondria are 

in constant communication with the cytosol to coordinate the balance between the energy 

demands of the cell and energy production by oxidative phosphorylation (OXPHOS).  This is 

primarily conducted through calcium signalling between the cytosol and the matrix.  Cellular 

calcium signalling is fundamental to most forms of cellular activation states: calcium signals 

govern most processes that are associated with increased demands for energy – secretion, 

contraction, motility, electrical excitability – all of which require increased energy provision and 

are usually associated with a rise in cytosolic calcium concentration (Osellame et al., 2012).  It 

is evident that there is a delicate balance between the positive and negative effects of calcium 

and the signalling events that perturb the balance (Brookes et al., 2004).  The primary role of 

calcium is to stimulate the OXPHOS for faster respiratory chain activity and higher ATP output.  

However, when calcium levels rise too high, mitochondrial function could become impaired as 

calcium has a mild uncoupling property which, in turn, leads to ROS generation.  Brookes and 

co-workers summarised the relationship between calcium, ROS and ATP as a love-hate triangle 

and noted that each one – calcium, ATP and ROS – has the ability to control the others 

(Figure1.6).   
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Oxidative stress is defined as an imbalance between production of free radicals and reactive 

metabolites, so-called oxidants or ROS, and their elimination by protective mechanisms, 

referred to as antioxidants.  This imbalance leads to damage of important biomolecules and 

cells, with potential impact on the whole organism (Durackova, 2010; Reuter et al., 2010).  

Oxidative stress can activate a variety of transcription factors, including nuclear factor kappa B 

(NF-κB), activator protein-1 (AP-1), Tumour protein 53 (p53/TP53), hypoxia-inducible factor-1α 

(HIF-1α), peroxisome proliferator-activated receptor γ (PPAR-γ), β-catenin/Wnt, and NF-E2-

related factor-2 (Nrf2).  Activation of these transcription factors can lead to the expression of 

over 500 different genes, including those for growth factors, inflammatory cytokines, 

chemokines, cell cycle regulatory molecules and anti-inflammatory molecules.  Overall, 

observations to date suggest that oxidative stress, chronic inflammation and cancer are closely 

linked (Reuter et al., 2010).  Chronic inflammation has been linked to various steps involved in 

carcinogenesis, including cellular transformation, promotion, survival, proliferation, invasion, 

angiogenesis, and metastasis (Coussens & Werb, 2002).  

 
Figure 1.6: Mitochondrial Ca2+/ATP/ROS triangle 
Solid arrows denote physiological effects; dotted arrows denote pathological effects. Words alongside the 
arrows describe specific events mediating the positive or negative effect. At the centre of the triangle are 
factors that can orchestrate these effects. For full details, see text. SERCA, sarco(endo)plasmic reticulum 
Ca2+-ATPase; oxphos, oxidative phosphorylation; ER, endoplasmic reticulum; SR, sarcoplasmic 
reticulum; mRyR, mitochondrial RyR; IP3R, inositol 1,4,5-trisphosphate  (Brookes et al., 2004).   

 

Inflammatory cells also produce soluble mediators, such as metabolites of arachidonic acid, 

cytokines and chemokines, which act by further recruiting inflammatory cells to the site of 

damage and producing more reactive species.  These key mediators can activate signal 

transduction cascades and also induce changes in transcription factors, such as NF-κB, signal 
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transducer and activator of transcription 3 (STAT3), HIF1-α, AP-1, nuclear factor of activated T 

cells (NFAT) and Nrf2, which mediate immediate cellular stress responses.  It is evident that 

oxidative stress-induced inflammation involves the induction of cyclooxygenase-2 (COX-2) and 

nitric oxide synthase (iNOS), as well as the aberrant expression of inflammatory cytokines such 

as TNF, interleukin-1 (IL-1), IL-6 and other chemokines like IL-8, CXC chemokine receptor 4 

(CXCR4); alterations in the expression of specific microRNAs have also been noted.  This 

sustained inflammatory/oxidative environment leads to a vicious cycle, which can damage 

healthy neighbouring epithelial and stromal cells and, over a long period of time, may lead to 

carcinogenesis (Federico et al., 2007; Reuter et al., 2010). 

Mitochondrial dysfunction has been observed with neurodegenerative diseases such as 

Alzheimer‟s disease, Parkinson‟s disease and inflammatory disease such as multiple sclerosis.  

These diseases have also demonstrated a relationship with the development of persistent 

inflammation in neurons and aberrations in immune function.   

 

1.4 Epigenetics 

After the human genome sequence was released, it become clear that the sequence alone do 

not explain disease.  Since every cell in the body carries the same genome (with the exception 

of a few) and yet each cell type differs quite a bit from the next, another explanation was sought.  

Soon after the human genome sequence had been completed, the need for a map of the 

genome-wide modifications made to DNA and the protein scaffold that supports it was 

recognised.  It is now recognised that the “epigenome” is the phenomenon that makes 

genetically  identical cells behave differently (Fossey, 2009). 

Epigenetics is still an emerging science, but researchers are now building tools to study 

epigenetic changes in the genome in a systematic and genome-wide way (Fossey, 2009).  

Epigenetics has become popular and a huge research field that extends beyond genetics has 

taken biology and medicine by storm.  Not only has the rapidly growing field of epigenetics 

impacted biology and medicine, it also bridges the environment and genetics, the two major 

disease-causing factors (Kubota et al., 2012).  

Epigenetic mechanisms often conflict with Mendelian models of genetics (Grant-Downton and 

Dickinson, 2005).  Together with promoter sequences and transcription factors, these 

phenomena modulate when, and at what level, genes are expressed.  All genomes in an 

organism with imprinting possess epigender (Fossey, 2009).  The maternal or paternal quality of 

a genome is determined by the epigenetic marks on its imprinted alleles, but the extent to which 
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the genome‟s epigender is reflected in a gene expression pattern or a developmental phenotype 

depends on the cellular environment (Spielman et al., 2001). 

Genomic imprinting and X-chromosome inactivation (XCI) were the first two epigenetic 

phenomena discovered in mammals.  Genomic imprinting described the phenomenon that 

controls the expression of only one parental allele even though two alleles have been inherited.  

The expressed genes are referred to as the imprinted genes.  XCI is another epigenetic 

phenomenon, which occurs only in females because it compensates for the difference in the 

number of X chromosomes between females (XX) and males (XY), by silencing one of the X 

chromosomes in females (Kubota et al., 2002). 

One of the first disorders identified as an epigenomic disease was Rett syndrome (RS), which is 

characterised by epilepsy, ataxia and autistic features (Amir et al., 1999; Chunshu et al., 2006).  

Because it is an X-linked dominant disease (it is embryonic lethal in males, thus patients are all 

female), the X chromosome was analysed to identify the causative gene.  At first, it was thought 

that the gene encoded a synaptic protein.  However, the identified gene, the methyl-CpG 

binding protein 2 (MECP2) gene, encodes a transcriptional repressor (Amir et al., 1999) that is 

rarely seen, and this unexpected result thus introduced a new paradigm, epigenetics, and 

highlighted the importance of epigenetics in the brain.  In addition, XCI disorders such as ring 

Turner syndrome – which occurs when both the X and small ring X chromosomes are active, 

and is characterised by severe developmental delay that starts at birth (Kubota et al., 2002) – 

are now recognised and emphasise the importance of proper epigenetic gene regulation as 

essential for normal development (Kubota et al., 2012).   

DNA methylation is one of few epigenetic modifications known and plays a crucial role in gene 

expression.  DNA methylation occurs naturally on cytosine bases at CpG sequences and is 

involved in controlling the correct expression of genes.  Differentially methylated cytosines give 

rise to distinct patterns specific for tissue type and disease state.  Such methylation variable 

positions (MVPs) are common epigenetic markers.  Like single nucleotide polymorphisms 

(SNPs), they promise to significantly advance our ability to understand and diagnose human 

disease.  Altered methylation patterns are now recognised as being associated with aberrant 

gene transcription.  DNA methylation represents a link between genetics and environmental 

signals that is believed to play an important role in much human pathology, such as cancer 

(Ushijima, 2005) and neurological disorders.  DNA methylation is the only flexible genomic 

parameter that can change genome function under exogenous influence.  Hence it constitutes 

the main and so far missing link between genetics, disease and the environment and is widely 

thought to play a decisive role in the aetiology of virtually all human pathologies (Kubota et al., 

2012). 
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Epigenetics are also increasingly recognised as an important contributor towards the 

presentation of rare diseases such as IEM, particularly mitochondrial disease.  It has been 

suggested that modulation of mtDNA methylation occurs in response to oxidative stress.  The 

induction of ROS with sublethal doses of H2O2 has been shown to decrease mtDNA methylation 

(although it is also possible that nucleoids remodel into a more compact state during oxidative 

stress to provide a more insulated environment for mtDNA).  Therefore, although controversial, 

evidence implicates increased ROS production in mtDNA diseases, raising the possibility that 

the suppression of mtDNA methylation acts as a compensatory response to mtDNA damage, 

thus increasing gene expression from residual intact mtDNA molecules.  It has been shown that 

DNA (Cytosine-5-)-Methyltransferase 1(DNMT1) binds to the mtDNA within the mitochondrial 

matrix and the level of intra-mitochondrial DNMT1 is up regulated by genes known to regulate 

mitochondrial biogenesis, such as NF-E2-related factor 2 (NRF1) and peroxisome proliferator-

activated receptor gamma coactivator 1- α (PGC1α) (Chinnery et al., 2012).  

  

1.5 Common disease masking inborn errors of metabolism  

Dealing with adults with a possible IEM complicates the traditional diagnostic work-up and 

medical care processes.  This is simply because older patients tend to present with a phenome 

different from that presented by newborns or infants with the same disease.  The clinical profile 

of adult patients is confounded with general health issues that arise as life goes on.  The set of 

symptoms adult patients present with could therefore easily be misdiagnosed as lifestyle and 

age-related diseases, such as hyperlipidaemia, hypertension, chronic heart failure, diabetes 

mellitus and cancer, instead of an IEM.  An acute event of rhabdomyolysis, (Summar et al., 

2005) stroke, (Olpin, 2005; van Adel & Tarnopolsky, 2009), cardiac arrhythmia, (Testai & 

Gorelick, 2010b) respiratory failure (Testai & Gorelick, 2010a) and renal colic (Winkel et al., 

2005) often masks IEM.  Diagnosing mitochondrial disease in adults is very difficult, especially 

since symptoms in adults tend to develop over years.  The early phase can be mild and may not 

resemble any known mitochondrial disease but rather presents as fatigue, muscle pain, 

shortness of breath and abdominal pain.  These symptoms can easily be mistaken for collagen 

vascular disease, chronic fatigue syndrome or psychosomatic illness (Cohen & Gold, 2001). 

The next section highlights the importance of considering the diagnosis of a possible IEM in 

modern disease such as cancer, cardiovascular dysfunction and neurodegenerative disease.  It 

is interesting to observe, however, that the pathomechanisms associated with modern diseases 

are often driven by mitochondrial dysfunction and disrupted inflammatory and immune 

homeostasis (Hernández-Aguilera et al., 2013). 
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1.5.1 The development of cancer in the context of inborn errors of metabolism 

Warburg and colleagues started their research more than 50 years ago when they investigated 

the possible mitochondrial alterations in cancer cells (Warburg, 1956; Erez et al., 2011).  

Warburg observed differences in the energy metabolism between normal and cancer cells.  He 

suggested that the metabolic changes that occur in the cancer cells are the primary reason for 

cancer development rather than the secondary result of the malignant transformation (Warburg, 

1956; Erez et al., 2011).  It is evident that IEM disrupt metabolic homeostasis, affecting a wide 

range of metabolic pathways.  Most IEM are inherited as autosomal recessive traits, suggesting 

that the child should inherit mutations in both alleles (homozygous) of the implicated gene.  The 

homozygous genotypes usually have near complete loss of enzyme function in every cell in the 

body because of two germline genomic changes (Erez et al., 2011).  Although the heterozygous 

patient has a partially active enzyme, the reduced activity could lead to a partially reduced 

metabolic flux through the pathway and activation of alternative metabolic pathways to 

accommodate the potential harmful accumulating intermediate metabolites (Vockley et al., 

2000).  However, the heterozygous individual will not necessarily experience severe clinical 

consequences but might demonstrate susceptibility to cancer as a result of the accumulation of 

inherited single inactivating mutations in metabolic genes (Vockley et al., 2000).  There are 

multiple ways by which IEM can contribute to the predisposition to cancers: accumulation of 

toxic metabolites, increased rate of mitochondrial mutations or the channelling of metabolites 

through pathways that are preferred by cancer cells (Erez et al., 2011).  In some cases the 

accumulation of substrate is toxic and sometimes the accumulation of the toxic metabolites 

leads to increased ROS that could alter gene expression. This could cause a shift to alternative 

metabolic pathways that could activate tumourigenesis (Broedbaek et al., 2009; Kaelin Jr, 

2009).   

Hepatocellular carcinoma (HCC) is the most frequently occurring cancer associated with an 

underlying IEM pathogenesis, followed by cancer of the brain (Maher & Eng, 2002; Ozisik et al., 

2002; Topcu et al., 2004; Pollard et al., 2005; Brandon et al., 2006; Slane et al., 2006; Stratakis 

& Carney, 2009; Van Schaftingen et al., 2009; Linehan et al., 2010; Ricketts et al., 2010; 

Andersen et al., 2011), kidney (Crystal, 1990; McGlynn et al., 1995; Siciliano et al., 2000; Bruno 

et al., 2004; Chappell et al., 2006; Ozen, 2007; Kohnlein & Welte, 2008), intestine (de Moor et 

al., 2000; Endo et al., 2006; Broedbaek et al., 2009) and bone (de Bie et al., 2007; Huster, 

2010).  Evidence suggests an intimate link between tumourigenesis and disrupted metabolic 

regulation.  The balance between normal and abnormal cell energetics, ROS regulation and 

genome instability summarises the mechanisms in IEM underlying tumourigenesis.  The 

Vogelstein model  for multistep accumulation of mutation for carcinogenesis demonstrates how 

IEM can lead to increased mutagenesis by causing increasing DNA damage and thus increase 



21 

the susceptibility to and risk of the development of cancer (Vogelstein & Kinzler, 1993; Erez et 

al., 2011).     

Treating patients with cancer that has an underlying IEM pathogenesis presents a unique 

clinical challenge because of an increased risk of toxicity resulting from the additional 

interactions between chemotherapy and the IEM.  The situation of genetic and environmental 

interaction is characterised at the simplest level by the catabolic state associated with 

chemotherapy that would worsen or potentially destabilise any patient with an IEM.  Therefore, 

understanding the genetic origin of the development of cancer in the patients by a thorough 

investigation that aims to diagnose a possible underlying IEM could most certainly improve 

treatment benefits without the risk of drug toxicity.  Together, cases demonstrated that better 

understanding of the pathophysiology of the IEM leads to a better choice of anticancer therapy 

and thus improves the treatment of cancer in these patients (Erez et al., 2011).    

1.5.2 Cardiovascular disease in the context of inborn errors of metabolism 

Another group of diseases that frequently associates with mitochondrial dysfunction is 

cardiovascular disorders.  It has been suggested that adults diagnosed with mitochondrial 

disorders and identified mtDNA mutations often experience cardiovascular dysfunction that 

could present as stroke, stroke-like episodes, myopathy, fatigue, exercise intolerance, heat 

intolerance, dyspnoea and even gastrointestinal dysmotility (Hegde & Sims, 2014).  For these 

patients, the molecular pathogenesis of the clinical presentation is also pinned to the high levels 

of ROS and the burden of oxidative stress due to the identified mtDNA mutations that produce 

dysfunctional mitochondria.  Therefore, it is not a far-fetched idea to consider mtDNA mutations 

in patients that present with a cardiovascular dysfunction associated with diseases such as 

hyperlipidaemia, diabetes mellitus, hypertension, ischaemic heart disease and chronic heart 

failure, since these diseases could be symptoms of an underlying mitochondrial disorder. 

Recently, following an extensive bioinformatics and data mining approach, it has been shown 

that the mtDNA mutation at position 7501 in the mt-tRNASer (UCN) gene is associated with 

human cardiovascular diseases, including cardiomyopathy, sudden cardiac death (SCD) and 

Tetralogy of Fallot (TOF).  This T7501C mutation is highly conserved in different species and 

may occur infrequently, suggesting it as a probable pathogenic origin in cardiovascular disease 

development.  This mutation was found to belong to a rare subgroup of a European population 

and to be absent in the Han Chinese population (Ding & Huang, 2014).  However, Marín-García 

and Goldenthal (2002) suggested that the overall incidence of pathogenic mtDNA mutations is 

low in patients with cardiac disease, including those patients with definitive OXPHOS enzymatic 

defects (Marín-García & Goldenthal, 2002). 
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Accumulating evidence indicates that oxidative stress plays a major role in the initiation and 

progression of cardiovascular dysfunction associated with diseases such as hyperlipidaemia, 

diabetes mellitus, hypertension, ischaemic heart disease and chronic heart failure (Taniyama & 

Griendling, 2003).  However, the origin of the ROS and the underlying molecular pathogenesis 

of ROS production and oxidative stress are often overlooked, whereas the result of ROS has 

been well characterised.  It is evident that ROS can modify cellular function and therefore also 

promote adhesion of inflammatory cells through the activation and induced expression of 

adhesion molecules, vascular cell adhesion molecule-1 (VCAM-1) and intracellular adhesion 

molecule-1 (ICAM-1), at the endothelium.  The increased monocyte adhesion to the inert 

inflammatory surface of the endothelium results in the formation of an atherosclerotic lesion.  

The enzymatically generated ROS activate vascular cells, leading to altered cellular function.  

Changes in phenotype contribute to the initiation and progression of cardiovascular diseases 

(Taniyama & Griendling, 2003) (Figure 1.7).   

 

 

Figure 1.7: Major pathways of ROS generation in the cardiovascular system 
Major pathways of ROS generation in cardiovascular system. (A) Uncoupling of mitochondrial oxidative 
phosphorylation. (B) The xanthine-oxidoreductase (XOR) system. XOR exists in two enzymatic forms: as 
a XD (xanthine dehydrogenase) and as an XO (xanthine oxidase). XD is the form that predominates in 
purine catabolism resulting in the synthesis of the antioxidant uric acid. The XO form is associated with 
the synthesis of large amounts of ROS and RNS, which at low levels are important second messengers 
but at high levels have microbicidal action. (C) Uncoupling of NO  synthesis. The endothelial nitric oxide 
synthase (eNOS) with the deficiency of cofactors l-arginine and BH4 ((6R)-5,6,7,8-tetrahydrobiopterin) 
switches from a coupled state (generating nitric oxide, NO ) to an uncoupled oxide (generating 
superoxide, O2 −). Superoxide can further react with pre-formed NO  and generate oxidising agent 
peroxynitrite ONOO−. (D) Activation of NAD(P)H oxidase system by various mediators. The enzyme 
complex is activated in response to a variety of vasoactive (Angiotensin II, Ang II), inflammatory (IL-6, 
TNF-α) and growth (TGF-β) factors (Valko et al., 2007).  
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1.5.3 Neurodegenerative and psychiatric diseases in the context of inborn errors of 
metabolism 

Neurons are the building blocks of the nervous system, which includes the brain and spinal 

cord. The brain is known as a highly metabolic organ that has an intense demand for 

mitochondria (Onyango et al., 2010).  Since neurons do not normally reproduce or replace 

themselves when they become damaged, it is of utmost importance for these cells to have a 

proper ROS maintenance system, especially since neurons cannot be regenerated or replaced.  

Normal cellular function does have ROS production as result.  It is important for the cells to 

maintain the ROS levels.  If increased mitochondrial activity is prolonged, it can result in a 

chronic activation of increased ROS levels and a possible altered intracellular physiology 

(Onyango et al., 2010).   

Only a small fraction of neurodegenerative cases can be explained by genetic mutations and 

predispositions.  Evidence points rather towards environmental factors as the major cause of 

the development of neurodegenerative diseases.  Both neurodegenerative and psychiatric 

disease have been associated with mitochondrial dysfunction.  It has been suggested that the 

accumulation of toxic proteins and loss of mitochondrial function causes degeneration of 

neurons that could lead to the development of neurodegenerative disease.  Mitochondria are 

therefore considered crucial players in the pathogenesis of neurodegenerative diseases.  

Increasing evidence of mitochondrial dysfunction in inflammatory and neurodegenerative 

disorders suggests the mitochondria as a possible link between neuroinflammation and neuron 

health (Di Filippo et al., 2010).    

1.5.4 Chronic fatigue syndrome in the context of inborn errors of metabolism 

Chronic fatigue syndrome (CFS) is a complex disorder characterised by overwhelming fatigue 

that is not improved by bed rest and that may be worsened by physical or mental activity (Myhill 

et al., 2009).  The origin of this disease is largely unknown. A number of studies, however, have 

found alterations in genes involved with immune function and mitochondrial function (Myhill et 

al., 2009).  It is evident that patients with CFS suffer from excessive energy expenditure.  

Whether the lack of ATP occurs as a result of abnormal metabolism and psychological factors 

or whether it originates from mitochondrial dysfunction due to mtDNA mutations is still unclear.  

For many years, physicians considered CFS a psychosomatic disease and often told patients 

that they were hypochondriacs imagining their disabling fatigue, persistent muscle and joint pain 

and foggy brain.  More often than not the patients were wrongly diagnosed and treated as 

patients with depression.  Today it is known that CFS patients experience accelerated oxidative 

injury to their cellular systems that impacts mitochondrial function and results in mitochondrial 

dysfunction, hyper-inflammation and immune deregulation (Morris & Maes, 2014a; Morris & 
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Maes, 2014b; Morris & Berk, 2015).  Chronic low-grade inflammation is evident from an 

increased expression of pro-inflammatory cytokines, such as IL-1, TNFα, and inflammatory 

mediators, such as NFκβ and elastase.  Increased isoprostane and increased lipid protein and 

DNA damage due to ROS and NOS deregulation have also been described (Morris & Maes, 

2013; Morris & Maes, 2014a; Morris & Maes, 2014b; Morris & Berk, 2015).  It is increasingly 

recognised that mitochondrial dysfunctions can result from abnormalities in metabolic and 

immune-inflammatory pathways involving elevated pro-inflammatory cytokines, excessive 

production of ROS and activated NFκβ signalling pathways.  It is therefore likely that the chronic 

inflammatory environment leads initially to mitochondrial dysfunction which then amplifies the 

concentration of free radicals, further inhibiting mitochondrial respiration and initiating a spiral or 

energetic decline and corruption of cellular functions and epitopes by ever-increasing ROS and 

NOS. 

 

1.6 Inborn errors of metabolism 

1.6.1 Simple Mendelian inheritance presents as complex traits 

The acknowledgment of IEM and the origin of the study of this group of rare diseases date back 

to the late eighteen hundreds.  Mendel, well ahead of his time, discovered and studied 

inheritance patterns in peas (Bateson, 1902 ).  The work of Mendel laid the foundation of great 

breakthroughs in biology.  With the Mendelian inheritance patterns in mind, Sir Archibald Garrod 

discovered that genes inherited from one generation to another could affect biochemical 

processes and named this phenomenon “inborn errors of metabolism (IEM)”.  This peculiar 

group of diseases is today more frequently referred to as inherited metabolic disorders (IMD).  

Today, Garrod is known as the father of IEM (Garrod, 1909; Garrod, 1928; Garrod, 1996).  Like 

Mendel, Garrod was well ahead of his time and his work, therefore, was largely unnoticed until 

much later, when the “one gene – one enzyme” hypothesis of Beadle and Tatum was 

acknowledged (Beadle & Tatum, 1941).  Today it is increasingly realised that these seemingly 

simple Mendelian inherited metabolic disorders have a far more complex pathomechanism than 

was previously thought (Dippel & McCabe, 2000; Touw et al., 2014) . 

In the early 1900s, IEM were thought to be rare (Chen & Hofestadt, 2006; Marsden et al., 2006).  

Currently, more than 530 IEM are well characterised (Blau et al., 2014) and the list of diseases 

recognised as IEM is growing.  Each individual IEM by itself occurs infrequently; but collectively, 

they are numerous (Pons et al., 2007).  The field of IEM has undergone major changes during 

the past century and we are only beginning to understand this peculiar group of diseases.  In 

the early years of the study of IMD, the focus was mainly on those diseases that presented with 
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severe clinical symptoms, which almost always led to metabolic crisis, coma or even death 

within the first days of life.  Today, more subtle and milder variations of these same classic life-

threatening diseases are recognised (Gray et al., 2000).  The basic idea that IEM present 

mostly during the first few days of life, less in childhood and adolescence, and almost never 

during adult life, has shifted as mounting evidence has shown an increasing number of adults 

identified as having IEM (Walter, 2007).  The ultimate understanding of the more severe 

diseases was the first goal of medicine development and disease management, which 

subsequently contributed to better clinical outcomes (Scriver, 2007).  However, together with the 

increased knowledge of the severe life-threatening cases, the awareness of subtle differences 

between patients also increased. Studying these subtle differences contributed to the 

awareness that different types of the same disease exist (Scriver, 2004a; Scriver, 2007).  

Identification of subtypes and the inability to predict clinical outcomes, even though the apparent 

disease-causing genotype was known, demonstrated that the underlying molecular 

arrangement of these diseases was more complex than was initially anticipated (Scriver, 2004a; 

Scriver, 2007). 

It is recognised today that, although most human genetic diseases appear to be Mendelian, in 

reality this is not the case.  This phenomenon is also described for IEM, which present with an 

extremely heterogeneous basis of disease (Dippel & McCabe, 2000; Scriver, 2004a).  For some 

IEM, very few and even no genotype-phenotype correlations have been found; the inheritance 

is thus clearly not a linear and simple trait, but seems to present rather with a multigenic trait-

like character (Lander & Schork, 1994; Scriver & Waters, 1999; Dipple & McCabe, 2000a; 

Dipple & McCabe, 2000b; Sidransky, 2004).  Many seemingly simple Mendelian diseases were 

found to be common complex deviant traits which involve networks, interactomes and altered 

modifiers (Dipple & McCabe, 2000b).  Usually IEM involve a loss- or gain-of-function, mostly as 

a result of a mutant enzyme or a transporter, which leads to altered metabolite flux through the 

pathway and the accumulation of harmful intermediate metabolites, resulting in metabolic 

disturbance (Lanpher et al., 2006).  However, it is possible that an individual‟s genomic variant 

affects metabolite flux in a subtle fashion, without evidence of clinical disease (Lanpher et al., 

2006).  For example, the cumulative effects of multiple sequence variations on a network of 

metabolite fluxes might be sufficient to surpass the clinical threshold for the disease, either 

alone or in combination with environmental factors (Lanpher et al., 2006).  Furthermore, patients 

with an IEM often present with a cluster of non-specific clinical symptoms, making a quick and 

accurate diagnosis very difficult.  The lack of characterisation and understanding of the different 

omes contributes to the complexity of disease and thus adds to the failure to correlate the 

genotype to the phenotype.  One could, therefore, question the value of continuing to study 

IEM/IMDs only through the current general work-up established for these diseases.  However, 

omics have already proved valuable in increasing our understanding of these seemingly rare 
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and complex diseases.  It is evident, therefore, that omics will contribute valuable insights to the 

study of IEM and that a systems biology approach is much needed.  This approach has already 

shown the potential to assist in understanding the complex molecular basis of rare diseases 

(Baginsky et al., 2010; Nambiar et al., 2010; Horgan & Kenny, 2011; Scholz et al., 2012; 

Wishart, 2014).  Better understanding will lead to the development of better diagnosis and 

patient care that could impact the patients‟ quality of life.  The lack of awareness of the subtle 

differences between patients contributes to poor understanding of these diseases.  

Understanding the modifier interactions and secondary responses will contribute to an 

understanding of the inherent ability to cope with a compounding effect of unfavourable genetics 

and ultimately advance personalised medicine and the development of better clinical solutions.  

1.6.2 Growing old with inborn errors of metabolism  

One of the characteristics of IEM is the spectrum of disease severity.  Traditionally, IEM was 

considered to present either early in life, referred to as early-onset IEM, or later in life (late-onset 

IEM), referring to all other ages of onset not occurring within the first days of life.  It is now 

recognised that IEM can present for the first time during late childhood, adolescence, adulthood 

and even old age (Gibson et al., 1998; Olpin, 2005; Van der Greef & Smilde, 2005; Sedel et al., 

2007a; Walter, 2007).  The increasing number of success stories of IEM patients surviving 

childhood holds further challenges for the paediatrician, general physician and the health care 

setting.  The adult patients with IEM can be grouped into one of two groups, the first being those 

detected early in life who survived childhood and are now entering adult life and the second 

being those that present with IEM for the first time during adulthood (Walter, 2007; Lachmann & 

Murphy, 2014).  Each of these groups of patients has its own set of challenges that needs to be 

addressed on many levels. 

The first group of patients raises the concern of how to accommodate patients that have 

outgrown the health care scope of paediatric care.  The successes of the paediatricians reach a 

bottleneck with the transfer of the patients to the adult clinic and continued healthcare.  In this 

older population of patients who have survived childhood, the emphasis shifts from keeping 

them alive to enabling them to live with a chronic condition, and from growth and development 

to dealing with long-term complications.  The aim is to enable the young person to achieve his 

or her potential, play a full part in society and raise a family of his or her own (Lachmann & 

Murphy, 2014).  One of the great concerns physicians face is the increasing numbers of adult 

patients still cared for by paediatricians, which results in numerous issues (Cleary & Green, 

2005; Walter, 2007).  On reaching adolescence, teenagers are encouraged to become more 

independent; self-confidence is important to allow young people to deal with potentially complex 

issues such as a modified diet, multiple medications, physical and/or learning disabilities, and 

fertility and heredity issues.   
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The second group of adult-age patients are those who present for the first time during 

adulthood.  These patients are in a way also considered to have a “mild phenotype” like those 

who present during the first few days of life and early childhood.  Although these patients 

usually do not suffer frequent metabolic occurrences that require frequent hospitalisation, their 

metabolic disease often has a significant impact on their quality of life, sometimes because they 

live with chronic complications and consequences and sometimes because of the treatment 

regimens they have to follow.  One of the major concerns regarding patients who have their first 

acute metabolic decompensation in adulthood, is the risk of delayed or missed diagnosis (Olpin, 

2005; Summar et al., 2005).   

1.6.3 Classification and grouping of inborn errors of metabolism  

Classification and grouping of IEM has always been a difficult task.  The phenotypic 

heterogeneity of IEM is one of the primary challenges in its classification.  Different disorders 

tend to share clinical, biochemical and molecular characteristics with each other, making it 

difficult to categorise into a single group.  Various approaches to the classification of IEM have 

been followed, yet no one single universal classification system seems to fit and organise this 

group of diseases (Lanpher et al., 2006).  Some systems classify IEM according to the affected 

organs, organelles or the onset age.  The traditional classification system for IEM groups the 

disorders according to the general type of metabolism involved.  However, some diseases could 

fit into more than one category when grouped according to clinical, biochemical and molecular 

characteristics (Sweetman & Williams, 2001; Mitchell & Fukao, 2014; Vockley et al., 2014).  

Nevertheless, Pons and co-authors have come up with a fairly simple and clear classification 

system (Table 1.1).   

This classification system takes the main food groups and enzymatic system or metabolic 

pathway into account (Pons et al., 2007).  Another classification system recently updated 

suggested the major categories of IEM as amino acid disorders, organic acidaemias, urea cycle 

disorders, carbohydrate disorders, fatty acid oxidation disorders, mitochondrial disorders, 

peroxisomal disorders, lysosomal storage disorders, purine and pyrimidine disorders, 

porphyrias, metal metabolism disorders and congenital disorders of glycosylation (Sutton 2014, 

http://www.uptodate.com).  In addition to the proposed grouping of IEM, are organic acidurias.  

This group of IEM is important and includes disorders of the catabolism and related intermediary 

pathways of carbohydrates, fatty acids and amino acids, particularly branched-chain amino 

acids.     

This thesis focuses on 3-methylcrotonyl-CoA carboxylase deficiency, an organic aciduria of the 

branched-chain amino acid (BCAA) degradation pathway of the amino acid, leucine.  Since the 
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BCAAs are tightly regulated and coordinated, both the BCAA metabolism and the associated 

metabolic diseases are discussed.   

Table 1.1: Classification of inborn errors of metabolism 

Category Specific diseases 

IEM of Carbohydrates Glucogenosis, Lactic acidaemias, IEM of galactose and IEM of fructose 

IEM of Fats Disorders of b-oxidation, disorders of the carnitine system and Smith-
Lemli-Opitz (SLO) syndrome 

IEM of Amino acids and 
proteins 

Hyperphenylalaninemia, Phenylkenonuria (PKU), Tyrosenimia, Non-
ketotic hyperglycinemia, Homocystinuria, branched-chain amino 
acidurias (for example, Maple syrup urine disease (MSUD), Isovaleric 
acidaemia (IVA)),  Methalonic acidaemia, Propionic acidaemia, and 
Glutaric aciduria Type I 

Defects of specific cycles Diseases of the urea cycle, Purine metabolism disorders, Porphyrias, 
Defects in cholesterol biosynthesis, Defects in bile acid biosynthesis and 
Mitochondrial diseases or OXPHOS defects 

IEM of complex 
molecules (lysosomal and 

peroxisomal diseases) 

Mucopolysaccharidosis, Oligosaccharadosis and mucolipidosis, Krabbe 
disease, Metachomatic leukodystrophy, Gaucher and Congenital defects 
of glycosylation 

Transport defects Fanconi’s syndrome, Protein intolerance with lysinuria, Cystic fibrosis of 
the pancreas, Congenital malabsorption of carbohydrates and 
Haemochromatosis 

Other hereditary 
metabolic disease 

Alpha -1 antitrypsin deficit, Hereditary diseases of neurotransmitters, 
Drepanocytosis and Imperfect osteogenesis 

Taken from (Pons et al., 2007) 

 

1.6.4 Branched-chain amino acid metabolism and associated organic acidurias  

The BCAAs leucine, isoleucine and valine, also known as essential amino acids, are important 

for normal development and growth.  The status of these amino acids is diet-dependent, since 

the body does not have the ability to produce them.  Therefore, inadequate dietary intake and 

poor nutritional status could contribute to the developmental and growth-related problems seen 

in associated IEM (Harper et al., 1984).  More than 70 % of the total BCAAs are metabolised by 

the liver as well as in skeletal muscle.  The remaining 30 % are metabolised by the kidney, 

brain, heart, pancreatic, intestinal and adipose tissues (Suryawan et al., 2008). 

The study of the promising health benefits of BCAAs, especially supplementation of leucine, has 

received much attention in the last couple of years (Murin & Hamprecht, 2008).  The ketogenic 

amino acid leucine and its metabolites have been shown to enhance protein synthesis 

(Drummond & Rasmussen, 2008), regulate food ingestion (Norton & Layman, 2006) stimulate 
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mitochondrial biogenesis (Gortz et al., 2003) and to have a positive long-term impact on ageing 

(Layman, 2002; Murin & Hamprecht, 2008; Suryawan et al., 2008).  Leucine in adipocytes can 

act as a precursor for fatty acid and sterol biosynthesis in the presence of glucose.  Leucine can 

also serve as a source of nitrogen for L-glutamine, L-glutamate and L-alanine synthesis, which 

are released by adipocytes (Tischler & Goldberg, 1980) and then used as substrate for 

gluconeogenesis in the liver and kidney (Frerman et al., 1983).  Leucine has also been shown 

to have promising properties for the regulation of blood sugar levels, the growth and repair of 

muscle tissue, growth hormone production, wound healing and energy regulation (Shimomura 

et al., 2006).  The benefits of leucine and its metabolites, alpha ketoisocaproate and ketone 

bodies, have also been demonstrated in neural cell metabolism, where they act as metabolic 

precursors for alternative fuel molecules that are essential for regulating important brain energy 

metabolic reactions and maintaining neurotransmitter signalling and nitrogen balance to 

conserve brain function (Bixel & Hamprecht, 1995; Bixel et al., 1997; Murin & Hamprecht, 2008).  

Another property of leucine that has drawn attention is the transport mechanism it uses.  

Leucine is transported through the plasma membranes by both sodium-independent and 

sodium-dependent systems, where it competes for uptake with valine, isoleucine, aromatic and 

other large neutral amino acids (LNAA), such as tyrosine and tryptophan.  These amino acids 

compete mainly for three amino acid transporters, the sodium-dependent L-Type, the ASC 

(preferring ALA SER and CYS) and LAT1, the large neutral amino acid membrane transporter 

(Christensen, 1990).  This property of L-leucine allows the administration of BCAAs in patients 

with chronic liver disease and encephalopathy as a promising aid in controlling and reducing the 

uptake of circumstantial harmful amino acids (Sweetman & Williams, 2001; Kawaguchi et al., 

2008; Tajiri & Shimizu, 2013). 

1.6.4.1 Branched-chain amino acid degradation pathways and alternative leucine 
catabolism  

Organic acidurias, specifically the branched-chain amino acidurias, can arise from a primary 

catabolic pathway defect of one of the BCAAs, as well as secondarily from metabolic pathways 

not linked to leucine, isoleucine, and/or valine metabolism.  This characteristic, together with the 

reversible nature of the majority of the reactions known in the branched-chain degradation 

pathway, contributes to the complexity with which this subgroup of diseases often presents 

(Massey et al., 1974; Massey et al., 1976; Sweetman & Williams, 2001; Vockley et al., 2014). 

Even though BCAAs are transported into the cell by means of specific L-amino acid 

transporters, dependent or independent of Na+, it is suspected that the transport of BCAA is 

most likely to be Na+-independent (Quay et al., 1977; Hawkins et al., 2006). The BCAAs are 

localised to the mitochondrial membrane and transported into the mitochondria, where the 

corresponding BCAA is converted into its branched-chain keto acid (BCKA) via mitochondrial 
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branched-chain aminotransferase.  The reversible transamination reaction is catalysed by a 

branched-chain aminotransferase (BCAT).  Leucine yields alpha-ketoisocaproate (KIC), 

isoleucine gives rise to alpha-keto-beta-methylvalerate (KMV), and alpha-ketoisovalerate (KIV) 

is the product of valine (Figure 1.8).  Subsequently, each of the keto acids undergoes an 

irreversible oxidative decarboxylation by means of branched-chain keto acid dehydrogenase 

(BCKAD), a multi-enzyme system located in the mitochondrial membranes.  The corresponding 

acyl-CoA products are then metabolised by separate pathways inside the mitochondrion to 

intermediates, which enter the general metabolism and ultimately yield NADH and FADH2, 

important for ATP generation (Sweetman & Williams, 2001; Ogier de Baulny & Saudubray, 

2002; Vockley et al., 2014).   

 

 

Figure 1.8: Branched-chain amino acid degradation pathway 
Pathways of branched-chain amino acid catabolism: (1) Branched-chain oxo-(or keto-) acid 
dehydrogenase; (2) isovaleryl-coenzyme A (CoA) dehydrogenase; (3) 3-methylcrotonyl-CoA carboxylase; 
(4) 3-methylglutaconyl-CoA hydratase; (5) 3-hydroxy-3-methylglutaryl-CoA lyase; (6) 2-
methylacetoacetyl-CoA thiolase; (7) 3-hydroxyisobutyryl-CoA deacylase; (8) 3-hydroxyisobutyric 
dehydrogenase; (9) methylmalonylsemialdehyde dehydrogenase; (10) acetyl-CoA carboxylase (in 
mitochondria), (11) propionyl-CoA carboxylase; (12) methyl-CoA mutase; (13) malonyl-CoA 
decarboxylase. Known enzyme defects are indicated by solid bars.  (Adapted from (Ogier de Baulny & 
Saudubray, 2002). 
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1.6.4.2 Known leucine degradation pathways 

Leucine is catabolised to acetoacetate and acetyl-CoA, which enters the tricarboxylic acid cycle 

(TCA) and also gives rise to the formation of NADH+ and FADH2, which enters the oxidative 

phosphorylation reaction and yields  ATP (Shimomura et al., 2006).  Isoleucine and valine both 

result in propionyl-CoA and acetyl-CoA, which also enters the TCA.  Propionyl-CoA enters the 

TCA via conversion into succinyl-CoA (Sweetman & Williams, 2001). 

More than 80 % of total dietary leucine is incorporated into body proteins and the remaining 20 

% is irreversibly degraded through the catabolic pathways (Pons et al., 2007).  Leucine is mainly 

catabolised through the major leucine catabolism shared with the other two BCAAs, isoleucine 

and valine (Figure 1.8).  The degradation of leucine occurs in microorganisms, higher plants, 

and animals, including mammals that produce acetyl-CoA and acetoacetate as end products 

(leucine degradation I).  However, alternative leucine degradation pathways have been 

described for some species and seem not to be shared among all species, but seem rather 

specific to the organisms‟ energy needs (Dickinson et al., 1997; Vuralhan et al., 2003).  Acetone 

has been noted as a product of the leucine catabolism in the Vibrio family (Nemecek-Marshall et 

al., 1999), as well as in Staphylococcus xylosus (Beck et al., 2004).   

1.6.4.2.1 Leucine degradation II 

The leucine degradation II (Figure 1.9) pathway has been described for Clostridium 

sporogenes.   In this pathway, leucine is converted to isobutyrate and acetate via (3R)-β-leucine 

(Poston, 1976).   

 

 

Figure 1.9: Leucine degradation II pathway 
L-Leucine degradation pathway described for Clostridium sporogenes (Poston, 1976).  Pathway from 
MetaCyc (http://www.biocyc.org). 

 

This alternative pathway starts with isomerisation of L-leucine to (3R)-β-leucine through the 

catalytic reaction driven by the enzyme leucine 2,3-aminomutase. The product (3R)-β-leucine is 

then converted, probably by a transaminase, to β-ketoisocaproate through a transaminase 

http://metacyc.org/META/NEW-IMAGE?type=COMPOUND&object=ISOBUTYRATE&detail-level=4
http://metacyc.org/META/NEW-IMAGE?type=COMPOUND&object=ACET&detail-level=4
http://www.biocyc.org/
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reaction, which is then cleaved into isobutyrate and acetate (Poston, 1986). Leucine 2,3-

aminomutase has been characterised (Poston, 1976) and reported in mammalian tissues 

(Poston, 1980) and green plants.  However, no evidence of (3R)-β-leucine in human blood and 

no leucine 2,3-aminomutase activity in rat liver (Stabler et al., 1988) could be detected to 

confirm this alternative leucine catabolic pathway in mammals. 

Yet another alternative leucine catabolic pathway has been suggested: the cobalamine-

dependent β-leucine pathway (Poston, 1984).  It has been proposed that this cobalamine-

dependent b-leucine pathway starts with a cobalamine-dependent migration of the amino group 

to the β-position, followed by the formation of the two metabolites, acetyl-CoA and isobutyryl-

CoA.  This pathway, however, seems to be brain-specific and it has been proposed that it 

accounts for approximately 1 % of total leucine oxidised by brain tissue (Poston, 1984). 

However, very few reports of this alternative pathway exist.   

1.6.4.2.2 Alternative cytosolic leucine degradation pathway 

Furthermore, an alternative cytosolic pathway of leucine and its keto acid, KIC, has also been 

suggested (Sabourin & Bieber, 1983).  This alternative pathway suggests that KIC is oxidised to 

HMB (3-hydroxy-3-methylbutyrate) via KIC dioxygenase, an enzyme similar to p-phenylpyruvate 

dioxygenase (Nissen & Abumrad, 1997).  The presence of HMB has been shown to cause 

increased protein synthesis and to improve immune cell function while reducing proteolysis in 

rat and chick muscle (Nissen & Abumrad, 1997; Papet et al., 1997).  The suggested HMB 

intermediate metabolic pathway from dietary L-leucine is presented in Figure 1.10.   

It has been suggested that HMB resulting from leucine and converted to 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) is a possible link to the cholesterol biosynthesis pathway, 

essential for cellular function.  The cytosolic metabolism of KIC seems to be favoured over the 

irreversible oxidation to isovaleryl-CoA, via the mitochondrial BCKAD, resulting in about 10 % of 

the dietary leucine being channelled through this pathway (Nissen & Abumrad, 1997).   
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Figure 1.10: Leucine derived 3-hydroxy-3-methylbutyrate metabolism in mammals 
Overview of the suggested leucine, KIC and HMB metabolic pathway (Nissen & Abumrad, 1997). 

 

1.6.4.2.3 Pathways secondary to the leucine degradation I pathway 

A number of pathways secondary to the leucine degradation I pathway have been described.  

The cis-genanyl-CoA degradation pathway is one of these and is linked to the leucine 

degradation pathway via 3-methylcrotonyl-CoA, and is also the beginning of the final phase of 

the acyclic terpene utilisation pathway described in Pseudomonas species (Forster-Fromme & 

Jendrossek, 2010).  The cis-genanyl-CoA degradation pathway consists of four phases. Phase 

one is the upper acyclic terpene utilisation pathway that yields Co-A and activation of 

citronellate.  Phase two is the lower acyclic terpene utilisation pathway, in which the β-methyl 

group is removed in several steps.  The removal of the β-methyl group is essential for the next 

β-oxidation steps.  Phase three involves two rounds of β-oxidation converting 7-methyl-3-oxo-

oct-6-enoyl-CoA to 3-methylcrotonyl-CoA, which then finally, in phase four, enters the leucine 

degradation I pathway where 3-methylcrotonyl-CoA is catabolised to acetyl-CoA, (Chavez-

Aviles et al., 2010; Forster-Fromme & Jendrossek, 2010).   
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1.6.4.2.4 Mevalonate I pathway 

The mevalonate I pathway is yet another pathway that shares several reactions with the leucine 

degradation I pathway.  Three hypothetical routes by which carbon atoms could be transferred 

from mevalonate to fatty acids have been proposed (Edmond & Popjak, 1974).  The most likely 

is that mevalonate could be shunt back to the leucine catabolism via dimethylacrylic acid to yield 

trans-methylglutaconyl-CoA, followed by a hydration reaction generating 3-hydroxy-3-

methylglutaryl-CoA (Edmond & Popjak, 1974).  This proposed association between the leucine 

catabolism and isoprenoid biosynthesis was further characterised by means of fungal models of 

3-methylcrotonyl-CoA carboxylase deficiency (Rodriguez et al., 2004).  3-Methylcrotonyl-CoA 

has been proposed as the point of interest linking the leucine catabolism to the isoprenoid 

metabolism.  The mevalonate-derived isopentenyl pyrophosphate is converted to mitochondrial 

HMG-CoA via 3-methylcrotonyl-CoA carboxylase and other enzymes involved in the shunt 

(Figure 1.11).   

 

 

Figure 1.11: Mevalonate shunt that links the leucine degradation pathway with the 
isoprenoid metabolism 
Deficiencies associated with specific leucine catabolic enzymes (I) hypervalinemia/hyperleucine-
isoleucinemia; (II) maple syrup urine disease; (III) isovaleric acidaemia; (IV) isolated 3-methylcrotonyl-
CoA carboxylase deficiency (V), 3-methylglutaconic aciduria, and type 1, and (VI) 3-hydroxy-3-
methylglutaric aciduria (Rodriguez et al., 2004).  
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Accumulation of 3-hydroxyisovalerate results in isoprenoid precursors that further support the 

proposed mevalonate shunt (Edmond & Popjak, 1974; Rodriguez et al., 2004).  Feingold (1980) 

suggested that, in humans, about 16.5 % of mevalonate is diverted away from the sterol 

biosynthesis to form acetoacetate and acetyl-CoA (Feingold et al., 1980).  Smith-Lemli Opiz 

syndrome, an IEM of the cholesterol biosynthesis pathway, also implicated a link between the 

sterol biosynthesis and leucine catabolic pathways since it was reported that Smith-Lemli Opiz 

patients sometimes present with 3-methylglutaconic acid (Kelley & Kratz, 1995; Steiner et al., 

2000).  Low cholesterol levels in this syndrome show a likely association with increased plasma 

levels of cholesterol precursors (Pappu et al., 2002).  Mevalonate I pathway is one of two 

pathways that could yield the biosynthesis of isopentenyl diphosphate (IPP) from the 

condensation of three acetyl-CoA molecules.  The other pathway is the methylerythritol 

phosphate pathway I (MEP pathway), which yields IPP through the condensation of pyruvate 

and D-glyceraldehyde 3-phosphate.  IPP is used to synthesise cytosolic geranylgeranyl 

diphosphate (GGPP), which is used (along with farnesyl pyrophosphate [FPP]) for the 

prenylation of proteins.  In plants, the mevalonate pathway is also a source of isoprene units for 

the biosynthesis of a variety of terpenoids (cytokinins, brassinosteroids, sesquiterpenes, 

polyprenoids) (Daum et al., 1998; Kuzuyama, 2002; Zhong & Yue, 2005).   

Dimethylallyl diphosphate the “end product” of the mevalonate shunt, serves as intermediate 

precursor for at least seven other pathways (Figure 1.12).  The ipsdienol biosynthesis, steroidal 

glycoalkaloid biosynthesis, geranyl diphosphate biosynthesis, trans-zeatin biosynthesis, trans 

trans-farnesyl diphosphate biosynthesis, geranulgeranyl diphosphate biosynthesis and cis-

zeatin biosynthesis.  The majority of these pathways have been described only for bacteria and 

plants.  However, trans, trans-farnesyl diphosphate biosynthesis and geranulgeranyl 

diphosphate biosynthesis pathways have been described as occurring in humans.   

Trans-geranylgeranyl diphosphate or GGPP and (2E,6E)-farnesyl diphosphate or FPP are 

crucial compounds involved in the biosynthesis of a variety of terpenes and terpenoids, which is 

important for post-translational modifications (geranylgeranylation) membrane adhesion and 

function of proteins (Caldelari et al., 2001; Wallaart et al., 2001; Aharoni et al., 2003; Johnson et 

al., 2005; Kappers et al., 2005).  The trans-zeatin biosynthesis pathways seem to be the most 

relevant of the several dimethylallyl diphosphate-associated pathways described for lower order 

organisms.  This pathway is involved with the production of cytokines (Mok & Mok, 2001), which 

are actually adenine derivatives with an unsaturated trans-hydroxylated N6 isoprenoid side 

chain.  Multiple routes have been proposed for the biosynthesis of trans-zeatin; however, the 

pathway that uses dimethylallyl diphosphate and AMP, ADP or ATP as substrates, and 

proceeds via the intermediate N6-(Δ2-isopentenyl)-adenosine 5‟-monophosphate to produce 

trans-zeatin, seems most likely. (Kakimoto, 2001; Takei et al., 2001; Takei et al., 2003).  The 
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ipsdienol de novo biosynthetic pathway is a branch of the mevalonate pathway described as 

producing monoterpenoids in insects.  The metabolite, β-myrcene, is hydroxylated by 

cytochrome P450 (CYP450) enzymes to produce the enantiomers (4S)-(+)-ipsdienol and (4R)-(-

)-ipsdienol (Song et al., 2013).  The geranyl diphosphate biosynthesis pathway also involves the 

production of monoterpenes.  The steroidal glycoalkaloid biosynthesis pathway is one of the 

superclass alkaloid biosynthesis pathways described mainly in potatoes, tomato and eggplant 

(McCue et al., 2007).   

 

 

Figure 1.12: Mevalonate I pathway 
Pathway from MetaCyc (http://www.biocyc.org) indicates the participating enzymes characterised for 
Homo sapiens.  

 

1.6.5   Organic acidurias of the leucine catabolism 

Thirteen disorders have been identified, described and characterised for the BCAA degradation 

pathway (Figure 1.8) and the associated primary enzymes.  A summary of the defective 

enzyme, the name of the IEM and the associated amino acid is given in Table 1.2.   

http://metacyc.org/META/NEW-IMAGE?type=PATHWAY&object=PWY-922&detail-level=4
http://metacyc.org/META/NEW-IMAGE?type=COMPOUND&object=CPD-4888&detail-level=4
http://metacyc.org/META/NEW-IMAGE?type=COMPOUND&object=CPD-8834&detail-level=4
http://metacyc.org/META/NEW-IMAGE?type=COMPOUND&object=CPD-8835&detail-level=4
http://metacyc.org/META/NEW-IMAGE?type=COMPOUND&object=CPD-8835&detail-level=4
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Table 1.2: A summary of the branched-chain amino acid disorders 

Amino acid  Associated defective enzyme Disorder name 

Leucine, Isoleucine 
and Valine 

Branched-chain 2-keto dehydrogenase 
complex 

Maple syrup urine disease (MSUD) 

Leucine 

Isovaleryl-CoA dehydrogenase Isovaleric acidaemia (IVA) 

3-Methylcrotonyl-CoA carboxylase 3-Methylcrotonylglycineuria (MCG) 

3-methylglutaconyl-CoA hydratase 3-Methylglutaconic aciduria Type I (MGC-
type I) 

3-hydroxy-3-methylglutaryl-CoA lyase 3-hydroxy-3-methylgluratyl-CoA lyase 
deficiency (HMGCL) 

Isoleucine 

Short/branched-chain acyl CoA 
dehydrogenase 

Short branched-chain acyl-CoA 
dehydrogenase deficiency (SBCAD) 

2-methyl-3-hydroxybutyryl-CoA 
dehydrogenase 

2-methyl-3-hydroxybutyryl-CoA 
dehydrogenase deficiency (MHBD) 

2-methylacetoacetyl-CoA thiolase  

Valine 

Isobutyryl-CoA dehydrogenase Isobutyryl-CoA dehydrogenase (IBD) 

3-hydroxyisobutyryl-CoA deacylase 3-hydroxyisobutyryl-CoA deacylase 
deficiency 

3-hydroxyisobutyric acid 
dehydrogenase 

 

Leucine / 
Isoleucine 

Acetyl-CoA carboxylase  

Malonyl-CoA decarboxylase Malonyl-CoA decarboxylase (MLYCD) 

Isoleucine / Valine 
Propionyl-CoA carboxylase Propionic aciduria (PA) 

Methylmalonyl-CoA mutase  Methylmalonic aciduria (MMA) 

 

These organic aciduria patients often experience frequent episodes of acute metabolic crisis.  

As mentioned earlier, the majority of the enzymatic reactions known for the BCAA degradation 

pathway have a reversible character (Sweetman & Williams, 2001; Ogier de Baulny & 

Saudubray, 2002; Vockley et al., 2014).  This property was suggested as one of the main 

reasons why patients with organic acidurias, or more specifically, branched-chain amino 

acidurias, could present with a wide range of symptoms and clinical severity.  The reversible 

character of the enzymatic reactions also complicates diagnosis of BCAA acidurias to some 

extent, as defects of sequential enzyme reactions often present with overlapping metabolite 

profiles and phenotypic characteristics.   

As the BCAA cannot be synthesised by human cells, is it important to maintain an adequate 

BCAA intake to aid in the healthy development and growth of an individual.  However, in the 

case of branched-chain amino acidurias, the body cannot cope with the daily required BCAA 
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intake and needs to be adjusted.  It has been suggested that the majority of the resulting 

physiological abnormalities associated with branched-chain amino acidurias and organic 

acidurias result mainly from endogenous compensatory mechanisms that occur as a result of 

defective enzymes trying to cope with imbalances.  Controlling intermediate metabolism and 

BCAA levels aid in managing clinical presentation since an increased flux through the BCAA 

degradation pathway can occur only via increased exogenous protein intake or degradation of 

endogenous protein.  One of the first therapeutic goals for treating these patients, therefore, is 

to minimise the metabolic flux of the affected pathway by regulating the intake of the 

corresponding essential amino acid to the minimum necessary to maintain anabolism (Pons et 

al., 2007).   

Generally, the strategy for managing an acute crisis in organic acidurias and branched-chain 

amino acidurias includes eight steps: (1) eliminate the intake of the offending amino acid(s) in 

the short term; (2) provide adequate caloric intake, initially with glucose but as soon as possible 

adding back small amounts of amino acids, which could serve as suppressors of endogenous 

protein degradation and ketogenesis; (3) cautiously monitor, follow up and correct fluid intake 

and electrolyte, pH and plasma osmolality abnormalities; (4) maintain cerebral function with 

adequate perfusion, oxygenation, and normal glucose levels; (5) avoid cerebral oedema; (6) do 

haemodialysis as needed; (7) provide the patient with adequate vitamins and cofactors; and (8) 

use selective chemicals that could assist with detoxification, such as glycine and carnitine, to 

enhance the elimination of the potentially toxic secondary metabolites (Sweetman & Williams, 

2001; Ogier de Baulny & Saudubray, 2002; Pons et al., 2007).  This general regime works well 

for managing the acute episodes of metabolic crises; however, a greater understanding of the 

underlying mechanism and secondary signalling and regulation of the pathways involved could 

aid in the development of treatment which is more suited to the patient‟s needs (Sweetman & 

Williams, 2001; Ogier de Baulny & Saudubray, 2002; Vockley et al., 2014).   

In the case of branched-chain amino acidurias, it is evident that co-factors derived from vitamins 

such as riboflavin, biotin and thiamine are essential to the enzymatic reaction mechanisms of 

this pathway.  It is therefore essential to monitor the co-factor status to prevent their depletion.  

Many of the primary BCAA disorders are known to be partially or, in some cases, successfully 

treated with timely diagnosis and cofactor precursor supplementation (Henriques et al., 2010; 

Baulny et al., 2012).  Five of the thirteen branched-chain amino acidurias have a known 

association with the leucine catabolism (Table 1.2). The most prominent clinical presentations 

and associated metabolites of the four leucine catabolism-associated IEM – IVA, MCC-

deficiency, MGC-Type-I and HMGCL-deficiency – are summarised in Table 1.3,  along with 

several characteristics observed from a number of the cases described earlier (Sweetman & 

Williams, 2001). 
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Table 1.3: Summary of the earlier described cases of the four leucine catabolism-
associated disorders 

Occurrence* 
and   

Frequency** 

Clinical presentation Prominent metabolites Comments 

Isovaleric acidaemia, isovaleryl-CoA Dehydrogenase (IVA) deficiency  

>70 cases 

 

Half with acute neonatal, half 
with infantile chronic 
intermittent presentation: 
vomiting, acidosis, ketosis, 
mild hyperammonaemia, 
hypocalcaemia, transient bone 
marrow suppression, lethargy, 
and coma. 

Urine: Isovalerylglycine, 
during episodes 3-
hydroxyisovalerate, 
isovalerylglucuronide, 4-
hydroxyisovalerate. Plasma, 
blood: Isovaleric acid, 
isovalerylcarnitine "Sweaty 
feet odour" during episodes. 

Usually normal 
development with 
leucine restriction and 
treatment with 
carnitine and/or glycine. 

3-Methylcrotonyl-CoA carboxylase (MCC ) deficiency  

>25 cases 

 

May include episodes of 
vomiting, acidosis, 
hypoglycaemia, hypotonia, and 
coma; some patients have no 
clinical symptoms.  

Urine: 3-Hydroxyisovalerate, 
3-methylcrotonylglycine, 3-
hydroxyisovalerylcarnitine 
Plasma, blood: 3-
Hydroxyisovalerylcarnitine 
but very low free carnitine 

Distinct from multiple 
carboxylase deficiency; 
does not respond to 
biotin. Normal 
development with 
protein restriction and 
carnitine. 

3-Methylglutaconic aciduria type-I 

8 cases 

 

Speech retardation, acidosis 
with intercurrent infection, 
hypotonia, and hepatomegaly 

Urine: 3-Methylglutaconate, 
3-hydroxyisovalerate  

Diagnosis requires assay 
of hydratase. 

3-Hydroxy-3- methylglutaryl-CoA lyase (HMGCL) deficiency 

>40 cases 

 

Neonatal, infantile or 
childhood presentation; 
vomiting, hypotonia, lethargy, 
coma, acidosis, and 
hyperammonaemia, 
hypoglycaemia without ketosis 

Urine: 3-Hydroxy-3-
methylglutarate; 3-
methylglutaconate, 3-
hydroxyisovalerate. Plasma, 
blood: 3-
Methylglutarylcarnitine Often 
presents like Reye syndrome.  

Deficient ketogenesis.  

* Incidences are uncertain because of the lack of general population screening and reporting of new 
cases. ** Frequencies are based on numbers detected through expanded NBS programmes mainly in 
Europe, North America and Australia  (Sweetman & Williams, 2001). 

 

Four of the five IEM described are unique to the leucine catabolism, whereas the first, Maple 

Syrup Urine disease (MSUD), is associated with all three BCAAs.  Dysfunction of the first 

commonly shared steps results in MSUD.  The other four IEM of the leucine catabolism are 

isovaleric acidaemia (IVA), 3-methylcrotonyl-CoA carboxylase (MCC) deficiency, 3-

methylglutaconic aciduria type-1 (MGC type-I) and 3-hydroxy-3-methylglutaryl-CoA lyase 
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(HMGCL) deficiency.  Major advancements have been made in the diagnosis and treatment of 

these acidurias in recent years.  It is interesting to note, however, that many characteristics 

overlap between MCC, MGC and HMGCL deficiencies.  This is probably due to the reversible 

character of the sequential enzyme reactions of the leucine catabolism, as was previously 

suggested (Sweetman & Williams, 2001; Ogier de Baulny & Saudubray, 2002; Vockley et al., 

2014). 

 

1.7 3-Methylcrotonyl-CoA carboxylase deficiency 

According to the Online Mendelian Inheritance in Man (OMIM) database, the first case of MCC-

deficiency (OMIM # 210200  and 210210) was documented by Eldjarn (1970), followed by the 

diagnosis of about 30 cases reported from 1970 to 2002 (Eldjarn et al., 1970; Ogier de Baulny & 

Saudubray, 2002).  It is difficult to determine whether all the previously described patients 

indeed had isolated MCC, since the possibility of multiple carboxylase deficiency was not 

always excluded (Vockley et al., 2014).  Although the estimated incidence of MCC-deficiency 

detected through NBS programmes is approximately 1:36000 (Morscher et al., 2012), the exact 

number of patients diagnosed with this IEM is not known.   

Whether MCC-deficiency is a disorder or just a phenotype has become a point of debate 

(Fonseca et al., 2012) arising mainly from the high number of asymptomatic individuals 

identified through the expanded NBS programme.  The debate about whether to screen for 

C5OH and whether it should be included or excluded from NBS programmes is on-going.  It is 

evident from reported cases that MCC-deficient patients seem mostly to have an inherent ability 

to cope with the disease and rarely present with any of the clinical abnormalities seen in the 

severe clinical cases (Wiesmann et al., 1998; Baumgartner et al., 2001; Baumgartner, 2003; 

Koeberl et al., 2003; Dantas et al., 2005; Stadler et al., 2006; Wolfe et al., 2007; Eminoglu et al., 

2009; Grunert et al., 2012; Morscher et al., 2012; Lam et al., 2013).   

MCC-deficiency is well documented, with extensive clinical, biochemical, genotype and enzyme 

data reported (Baumgartner et al., 2001; Gallardo et al., 2001; Holzinger et al., 2001; Dantas et 

al., 2005; Grunert et al., 2012).  It has been suggested that MCC is a genetic condition with low 

clinical penetrance (Stadler et al., 2006)  Case studies have demonstrated the complexity of 

MCC-deficiency, with no defined clinical presentation, severity or time of onset.  Therefore, 

MCC-deficiency can be seen as yet another simple Mendelian inherited metabolic disorder that 

behaves as a complex trait.  The pathomechanism for this disease is, however, largely 

unknown.  The most common clinical features associated with MCC-deficiency seem to involve 

vomiting, hypoglycaemia and acidosis, muscular symptoms such as muscular hypotonia, 
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muscle weakness and muscle pain and neurological abnormalities, including developmental 

delay and seizures, as well as attention deficit hyperactivity disorders (Grunert et al., 2012).   

1.7.1 Clinical presentation and diagnosis 

The heterogeneous character of MCC-deficiency makes clinical diagnosis difficult.  The 

possibility of MCC-deficiency should be considered in patients with the typical signs of an 

organic aciduria, especially when presenting with hypoglycaemia or Reye syndrome-like 

symptoms, often related to 3-hydroxy-3-methylglutaryl-CoA lyase deficiency.  Patients 

sometimes show fat changes in the liver, resembling those of Reye syndrome (Bartlett et al., 

1984; Kobori et al., 1989; Layward et al., 1989).  Patients with hypotonia, seizures, or 

developmental delay are also good candidates for the diagnosis of MCC-deficiency.  However, 

the time of onset varies from neonatal onset, with severe neurological involvement and 

sometimes even death, to very late onset or never, as seen with asymptomatic adults 

presenting with diagnostic metabolites (Finnie et al., 1976; Bannwart et al., 1992; Lehnert et al., 

1996; Gibson et al., 1998; Holzinger et al., 2001).  Case reports demonstrate that patients could 

have normal growth and development (up to between 6 months and 3 years of age) until they 

present with an acute episode following a minor infection which usually prompts illness.  The 

clinical presentation that patients present with includes vomiting, feeding difficulties, involuntary 

movements, seizures, coma and apnoea typically associated with metabolic acidosis, 

hypoglycaemia and, in some cases, mild hyperammonaemia.  Hypotonia, dermatological 

changes and progressive loss of consciousness have also been described (Gibson et al., 1994; 

Holzinger et al., 2001; Sweetman & Williams, 2001; Vockley et al., 2014).  Clinical 

decompensation can occur rapidly in an infant, but may be more gradual in older individuals.  In 

general, the earlier the patient presents, the poorer the prognosis (Lehnert et al., 1996).  

Therefore, a metabolic work-up, enzyme analyses and mutation analyses should be requested, 

together with the clinical presentation of the patient, to enable the accurate diagnosis of 

possible MCC-deficiency.  In addition to the heterogeneous clinical presentation of these 

patients, very low plasma free carnitine, and therefore, associated secondary carnitine 

deficiency, may also be indicative of MCC-deficiency.  Diagnosis of MCC-deficiency can be 

made when urinary 3-hydroxyisovaleric acid (500 to 7000 mmol/mol of creatinine) and 3-

methylcrotonylglycine (50 to 4000 mmol/mol of creatinine) levels  are higher than normal 

(Jakobs et al., 1984; Gregersen et al., 1986; Gerdes et al., 1988; Spinty et al., 2002; Gregersen 

et al., 2008; Vockley et al., 2014). 

1.7.2 Dietary restrictions and treatment   

In comparison with those with other organic acidurias, individuals with MCC-deficiency appear 

to have a significantly higher tolerance for metabolic stress.  In general, patients seem to cope 
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well with MCC-deficiency as long as catastrophic episodes such as infection can be avoided.  

Clinical manifestations seem to be associated only with environmental triggering factors and are 

observed within a rather small subgroup of individuals, independent of the level of enzyme 

activity (Stadler et al., 2006; Grunert et al., 2012).  On the other hand, case studies also 

illustrate the importance of early and effective treatment of this IEM, especially in those patients 

with an early onset of clinical symptoms.  It is important to note that irregular treatment could 

cause neurological damage in patients (Lehnert et al., 1996).  The poor prognosis described in 

patients presenting with neonatal seizures could be due to late diagnosis and treatment (Ogier 

de Baulny & Saudubray, 2002).  Treatment of acute episodes of MCC-deficiency aims to correct 

acidosis and maintain energy levels.  Acute episodes of MCC-deficiency are usually treated with 

glucose and electrolytes to correct acidosis in the patient.  The long-term treatment regime for 

MCC-deficient patients consists of restriction of dietary protein to 0.75 – 2.0 g protein per kg of 

body weight per day in order to control the levels of leucine (essential amino acid) and 

effectively lowering the abnormal excretion of organic acids.  The long-term treatment of protein 

restriction in general (in this case, leucine), appears to be sufficient for normal growth and 

development; however, its effectiveness in improving the clinical outcome remains unproven 

(Boneh et al., 2005).   

Generally, patients diagnosed with isolated MCC-deficiency do not respond to biotin 

administration.  However, contrasting reports regarding biotin administration and its influence on 

the clinical manifestation of isolated MCC-deficiency are documented (Sweetman & Williams, 

2001).  Evidence of biotin response has been reported for some patients (Baumgartner et al., 

2004; Friebel et al., 2006).  Biotin administration is recommended at 10 to 20 mg per day 

(Bartlett et al., 1984; Tsai et al., 1989).   

Although very few reports on combination therapy with glycine and carnitine have been 

published, it seems that the glycine and carnitine detoxification systems are complementary to 

each other rather than competitive (Tsai et al., 1989; Rolland et al., 1991; Rutledge et al., 1995).  

Glycine and/or carnitine enhance detoxification of the accumulating toxic metabolites (Gibson et 

al., 1994; Holzinger et al., 2001).  The high frequency of MCC-deficient patients that present 

with secondary carnitine deficiency is, however, something to monitor.  Often patients present 

with inadequate free carnitine levels at birth, which then later associates with MCC-deficiency.  

Oral carnitine supplementation of 75 to 100 mg/kg per day is therefore recommended (Jakobs 

et al., 1984; Gregersen et al., 1986), and also advised as an emergency regimen during 

recurrent illness.  The most effective daily dosage of glycine seems to be 175 mg glycine/kg per 

day (Jakobs et al., 1984) 

The variation in detoxification systems of individuals could also contribute to their phenotypes. It 

is possible that an individual‟s genomic variant affects metabolite flux in a subtle fashion, 
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without evidence of clinical disease. The cumulative effects of multiple sequence variations on a 

network of metabolite fluxes might, however, be sufficient to surpass the clinical threshold for 

disease, either alone or in combination with environmental factors (Lanpher et al., 2006).  

Generally, detoxification can be divided into four phases. Phase I reactions include oxidation, 

reduction and hydrolysis. Phase II includes the conjugation of foreign molecules that can then 

be excreted as soluble conjugated metabolites followed by further modification (Phase III) and 

excretion (Phase IV).  

1.7.3 Biochemical characteristics 

Typical laboratory findings during an acute episode are severe hypoglycaemia (blood glucose 

<1 mM), hyperammonaemia, elevated hepatic transaminases, mild metabolic acidosis, and 

moderate ketonuria.  Increased levels of 3-hydroxyisovaleric acid (HIVA) and 3-

methylcrotonylglycine (MCG) are the usual characteristic urinary metabolites associated with 

MCC-deficiency (Beemer et al., 1982; Gitzelmann et al., 1987).  The metabolite urinary 3-

methylcrotonylglutamic acid was detected once in a patient, but its significance is not clear.  

Urinary metabolites, 3-hydroxyisovaleric acid (460 to 59,000 mmol/mol of creatinine) and 3-

methylcrotonylglycine (70 to 3700 mmol/mol of creatinine) can vary from borderline high to 

extremely elevated levels (Bartlett et al., 1984; Gitzelmann et al., 1987; Tsai et al., 1989; 

Rolland et al., 1991; Vockley et al., 2014).  Additionally, elevated 3-hydroxyisovalerylcarnitine 

(C5OH) is also an indication of possible MCC-deficiency, especially in combination with severe 

secondary carnitine deficiency, indicated by extremely low levels of free carnitine in plasma ( 0.7 

to 5 µM, normal, >20 µM) and an elevated total acylcarnitine to free carnitine ratio (Grunert et 

al., 2012).  Carnitine acetyltransferase does not convert 3-hydroxyisovaleryl-CoA to a carnitine 

ester, suggesting that 3-methylcrotonylcarnitine originates from 3-methylcrotonyl-CoA, which is 

then hydrated to form 3-hydroxyisovalerylcarnitine (Grunert et al., 2012).  The biochemical 

phenotype of the group of 88 patients studied by Grunert and co-workers showed that 85 % 

(68/80) of individuals presented with elevated levels (more than twice the upper normal value) 

of urinary HIVA and/or MCG, whereas 14 % (11/80) presented with only mildly elevated levels.  

One patient (1 %) had no elevated excretion of 3-HIVA and/or 3-MCG.  Four individuals similar 

to the one described earlier (Wolfe et al., 2007) did not excrete any urinary 3-MCG, (Grunert et 

al., 2012).  Of the 78 patients detected through NBS programmes, 85 % (66/78) showed 

elevated C5OH (more than twice the upper normal value) and 15 % (12/78) presented with less 

than twice the upper normal value (Grunert et al., 2012).   

Isolated MCC-deficiency and multiple carboxylase deficiency were often confused during the 

early days of IMD diagnosis.  Nowadays, isolated MCC-deficiency is distinguished from multiple 

carboxylase deficiency mainly in terms of the absence of intermediate metabolites derived from 

propionyl-CoA and the inability of the patients to respond to biotin.  The presence of HIV-
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carnitine (C5OH) in plasma was thought to be diagnostic for MCG deficiency (Nissen & 

Abumrad, 1997); however, more recently, HIVA has been more widely used as indicator of 

leucine catabolism defects (Ogier de Baulny & Saudubray, 2002).  The glycine conjugate, MCG, 

also seems not to be a good indicative metabolite.  It is, however, important to exclude normal 

multiple carboxylase deficiency activity by testing at least one other carboxylase in leukocytes, 

regardless of treatment with biotin, or in fibroblasts, regardless of the concentration of biotin in 

the culture medium (Beemer et al., 1982; Tsai et al., 1989; Rolland et al., 1991; Vockley et al., 

2014).   

1.7.4 Classification and subtypes of 3-methylcrotonyl-CoA carboxylase deficiency 

From reported cases of possible MCC-deficiency, it seems that these patients could roughly be 

grouped together in one of four subtypes of the disease.  These four subtypes are defined 

according to the degree of severity, the composition of the metabolic profile and metabolites, 

the time of onset and the associated genotype.  The first group of patients includes the clinically 

severe ill patients, who almost always have elevated metabolites and a confirmatory disease-

associated genotype (Section 1.7.4.1).  The second group is referred to as the atypical MCC-

deficient patients, who seem to present with only trace amounts of urinary 3-

methylcrotonylglycine.  It is not clear, however, whether a confirmed disease-associated 

genotype could be linked to these patients (Section 1.7.4.2).  The maternal MCC-deficiency 

constitutes the third subtype.  The patients in this group usually remain asymptomatic and are 

diagnosed through the NBS programme when their babies are being screened.  The seemingly 

asymptomatic siblings identified through family screening could also be included in this group 

(Section 1.7.4.3).  The last group of patients include those individuals that present with MCC-

deficiency-associated metabolites HIVA and MCG, but with a heterozygous or even no 

confirmatory genotype.  Since heterozygosity cannot be related to the disease state, this group 

could also be referred to as the Marginally MCC-deficient deficiency patients (Section 1.7.4.4).   

MCC-deficiency is associated with mutations in either of the two MCC genes, MCCC1 or 

MCCC2.  Accumulation of 3-methylcrotonyl-CoA, the precursor molecule for the intermediate 

metabolites 3-HIVA, 3-methylcrotonic acid (MCA) and 3-methylcrotonylglycine (MCG), is usually 

a result of impaired MCC function.  Usually, elevated organic acids also give rise to the 

equivalent acylcarnitine.  In the case of MCC-deficiency, the acylcarnitine profile would show 

elevated 3-methylcrotonylcarnitine (C5.1) and 3-hydroxyisovalerylcarnitine (C5OH).  It is evident 

from the literature that not many case studies report the MCA levels.  However, in the few cases 

where elevated levels of 3MCA were reported, they seem to be associated with severe clinical 

symptoms and brain damage, suggesting an association with severity and proposing a highly 

toxic effect on the system (Steen et al., 1999; Zanatta et al., 2013).  Case studies of MCC-

deficient patients fail to demonstrate any clear correlation between the level of elevated 
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metabolites, deficient enzyme and the related genotype.  Even within one family, the clinical 

presentation can be highly variable (Visser et al., 2000; Eminoglu et al., 2009).  However, the 

majority of patients could fit into one of four subgroups of MCC-deficiency, namely classic 

isolated MCC-deficiency, atypical MCC-deficiency, maternal or asymptomatic MCC-deficiency, 

and marginally MCC-deficiency. 

1.7.4.1 Clinically severe classic isolated 3-methylcrotonyl-CoA carboxylase deficiency 

The first subtype of patients diagnosed with MCC-deficiency includes those patients who 

present with clinical symptoms, elevated HIVA and MCG and impaired MCC activity, as well as 

a confirmatory genotype characteristic of MCC-deficiency.  The majority of clinically severe 

cases reported with MCC-deficiency fit within this category.  Patients in this group usually 

present with an MCC-deficiency within the first few days of life which is associated with severe 

neurological involvement and even death.  Symptoms could also include vomiting, involuntary 

movements, coma and apnoea, typically associated with metabolic acidosis, hypoglycaemia 

and, in some cases, mild hyperammonaemia. Some also present with neurological 

abnormalities such as seizures, muscular hypotonia or developmental delay (Bannwart et al., 

1992; Murayama et al., 1997; Steen et al., 1999; Visser et al., 2000; Gallardo et al., 2001; de 

Kremer et al., 2002; Baykal et al., 2005; Oude Luttikhuis et al., 2005; Ficicioglu & Payan, 2006; 

Friebel et al., 2006; Stadler et al., 2006; Darin et al., 2007)  Lethality associated with a cohort of 

80 MCC-deficient patients was determined as 2.5 % (2/80) (Grunert et al., 2012) and it was 

suggested that the acute metabolic crises reported in 12 patients were due to underlying MCC.  

However, the causative contribution of all other clinical signs, especially of unspecific chronic 

neurological symptoms, such as mental retardation, attention deficit disorders and fatigue, to 

MCC-deficiency, remains questionable (Grunert et al., 2012).  The sudden cardiac death of a 

nine-year-old girl was described, showing association with catecholaminergic polymorphic 

ventricular tachycardia and mutations in the RyR2 gene (Grunert et al., 2012).  Furthermore, 

some patients develop an acute metabolic crisis, usually triggered by intercurrent infections or 

the introduction of a protein-rich diet in early childhood, although presentation has been as early 

as birth and as late as five years of age (Rolland et al., 1991; Murayama et al., 1997; Dantas et 

al., 2005; Ficicioglu & Payan, 2006; Dirik et al., 2008; Eminoglu et al., 2009).  An example of 

this is a nine-year-old boy with severe psychomotor retardation who developed infantile spasms 

at the age of three weeks (Friebel et al., 2006).  Biochemical findings in cultured fibroblasts 

indicated MCC-deficiency and molecular studies showed a heterozygote missense mutation, 

MCCA-R385S.  Biotin therapy led to a dramatic decrease in the frequency of seizures, and a 

near normalisation of organic aciduria.  This mutation was later shown to have a dominant 

negative effect (Baumgartner et al., 2004). 
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1.7.4.2 Atypical 3-methylcrotonyl-CoA carboxylase deficiency 

The diagnosis of MCC-deficiency is often difficult, since some patients seem to present with an 

atypical metabolite profile of only trace amounts of MCG, or sometimes even no MCG.  It is 

therefore possible that these patients could be overlooked (Wolfe et al., 2007).   Although they 

do not present with the classical metabolite profile, a confirmatory genotype and impaired MCC 

activity are confirmed.  The clinical presentation of the patients that present with atypical MCC-

deficiency varies and the potential risk of missing a diagnosis of MCC-deficiency in these 

patients is high and could be a contributing factor towards the very few reported cases (Wolfe et 

al., 2007).   

1.7.4.3 Maternal and asymptomatic 3-methylcrotonyl-CoA carboxylase deficiency 

The third group of MCC-deficient patients consists of those who have never presented with 

clinical decompensation and remain asymptomatic.  The age distribution of these patients 

ranges from babies to children and adult mothers detected by NBS.  The majority of children 

detected by NBS seem to remain asymptomatic (Ihara et al., 1997; Dantas et al., 2005; Stadler 

et al., 2006; Uematsu et al., 2007), with very little evidence of metabolic decompensation.  Also, 

a number of asymptomatic siblings have been identified by family screening of MCC-deficient 

patients (Beemer et al., 1982; Tsai et al., 1989; Elpeleg et al., 1992; Mourmans et al., 1995; 

Pearson et al., 1995; Visser et al., 2000).  Moreover, several asymptomatic MCC-deficient 

mothers have been identified only by detection of abnormal metabolites in the neonatal 

screening sample from their healthy babies (Gibson et al., 1998; Visser et al., 2000; 

Baumgartner et al., 2001; Gallardo et al., 2001; Dantas et al., 2005; Stadler et al., 2006; 

Eminoglu et al., 2009; Van der Graaf et al., 2010; Grunert et al., 2012; Lam et al., 2013).  There 

is such a high frequency of asymptomatic mothers detected through NBS programmes that 

some countries have decided to exclude screening for MCC-deficiency from their programmes, 

holding the view that MCC-deficiency presents as a disease with a low penetrance.  The 

reasoning behind this decision is that the increased stress experienced by the parents of the 

baby when diagnosed with a genetic disorder that might never present with symptoms 

outweighs the clinical benefit of currently available therapeutic intervention strategies (Stadler et 

al., 2006; Lam et al., 2013).  The high incidence of asymptomatic mothers detected through 

NBS programmes has led to much debate about whether to include screening for MCC-

deficiency and has caused some programmes to decide to exclude C5OH (Stadler et al., 2006; 

Wilcken, 2010; Lam et al., 2013).  There is very little evidence of metabolic crises in this group 

of individuals, which suggests that this group could remain asymptomatic and never present 

with clinical symptoms and diagnosis of MCC-deficiency.  In concurrence, the comparative 

analysis of published case reports with German NBS data indicated that less than 10 % of 

affected individuals develop symptoms (Stadler et al., 2006).  MCC-deficiency may therefore be 
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considered a genetic condition with low penetrance; however, long-term follow-up is poorly 

characterised.  It is important to realise that the lack of symptoms should not breed 

complacency in the clinician, as, in other organic acidaemias, acute decompensation and death 

has occurred with the first severe catabolic episode in the second decade of life (Martins, 1999; 

Sedel et al., 2007b; Ross et al., 2013).  

1.7.4.4 Marginal 3-methylcrotonyl-CoA carboxylase deficiency 

The last group of MCC-deficient patients has recently been recognised and includes individuals 

who present with metabolites indicative of MCC-deficiency, but in the absence of a confirmatory 

genotype or sometimes with only one heterozygous variant in combination with a wild-type allele 

(Morscher et al., 2012).  Some individuals could present with MCC-deficient metabolic profiles, 

but no mutations in either of the two coding regions of the MCC genes, MCCC1 and MCCC2 

(Morscher et al., 2012).  This group of individuals is poorly characterised, and very few similar 

cases have been reported.  The enzyme activity of heterozygotes for isolated MCC-deficiency 

cannot be reliably determined with the current methodology, since the MCC activity measured in 

cultured fibroblasts is usually within the normal range (Dantas et al., 2005; Grunert et al., 2012; 

Morscher et al., 2012).  However, an increased propionyl-CoA carboxylase (PCC)/MCC ratio, in 

addition to normal MCC activity, could be an indication of a heterozygous genotype (Morscher 

et al., 2012).  Factors other than the MCC loci seemingly contribute to the development of the 

disease.  Therefore, the fact that the heterozygous patients could have a compounding disease 

affecting MCC and presenting as MCC-deficiency cannot be excluded.   

1.7.5 Molecular basis of 3-methylcrotonyl-CoA carboxylase deficiency 

Isolated MCC-deficiency is caused by mutations in the MCCC1 (formerly MCCA) gene coding 

for the α-subunit or the MCCC2 (formerly MCCB) gene coding for the β subunit (Baumgartner et 

al., 2001; Gallardo et al., 2001; Holzinger et al., 2001).  Human MCCC1 (ENSG00000078070) 

has 19 exons and is associated with the chromosome region 3q25-q27.  Fifteen transcripts and 

splice variants are known for MCCC1.  The complete transcript consists of 2545 bp 

(NM_020166) and translates into a peptide containing 725 amino acids.  The MCCC2 gene 

(ENSG00000131844) is located on chromosome region 5q12-q13 (Baumgartner et al., 2001; 

Gallardo et al., 2001; Holzinger et al., 2001) and gives rise to a transcript of 3665 bp 

(NM_022132), which consists of 17 exons and is translated into a peptide of 553 amino acids.  

Eight transcript variants are known.  The remainder of the accession numbers and molecular 

information for MCCC1 and MCCC2 are listed in Table 1.4 
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Table 1.4: Accession numbers and molecular information of MCCC1 and MCCC2 

Gene Symbol MCCC1 MCCC2 

GCID GC03M18305 GC05p071587 

  3-methylcrotonyl-CoA carboxylase 1 3-Methylcrotonyl-CoA carboxylase 2 

Enzyme commission EC 6.4.1. EC 6.4.1. 

HGNC 6936 6937 

Entrez Gene 56922 64087 

Ensembl ENSG00000078070 ENSG000000131844 

OMIM 609010 (210200) 609014 (210210) 

UniProtKB Q96RQ3 Q9HCC0 

Paralogue PCCA PCCB 

Genomic start 183,015,218 bp from pter 71,587,288 bp from pter 

Genomic end 183,116,075 bp from pter 71,658,706 bp from pter 

Size 100,858 bases 71,419 bases 

Orientation Minus strand Plus strand 

Cytogenic band 3q27.1 5q13.2 

Refseq DNA sequence NT_005612_17 NT_034772.7 

Peptide symbol MCCA MCCB 

Protein symbol Q96RQ3-MCCA_HUMAN Q9HCC0-MCCB-HUMAN 

Protein size 725 amino acids 563 amino acids 

Protein molecular mass 80473 Da 61333 Da 

Cofactor Biotin   

Quaternary structure Dodecamere 6A6B Dodecamere 6A6B 

Alternative splice isoforms 
  

  Q9HCC0-1 

  Q9HCC0-2 

Localisation Mitochondria Mitochondria 

Pathway Leucine degradation I Leucine degradation I 

  
Valine, leucine and isoleucine 

degradation 
Valine, leucine and isoleucine 

degradation 

Interacting proteins     

mRNA refseq NM_020166.4 NM_022132  

UniGene clusters Hs.47649 HS.604789 

Expression 
Overexpressed in heart and nasal 

epithelium 
Overexpressed in breast, heart and 

liver 

 

1.7.5.1 Genetic variations  

A total of 2703 variations, of which 2207 are transcript variants, are acknowledged in the 

Ensembl database (ENSG00000078070) for MCCC1.  These transcript variants can further be 

divided into 34 splice-region variants, 1605 variants associated with the intron region, 286 

coding transcripts and 282 exon variations.  Figure 1.13A gives an overview of the number and 

the type of variations for MCCC1.  For the MCCC2 gene, 1969 variations have been reported.  

The transcript variants constitute 1565 of the 1969 and can further be divided into 17 splice-
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region variants, 1090 intron variants, 233 coding transcript variants and 225 exon variants 

(Figure 1.13B).  Known variations associated with MCCC2 are summarised in Figure 1.13.   

 

A              B 

 

Figure 1.13: Summary of the variants known for MCCC1 and MCCC2 genes 
Summary of variation consequences acknowledged in Ensembl database for MCCC1 
(ENST00000265594) and MCCC2 (ENST00000340941). 

 

Apart from the genetic variations summarised in Figure 1.13, there are a number of copy-

number variations (CNV) and CpG islands known to be associated with MCCC1 and MCCC2.  

In Table 1.5, the genome position of the three CpG islands known for MCCC1 and the one CpG 

island of MCCC2 are listed.  The six CNV described for MCCC1 and two CNV associated with 
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MCCC2 are also listed in Table 1.5, together with genes that are considered as expression 

partners (Park et al., 2013). 

 

Table 1.5: Other genetic variations known for MCCC1 and MCCC2 

Expression partners 

705 614 

BCKDHB SPRYD4 

MCCC2 CLUH 

MMAB HDHD3 

NARS2 MCCC1 

MUT DARS2 

PCCA PCCA 

DBT OSBP 

UBA5 DBT 

TOMM40 MMAA 

MAP1S GCDH 

CpG Islands 

3 1 

182821414-182822074 70882781-70883515 

182816632-182817528   

182782090-182787702   

Copy-number variations 

6 2 

nsv461031  nsv830340 

nsv508968 nsv328811 

esv28631   

esv1601884   

esv32850   

esv259725   

 

1.7.5.2 Disease associated genotypes and prevalent mutations 

Approximately 132 disease-causing mutations have been reported for the two MCC genes 

(MCCC1 and MCCC2), with the majority of patients presenting with unique mutations and very 

few overlapping mutations found in unrelated patients (Gallardo et al., 2001; Holzinger et al., 

2001; Sweetman & Williams, 2001; Dantas et al., 2005; Nguyen et al., 2006; Stadler et al., 

2006; Uematsu et al., 2007; Dirik et al., 2008; Eminoglu et al., 2009; Grunert et al., 2012; 

Morscher et al., 2012).  No correlations between genotype, residual enzyme activity and clinical 

severity are known (Baumgartner et al., 2001; Dantas et al., 2005).  The majority of the disease-

causing mutations are missense mutations, along with small insertions/deletions, and 

nonsense, frameshift, and splice-site mutations.  Desviat et al. suggested that the 

deletions/insertions and nonsense, frameshift, and splice-site mutations that result in null alleles 

are typically associated with the most severe phenotypes, whereas the missense mutations, 
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retaining partial activity in vitro, are associated mostly with milder phenotypes (Desviat et al., 

2003).  Furthermore, the clinical presentation observed in patients with the same homozygous 

mutation is diverse (Baumgartner et al., 2001; Gallardo et al., 2001) and the clinical outcome 

cannot be predicted.  Morscher et al. recently suggested that screening for a mutation in either 

MCCC1 and or MCCC2 might be a good indication of whether the patient has MCC-deficiency.  

A number of patients seem to present with a heterozygous mutation state of one mutant and 

one wild-type allele.  It seems that this heterozygous state could influence the MCC activity and 

result in accumulating metabolites.  Morsher et al. 2012 further reported that individuals with a 

heterozygous single mutation at the MCCC1 locus and residual MCC activity greater than 20 % 

of normal controls may present with a mild version of the biochemical phenotype characteristic 

of MCC-deficiency (Morscher et al., 2012).  Also, individuals with a less severe deficiency of 

MCC often present with an increased PCC/MCC ratio ( < 50).  This group of individuals also 

seems less likely to develop clinical symptoms and about 40 % (6/15) present clinically, 

whereas 47 % (22/47) of patients with homozygous and/or compound heterozygous mutations 

will become ill, even though the biochemical phenotype did not show a correlation with the 

residual enzyme activity and the clinical phenotype (Morscher et al., 2012).   

Mutation analysis work-up usually includes RT-PCR of the open reading frame (ORF) of the 

MCCC1 and MCCC2 genes and verification of the gene variations, using gDNA.  However, it 

has been shown that mutations that lead to skipping exons, using RT-PCR, are sometimes hard 

to find and not verified on the genomic level (Grunert et al., 2012).  The occurrence of different 

mutation statuses has also been reported, showing a difference in status between gDNA and 

mRNA starting material.  Several contradictory cases have been reported, showing a 

homozygous mutation state when using RT-PCR, but a heterozygous mutation state when 

using gDNA.  These results suggested that the steady state level of mRNA from the second 

allele was not detectable, which is typical of a promoter region mutation (Grunert et al., 2012).  

Baumgartner et al. 2004 reported that in vitro expression of p.R385S has a dominant negative 

effect in the presence of the wild-type allele and that this may lead to biochemical and clinical 

abnormalities in heterozygous individuals.  This was also later observed in a patient (Friebel et 

al., 2006).  It seems, however, that this mutation (R385S) in MCCC1 might be the most common 

mutation detected and is seemingly associated with patients of German origin (Baumgartner et 

al., 2001; Gallardo et al., 2001).  In the cohort of 78 families, only 15 mutations were found in 

more than one family, of which p.R385S was found in eight individuals and nine alleles.  A 

founder mutation was also suggested for three patients from the Faroe Islands (Grunert et al., 

2012).  
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1.7.5.3 Gene structure and transcriptional regulation 

As described in section 1.7.5, the MCCC1 gene spans 100,851 bp of chromosome 3.  There are 

18 regulatory elements located in the region of MCCC1.  These regulatory regions, such as 

promoters, transcription binding sites and enhancers, are important features in gene regulation, 

yet not much evidence of the impact of genetic variation in these regions has been reported and 

associated with MCC-deficiency.  Also, MCCC2, the gene that codes for the b-subunit of MCC, 

spans 71,416 bp of chromosome 5 and has eight regulatory regions located in the MCCC2 

region.  

Several transcription factor binding sites are present in the regulatory regions of MCCC1 and 

MCCC2 and are listed in Table 1.6.   

 

Table 1.6: Transcription factor binding sites for MCCC1 and MCCC2 

MCCC1 MCCC2 
Evi-1 p53 

NF-Y Gfi-1 

CBF(2) TFIID 

USF2 TBP 

USF1 USF1 

USF-1:USF-2 aMEF-2 

Cdc5 MEF-2A 

POU2F1a NF-Y 

POU2F1 CBF(2) 
http://www.genecards.org/cgi-bin/carddisp.pl?gene=mccc1 [Accessed 1 October 2015], 
http://www.genecards.org/cgi-bin/carddisp.pl?gene=mccc2 [Accessed 1 October 2015].  

 

Furthermore, PathwayNet, a knowledge base database where functional relationships between 

genes can be observed, suggested that transcriptional regulation of MCCC1 most likely occurs 

through  PPARD, MYC and or FOXK2 (Park et al., 2013).  On the other hand, MCCC2 seems to 

have a bigger predicted transcriptional regulation interaction network, which includes, among 

others, MYC, AR, PARP1, TFAP2A, ETFA, DKC1, HSPE1 and PDHA1.  Figure 1.14 shows the 

predicted relationship between the genes most likely to be regulated through a mutual 

transcription factor, MYC.  The confidence that the interaction between MYC and TFAP2A will 

occur is 100 %, as it is for the interaction between AR and SREBF1.   Also, PRKC1 (confidence 

of 0.528) is the only other gene that has a known association with MCCC2 and NEK9 (NIMA 

(never in mitosis gene a)-related kinase 9, confidence of 0.1606) and is the only other gene that 

http://www.genecards.org/cgi-bin/carddisp.pl?gene=mccc1
http://www.genecards.org/cgi-bin/carddisp.pl?gene=mccc2
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has a known association with MCCC2 in relation to phosphorylation and according to the 

PathwayNet database (Park et al., 2013). 

 

 

Figure 1.14: Predicted transcriptional regulation of MCCC2 
The big black spot, also known as a node, indicates the gene of interest (MCCC2); the small black spots 
(nodes) indicate other genes in the network (PDHA1, ETFA, AIFM1, NFUFS1, AIMP2 and SRSF1) and 
the pink sports (nodes) suggest the transcription factors (STAT2, TFAP2A, AR and SREBF1).  The lines 
that connect the nodes indicate the relationship between the nodes.  The colours represent the 
confidence of the relationship, where red is the most confident and green is the least confident 
relationship.     

 

1.7.5.4 Functional relationships and gene-gene interactions predicted for both MCCC1 
and MCCC2 genes 

A list of genes with functional relationships with MCCC1 and which have a predicted interaction 

with a probability greater than 98% with each other, based on the knowledge base of 

PathwayNET (Park et al., 2013, was predicted.  The list of genes with a probability greater than 

98 % is given in Table 1.7.  The genes with the highest probability of interacting with MCCC1 

are also listed in Table 1.7.     
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Table 1.7: Predicted gene-gene interactions and functional relationships for 
MCCC1 

 

The most probably related genes are visually represented as an interaction network and are 

depicted in Figure 1.15. 

Predicted gene-gene interactions associated with MCCC1  

Gene-gene interactions in the MCCC1 interaction network that have the highest probability of 
interacting with each other 

Gene1 Gene2 Confidence 

ATP5C1 ATP5F1 0.996 

MDH1 ATP5C1 0.989 

NDUFB5 ATP5C1 0.987 

COX5B ATP5C1 0.985 

COX5B NDUFS3 0.985 

COPS5 NDUFB5 0.982 

NDUFS3 ATP5C1 0.982 

MDH1 UQCRC2 0.981 

COX5B NDUFB5 0.980 

 
Gene interactions of MCCC1 and genes with the highest probability of interaction 

Gene1 Gene2 Confidence 

MCCC1 GNPAT 0.939 

MCCC1 AIFM1 0.901 

MCCC1 MRPS35 0.898 

MCCC1 QARS 0.898 

MCCC1 NIT2 0.898 

MCCC1 SUCLG1 0.894 

MCCC1 GRHPR 0.887 

MCCC1 MKKS 0.886 

MCCC1 C21orf33 0.885 

MCCC1 UQCRC2 0.884 

MCCC1 TST 0.881 

MCCC1 MRPL40 0.881 

MCCC1 TTC3 0.881 

MCCC1 EIF3H 0.879 

MCCC1 CCNG1 0.879 
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Figure 1.15: Predicted functional relationships for MCCC1 
The big black spot, also known as a node, indicates the gene of interest (MCCC1); the small black spots 
(nodes) indicate other genes in the network (NDUFB5, HADHB, GNPAT, ECHS1, AIFM1, IARS2, DDX1, 
PCCB, ATP5F1, MRPS33).  The red lines that connect the nodes indicate the relationship between two 
genes.  The nodes in the network have a probability greater than 95 % confidence.   

 

In addition, the functional relationships predicted for the MCCC2 using the PathwayNET 

database (Park et al., 2013),  the functional relationships between genes associated with 

MCCC2 which have a predicted interaction with each other, based on the knowledge base of 

PathwayNET, and a probability greater than 98 % was predicted.  The list of genes with a 

probability greater than 98 % is given in Table 1.7.  The genes with the highest probability of 

interacting with MCCC1 are also listed in Table 1.7.    The relationship between the most 

probably related genes is visually represented as an interaction network and depicted in Figure 
1.15. 

1.7.5.5 Enzyme architecture 

Human MCC (EC 6.4.1.4 is one of four biotin-dependent carboxylases, which share three 

structurally conserved functional domains.  The other three carboxylases are propionyl-CoA 

carboxylase (PCC, EC 6.4.1.3); pyruvate carboxylase (PC, EC 6.4.1.1) and acetyl-CoA 

carboxylase (ACC, EC 6.4.1.2).  MCC, PCC, and PC function in the mitochondria, whereas 

acetyl-CoA carboxylase is situated in the cytosol (Holzinger et al., 2001; Desviat et al., 2003). 
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MCC is comprised of two non-identical subunits, the ~85 kDa alpha subunit and the ~60 kDa. 

beta subunit, which are arranged to form a α6β6 hetero-dodecamere structure (Leon-Del-Rio & 

Gravel, 1994; Rodriguez-Melendez et al., 2001; Murin et al., 2006; Grunert et al., 2012).  The 

gene MCCC1 (formerly known as MCCA) encodes for the alpha subunit and contains two of the 

three shared functional domains, the biotin carboxyl carrier domain (A-M-K-M), where biotin is 

covalently attached to the ε-amino group of lysine, and the biotin carboxylation domain (G-G-G-

G-K-G-M-R-I-V), which catalyses the carboxylation of biotin.  The smaller beta subunit carries 

the carboxyl-transferase domain (R-F-T-E-F-K-A-F-Y-G-D-T-L-V-T-G-F-A-R-I-F-G-Y-P-V-G-I-V-

G), which binds 3-methylcrotonyl-CoA and catalyses the transfer of a carboxyl group from 

carboxybiotin to the organic substrate specific for each carboxylase and is encoded by the 

MCCC2 (formerly known as MCCB) (Samols et al., 1988; Obata et al., 2001).  The subunits are 

synthesised in the cell cytoplasm and are transported into the mitochondria by means of a 

signal peptide (Obata et al., 2001) 

The crystal structure of the human MCC (HsMCC) has not yet been solved; however, Huang 

and co-workers reported the crystal structures of the Pseudomonas aeruginosa MCC (PaMCC) 

holoenzyme alone and in complex with CoA (Huang et al., 2012).  To their surprise, the 

structures and the overall shape of PaMCC were markedly different when compared with PCC, 

especially since PCCA and MCCA, as well as PCCB and MCCB, are considered paralogues 

(Figure 1.16). The human MCCA subunit has 42 % sequence identity with the PCCA, and 

MCCB has 34 % sequence identity with the human PCCB subunit.  Furthermore, the 

Pseudomonas aeruginosa MCC is highly homologous with human MCCA, with 47 % sequence 

identity for the bacterial alpha subunit, while  the MCCB gene has a 65 % sequence identity with 

the bacterial beta subunit (Huang et al., 2012). 

Interestingly, not only does PCC differ in the overall shape, it also differs in regard to the site of 

carboxylation in the substrate.  It is evident that PCC carboxylation occurs on the α-carbon 

position of propionyl-CoA whereas MCC acts at the γ-carbon position of 3-methylcrotonyl-CoA.  

In this regard, the closest structural homologue of PaMCCB is the α-subunit of glutaconyl-CoA 

decarboxylase (GCDα): even though PCCB shares a greater sequence identity with MCCB, the 

structures of GCDα compared better.  The activity of both MCC and GCDα is on the γ-carbon of 

the substrate whereas PCC and pyruvate carboxylase act on the α-carbon of their substrates 

(Wendt et al., 2003; Aguilar et al., 2006; Kress et al., 2009; Forster-Fromme & Jendrossek, 

2010).   
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Figure 1.16: The PaMCC and PaPCC holoenzyme structures 
Structure of the CoA complex of PaMCC holoenzyme a) side view, b) top view.  Structure of the CoA 
complex of PaPCC holoenzyme c) side view, d) top view (Huang et al., 2010; Huang et al., 2012).   

 

The activity of MCC is usually assayed in fibroblast homogenates, lymphocytes (Beemer et al., 

1982) or cultured skin fibroblasts (Suormala et al., 1985; Sweetman & Williams, 2001).  The 

α6β6 hetero-dodecamer biotin-dependent carboxylase is predominantly localised to the inner 

membrane of the mitochondria and is expressed in mitochondria-rich organs, such as heart 

muscle, skeletal muscle, kidney and liver (Lehnert et al., 1996; Obata et al., 2001).  The 

peptides are targeted to the mitochondria where they are cleaved to mature peptides.  The 

cleavage sites of the targeting signals and the amino-termini of the mature polypeptide are 
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Tyr41/Thr42 and Ala22/Tyr23 for MCCC1 and MCCC2, respectively.  The alpha subunit seems 

to be less stable when the beta subunit is absent or defective (Baumgartner et al., 2001)  

1.7.5.6 Catalytic reaction and substrates  

3-Methylcrotonyl-CoA carboxylase, also known as 3-methylcrotonyl-CoA:carbon-dioxide ligase, 

(APD-forming) (EC 6.4.1.4) associates with the inner membrane of the mitochondrion.  The 

enzyme reaction catalysed by MCC requires adenosine triphosphate (ATP), magnesium (Mg2+), 

bicarbonate (HCO3
-) and 3-methylcrotonyl-CoA as substrate to form the product, trans-3-

methylglutaconyl-CoA.  The enzyme kinetics were determined as follows: Kcat is 4.0 sec-1; 

KM=45 µM for ATP and KM=74 µM for 3-methylcrotonyl-CoA (Chu & Cheng, 2007).   

ATP + 3-methylcrotonoyl-CoA + HCO3
- = ADP + phosphate (P) + 3-methylglutaconyl-CoA 

MCC is activated four- to five-fold by the presence of potassium (K+) and ammonium (NH4
+).  It 

is believed that 2-methylcrotonyl-CoA (Tiglyl-CoA) could also be a substrate for MCC, because 

most patients with disorders of the isoleucine catabolism in whom tiglyl-CoA accumulate excrete 

(E)-2-methylglutaconic acid (Hector et al., 1980; Sweetman & Williams, 2001).  Table 1.8 shows 

the KM values and relative velocities of other CoA esters as substrates for bovine MCC as 

compared with 3-methylcrotonyl-CoA, which has a relative velocity of 100 %.  Butyryl-CoA and 

propionyl-CoA have been shown to be weak competitive inhibitors for MCC, with Ki values of 

1.6 mM and 1.78 mM, respectively (Lau et al., 1979; Lau et al., 1980; Vockley et al., 2014) 

 

Table 1.8: Substrates for bovine kidney 3-methylcrotonyl-CoA carboxylase 

Substrate KM (Michaelis constant) Relative velocity 

ATP 82 μM - 

bicarbonate (HCO3
-) 1.8 μM - 

3-methylcrotonyl-CoA 75 μM 100 % 

(2Z)-3-ethylcrotonyl-CoA 22 μM 44 % 

trans-crotonyl-CoA 225 μM 27 % 

acetoacetyl-CoA 17 μM 12 % 

(Lau et al., 1979; Lau et al., 1980; Vockley et al., 2014) 

 

Impaired MCC gives rise to the accumulation of 3-methylcrotonyl-CoA, which is the precursor 

for the diagnostic metabolites, HIVA and MCG.  It seems that 3-methylcrotonyl-CoA is not 

deacylated to 3-methylcrotonic acid, but rather hydrated by crotonase (enoyl-CoA hydratase) to 
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form 3-hydroxyisovaleryl-CoA, which is then deacylated to 3-hydroxyisovaleric acid.  Although 

3-methylrotonyl-CoA is hydrated at 14 % of the rate of crotonyl-CoA, the equilibrium seems to 

favour 3-hydroxyisovaleryl-CoA.  The Km of ox liver crotonase for crotonyl-CoA is 20 μM, and at 

equilibrium, the level of the hydrated product is 3.5 times that of the unsaturated substrate (Lau 

et al., 1979; Lau et al., 1980; Vockley et al., 2014) 

1.7.5.7 In vitro expression studies 

The activity of MCC in MCC-deficient cultured skin fibroblasts is usually less than 10 % of the 

mean healthy control cells (Lehnert et al., 1996; Wiesmann et al., 1998; Baumgartner et al., 

2001; Baumgartner et al., 2004).  Of the approximate 132 disease-causing alleles known, the 

functionality of 23 variants (7 variants for MCCC1 and 16 variants for MCCC2) was studied 

(Baumgartner et al., 2001; Baumgartner et al., 2004; Baumgartner, 2005; Dantas et al., 2005; 

Grunert et al., 2012) and listed in Table 1.9.   

Expression studies demonstrated that MCCC1-A291V, MCCC1-I434M, MCCC2-S39F and 

MCCC2-G475R have a residual activity of less than 50 % of the wild type, whereas MCCC2-

Y146N, MCCC2-V434L and MCCC2-S523G were shown to have activity of more than 50 % of 

the wild type.  The other variants, including MCCC1-R385S, have severely reduced MCC 

activity or, in many cases, no detectable activity (Baumgartner et al., 2001; Baumgartner et al., 

2004; Baumgartner, 2005; Dantas et al., 2005; Grunert et al., 2012). 
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Table 1.9: In vitro-expressed MCCC1 and MCCC2 variants 

Gene / 
Subunit 

Nucleotide 
change (cDNA)  

Amino acid 

change 
(RNA 
level) 

Activity Reference 

α MCCC1 c.C866T p.A289V No detectable MCC activity 

(Baumgartner et al., 
2001) 

α MCCC1 c.T1310C p.L437P No detectable MCC activity 

α MCCC2 c.G464A p.R155Q No detectable MCC activity 

α MCCC2 c.C518T p.S173L No detectable MCC activity 

α MCCC2 c.C577T p.R193C No detectable MCC activity 

α MCCC2 c.C929G p.P310R No detectable MCC activity 

α MCCC2 c.G1015A p.V339M Residual activity of 4 % 

αβMCCC2 c.G295C p.E99Q No detectable MCC activity (Baumgartner et al., 
2001; Holzinger et al., 

2001) 

αλ MCCC1 c.A1155C p.R385S No detectable MCC activity (Baumgartner et al., 
2001; Gallardo et al., 

2001) 

ω MCCC1 c.A863G p.E288G Severely reduced activity of 1 % 

(Grunert et al., 2012) 

ω MCCC1 c.G1136A p.G379D Severely reduced activity of 1 % 

ω MCCC1 c.T1302G p.I434M MCC activity of 47 % 

ω MCCC2 c.351_353delTGG p.G118del Severely reduced activity of 6 % 

ω MCCC2 c.T436A p.Y146N MCC activity of 89 % 

ω MCCC2 c.G1300C p.V434L MCC activity of 77 % 

ω MCCC2 c.G1423C/A p.G475R MCC activity of 49 % 

δ MCCC1 c.C872T p.A291V MCC activity of 26 % 

(Dirik et al., 2008) 

δ MCCC2 c.C568T p.H190Y No detectable MCC activity 

δ MCCC2 c.G1054A p.G352R Reduced activity of 27 % 

δωMCCC2 c.C1367T p.A456V MCC activities of less than 13 % 

δωMCCC2 c.A845G p.H282R  MCC activities of less than 13 % 

εωMCCC2 c.C116T p.S39F MCC activity of 50 % (Dirik et al., 2008; 
Grunert et al., 2012) 

γωMCCC2 c.A1567G p.S523G MCC activity of 63 % (Grunert et al., 2012; 
Morscher et al., 2012) 

 

1.7.6 3-Methylcrotonyl-CoA carboxylase deficiency in the post-genomic era  

No genotype-phenotype correlation is known for MCC-deficiency.  The unpredictable character 

of MCC-deficiency has been further emphasised by the high number of asymptomatic 

individuals with MCC-deficiency in NBS programmes.  Furthermore, none of the known 
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mutations are prevalent in asymptomatic individuals with MCC-deficiency, other than in the case 

of IVA and medium-chain acyl-CoA dehydrogenase deficiency (MCAD), which presents with 

prevalent mutations.  Thus, genotyping in MCC-deficiency still appears to be of little help in 

predicting the clinical outcome of individuals.  It has been proposed that factors other than 

mutations in only MCCC1 and MCCC2 could have a major influence on the phenotype of MCC-

deficiency (Gallardo et al., 2001; Dantas et al., 2005; Stadler et al., 2006; Grunert et al., 2012)  

However, very little is known of the underlying molecular interactions and regulatory network 

associated with MCC-deficiency.  No modifier genes, co-activator and/or regulator genes have 

been identified as being associated with the MCC genes, MCCC1 and MCCC2.  Our lack of 

understanding of this heterogeneous disorder again highlights the importance of understanding 

not only the effects of genomic changes on the biological system, but also the transcriptome, 

protein diversity, protein-protein interactions and the metabolome as a whole (Lanpher et al., 

2006).   

To further complicate things, MCC-deficiency or metabolic profiles indicative of MCC-deficiency 

have been associated with many other medical conditions such as leukodystrophy (de Kremer 

et al., 2002), multiple sclerosis (Darin et al., 2007), metabolic stroke (Steen et al., 1999), status 

epilepticus (Dirik et al., 2008) and Reye syndrome (Layward et al., 1989).    Diverse 

complications, such as mitochondrial dysfunction and depletion, oxidative stress and chronic 

fatigue, are characteristic of patients with MCC-deficiency. How these diseases and symptoms 

relate and are linked to MCC-deficiency is, however, not clear. It seems that inflammation could 

be the critical decision maker.  Furthermore, secondary cellular responses involved with MCC-

deficiency are unknown.  Figure 1.17 shows a map of the proposed relationship of MCC-

deficiency with other medical conditions.   

In general, most IEM are characterised mainly at the level of primary biochemical linkages, 

describing the direct metabolic consequence of the primary defect.  Only recently has the value 

of the indirect metabolism or secondary cellular responses involved with IEM been recognised, 

while the study of nutrient-sensing signalling networks, which influence the biochemical reaction 

by changing enzyme activities through post-translational modifications, is only beginning to 

emerge.  It has recently been proposed that mitochondrial dysfunction, inhibition of 

mitochondrial Na+/K+-ATPase activity and induction of reactive oxygen species (ROS) could 

possibly contribute to the cerebral symptoms and abnormalities associated with MCC-deficiency 

(Ribeiro et al., 2011; Zanatta et al., 2013).  Neurochemical studies have indicated that the 

metabolites MCG and MCA, which accumulate in MCC-deficiency, could cause lipid and protein 

oxidative damage in the cerebral cortex of young rats.  Underlying molecular interactions and 

functional networks involved with the development and clinical presentation of rare disease are 

still poorly characterised.   The value of translation from molecular interactions to metabolic and 
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clinical profiles is still underestimated and undervalued in the IEM community and, to date, few 

gene expression profiling studies of IEM have been performed.   

 

 

 

Figure 1.17: Interconnection of 3-methylcrotonyl-CoA carboxylase deficiency with other 
medical conditions 
http://www.malacards.org/card/3_methylcrotonyl_coa_carboxylase_1_deficiency?search=MCCC1, 
Copyright to Weismann institute of Science, www.malcards.org. 

 

Therefore, to summarise the current situation of MCC-deficiency in the post-genomic era, it is 

evident that MCC-deficiency is not a simple monogenic disorder that presents with a specific set 

of clinical symptoms at a fixed time of onset associated with a distinct genotype.  MCC-

deficiency is heterogeneous in all aspects of the disease.  On the one hand, MCC-deficiency 

appears to be a life-threatening disease that has severe clinical consequences, while on the 

other hand, MCC-deficiency could be benign with a low clinical penetrance.  This chameleon-

like character of MCC is not unique, however; more and more adults these days are diagnosed 

with rare diseases that were previously exclusively associated with clinically severe metabolic 

crises in newborns and infants.  Adult patients were hardly ever suspected of having an IEM 

and adults and older children were therefore usually misdiagnosed.  It is inevitable that new 

questions will arise as earlier ones are answered, the proteins engaged in the diseases of 

complex origin will enter the analyses, and we will work our way slowly toward a molecular 

grasp, not only of disease as opposed to diseases, but of the relationship of human disease to 

human evolution (Jimenez-Sanchez et al., 2014). 

 

http://www.malacards.org/card/3_methylcrotonyl_coa_carboxylase_1_deficiency?search=MCCC1
http://www.malcards.org/
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1.8 Study background, motivation and aims 

This study was initiated during 2001 when a 48-year-old Caucasian male with unexplained 

episodes of excessive energy expenditure reported for a metabolic screen.  His medical history 

revealed that he frequently presented with symptoms related to allergic disease, abdominal 

discomfort, lethargy and acute muscle pain.  With thorough medical examination, the underlying 

cause for tis symptoms could not be identified.  The patient was referred to the Potchefstroom 

Laboratory for Inborn Errors of Metabolism (PLIEM) for metabolic screening.  The results of the 

urinary organic acid analyses revealed that the patient had elevated 3-hydroxyisvaleric acid and 

detectable levels of 3-methylcrotonylglycine.  These metabolites are usually indicative of a 

possible diagnosis of MCC-deficiency.  This was, to our knowledge, the first reported case of 

possible MCC-deficiency in a South African family.  The patient and his family were further 

studied to identify and characterise the mutation(s) in the two MCC genes (MCCC1 and 

MCCC2).  However, no homozygous mutations could be identified for either of the open reading 

frames of MCCC1 and/or MCCC2 of the MCC genes (MSc dissertation, Zandberg, L 2006).  It 

was clear that further investigation was needed to further characterise the possible MCC-

deficiency in this patient and his family.  Therefore, the aim of this study was to further 

characterise possible MCC-deficiency in the South African patient and his family following a 

standard metabolic work-up, performing in vivo loading tests, assaying enzyme activity and 

doing molecular characterisation of the MCC genes.  Also, a transcriptome was generated and 

inspected to extend the understanding of the functional interaction networks and secondary 

signalling responses involved.  Furthermore, transcriptomes from immortalised skin fibroblast 

cultures of clinically severe MCC-deficient patients as well as controls were generated and 

compared to the transcriptome of the South African patients.  The significantly differentially 

expressed transcripts and their functional relationships were further analysed.   

The aim of this study was addressed by setting the following objectives: 

1) To further characterise the metabolite profile, assay enzyme activities and MCCC1, 

MCCC2 genetic variations to confirm the possible 3-methylcrotonyl-CoA carboxylase 

deficiency in the South African family (Chapter Two).  

2) To establish and characterise the transcriptome generated from cultured skin fibroblasts 

of the South African patients (Chapter Two). 

3) To generated and characterise the transcriptome from immortalised skin fibroblast 

cultures established from clinically severe MCC-deficient patients (Chapter Three).  
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4) To generated, characterise and compare the transcriptomes from immortalised skin 

fibroblast cultures established from clinically severe MCC-deficient patients, the South 

African MCC-deficient patients and controls (Chapter Four). 

 

1.9 Study design and Methods  

This project was approved by the Ethics Committee of the North-West University (05M14).   

An outline of the study is depicted in Figure 1.18.   The details of the biological samples used in 

this study were summarised in Appendix A.  Quality control assessment was conducted and 

presented in Appendix B.  The qPCR validation experiments were summarised in Appendix C.  
The methods used and analyses performed during the investigation of this study were listed in 

Table 1.6 and described in the methods sections of the corresponding Chapters and/or 

submitted manuscripts.   

 

Figure 1.18: Diagrammatic outline of the study approach followed for the 
characterisation of inherited metabolic disorders presenting with metabolites of the 
leucine catabolism  
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Table 1.10: Summary of the methods used in this study 

 

 

Methods Chapters 

2 3 4 

Biotinidase activity X   

Biotin-dependent carboxylase activity X   

Indirect holocarboxylase activity X   

Cell culture maintenance X X X 

In vivo leucine loading X   

In vivo 3-hydroxy-3-methyl-buturate loading X   

Organic acid analyses and quantification X   

Amino acid analyses and quantification X   

Acylcarnitine analyses and quantification X   

Total RNA isolation X X X 

Total RNA quality control using the Agilent Bioanalyzer  X X X 

Genomic DNA isolation X   

Sanger sequencing and sequence analyses X   

PCR / gene-specific amplification X   

Reverse transcription X X X 

Real-time PCR X X X 

qPCR data analyses using the ∆∆CT method X X X 

HuExST1.0 array preparation X X X 

HuExST1.0 array analyses  using Partek genomics suite X X X 

Functional analyses using Ingenuity Pathway Analysis software X X X 
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CHAPTER TWO 

II 

Characterisation of a South African family with possible 3-

methylcrotonyl-Coa carboxylase deficiency 

2.1 Introduction 

It is evident from the literature study (Chapter One) that there is an increased awareness that 

seemingly simple monogenic disorders caused by a single defective enzyme often present as 

far more complex traits (Dippel & McCabe, 2000; Dipple & McCabe, 2000a; Lanpher et al., 

2006; Scriver, 2007; Lachmann & Murphy, 2014; Touw et al., 2014).  Patients with these 

seemingly simple disorders often present with a broad spectrum of clinical symptoms that also 

vary in the time of onset (Gibson et al., 1998; Visser et al., 2000; Lee, 2002; Scriver, 2007; 

Sedel et al., 2007a; Walter, 2007).  Furthermore, some diseases usually associated with a 

severe clinical outcome are currently the cause of debate and are often regarded as non-

disease.  One such disease is isolated 3-methylcrotonyl-CoA carboxylase (MCC) deficiency 

(MIM #210200 and MIM #210210) (Wilcken et al., 2003; Stadler et al., 2006; Arnold et al., 2008; 

Lam et al., 2013).  In comparison with other organic acidurias, most MCC-deficient patients 

have a significantly higher tolerance for metabolic stress and seem to cope well overall.  The 

low clinical penetrance and high number of asymptomatic individuals with MCC-deficiency are 

part of the current debate as to whether MCC-deficiency is a non-disease (Stadler et al., 2006).  

The clinical, biochemical, and enzymatic characterisation of MCC-deficiency has been well 

documented, but the pathomechanism remains largely unknown. (Wiesmann et al., 1998; Steen 

et al., 1999; Visser et al., 2000; Sweetman & Williams, 2001; Baumgartner, 2005; Baykal et al., 

2005; Dantas et al., 2005; Wolfe et al., 2007; Dirik et al., 2008).  With the introduction of 

newborn screening (NBS), MCC-deficiency was one of the most frequently detected organic 

acidurias, with an estimated prevalence of 1:36000 for Europe (Morscher et al., 2012) and 

between 1:41 700 and 1:84 700 for the United States of America (Feuchtbaum et al., 2012; Lam 

et al., 2013).  The incidence of MCC-deficiency in South Africa and Africa as a whole is not 

known. 

This Chapter aims to describe the characteristics of the first South Africans identified with 

borderline high urinary 3-hydroxyisovaleric acid and detectable levels of 3-methylcrotonylglycine 

(MCG), indicative of possible MCC-deficiency.   
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2.2 Index patient NWU001:  Case report 

The index patient, NWU001, a Caucasian male from a non-consanguineous South African 

family, was 48 years of age in 2003 when he was advised to report for metabolite profiling at the 

Potchefstroom Laboratory for Inborn Errors of Metabolism (PLIEM), North-West University, after 

a physical examination detected mild hepatosplenomegaly.  At that point he mentioned a 20-

year history of frequently occurring non-specific symptoms, often associated with episodes of 

chronic fatigue.  He reported reduced tolerance to exercise and frequently experienced acute 

muscle cramps, which subsided with rest.  He complained of general weakness, poor tolerance 

to environmental factors and being prone to hay fever, eczema, mouth ulcers and sinusitis.  

Although the patient had a body mass index of 27.9 (obese reference range: > 26.9), his blood 

chemistry was mostly within normal ranges, with the exception of a slightly elevated alanine 

aminotransferase activity of 41 U/L (male age 12 months – 60 years reference range: 10 – 40 

U/L) and elevated levels of 784 pmol/L VitB12 (normal reference range: 148 – 616 pmol/L).  His 

total cholesterol was borderline high, 5.5 mmol/L (borderline high reference range: 5.18 – 6.19 

mmol/L) and he had low levels of HDL, 0.4 mmol/L (normal reference range: < 1.04 mmol/L), 

normal levels of LDL, 2.67 mmol/L, (normal reference range: < 2.85 mmol/L) and very high 

levels of triglycerides, 6.73 mmol/L (normal reference range: < 5.65 mmol/L). He presented with 

normal blood pressure, fasting glucose and haematological parameters (Wu, 2006).   

The metabolic screening results showed that he presented with borderline normal high levels of 

urinary 3-hydroxyisovaleric acid (HIVA, 14.37 mmol/mol creatitine) and detectable levels of 3-

methylcrotonylglycine (MCG, 3.89 mmol/mol creatitine).  No secondary metabolites associated 

with the precursor molecule, propionyl-CoA, were present.  The urinary acylcarnitine profile 

complemented the organic acid profile and revealed slightly elevated levels of 3-

hydroxyisovalerylcarnitine (C5OH) and 3-methylcrotonylcarnitine (C5.1), but no severe 

secondary carnitine deficiency (Mueller et al., 2003; Hoffman & Feyh, 2008).  This patient 

seemed to be the first South African (Caucasian) reported with possible MCC-deficiency.   

These preliminary results led to the further investigation and characterisation of what seemed to 

be the first evidence of MCC-deficiency in a South African family. 

2.3 Aims, objectives and experimental approach  

The aim of the research presented in this Chapter was to further characterise the first South 

African family with possible 3-methylcrotonyl-CoA carboxylase deficiency following a three-

pronged approach summarised in Figure 2.1.   

This aim was addressed through the following objectives: 
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I. To determine the incidence of the metabolites 3-hydroxyisovaleric acid and 3-

methylcrotonylglycine that are usually associated with MCC-deficiency in this South 

African family.  

II. To investigate the impact of in vivo L-leucine loading on their leucine catabolism  

III. To explore the impact of 3-hydroxy-3-methylbutyrate loading on their leucine catabolism-

related pathways.   

IV. To identify possible variations in the coding regions of the MCCC1 and MCCC2 genes of 

the individuals that present with urinary 3-hydroxyisovaleric acid and 3-

methylcrotonylglycine.  

V. To generate and characterise a transcriptome of cultured skin fibroblasts from two South 

African adults with urinary 3-hydroxyisovaleric acid and 3-methylcrotonylglycine. 

 

 

Figure 2.1: Diagrammatic representation of the experimental approach  
The metabolic work-up is the first part of this study and represented in green. The molecular 
characterisation approach is indicated in red. The whole-genome expression profiling experiments are the 
third part of this study and indicated in blue.  

 

The metabolic work-up was the first part of this study and included selective screening of 

volunteering family members as well as in vivo loading tests.  The characterisation of the 
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molecular basis of this disease and the metabolic work-up were performed in parallel.  The 

molecular characterisation approach included the establishment of cultured skin fibroblasts from 

skin biopsies, enzyme characterisation and mutation analyses of the MCCC1 and MCCC2 

genes.  The third part of this study was the whole-genome expression profiling and analyses.  

 

2.4 The family  

The incidence of a possible case of MCC-deficiency in the South African family was 

investigated.  The mother of patient NWU001 was approached and agreed to collaborate to 

compile a family tree.  The mother (Ia; NWU005, 84 years of age) and her sister (Ib; NWU006, 

81 years of age) were the only living children of their parents.  The husband of the mother 

(NWU005) passed away of a heart attack at age 62 years.  The mother and her husband have 

five children, three girls and two boys.  The five children are all married and have children of 

their own.  The family was approached for voluntary participation in this study.  Fifteen family 

members agreed to take part in a urinary metabolic screen.  Urinary samples were collected 

from ten females and five males and screened for abnormal organic acids and acylcarnitines.  

The other members of the family could not be reached or did not agree to take part in this study.  

The family tree is summarised in Figure 2.2 and asterisks (*) indicate the fifteen participating 

family members and their relationship to the index patient, represented by the filled green 

square. 

 

Figure 2.2: Family tree of patient NWU001 
The squares represent the males and the circles the females in the family.  The filled green square 
represents the index patient NWU001, who presented with metabolites indicative of possible 3-
methylcrotonyl-CoA carboxylase MCC-deficiency.  Each of the different colours represents the offspring 
of those particular parents.  Green indicates the family of NWU001. * Indicates the family members that 
voluntarily took part in the urinary organic acid and acylcarnitine screening. 
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2.5 Methods 

2.5.1 Amino acid analyses 

Urinary amino acid analyses were conducted using the Easy-Fast amino acid sample testing kit 

(EZ:faast, Phenomenex) based on a modification of a method described by Husek (1991) 

(Hušek, 1991).  The data were quantified by performing analyses using an automated mass 

spectral deconvolution and identification system (AMDIS Version 2.71., 

www.chemdata.nist.gov).  The concentrations of the amino acids identified in the sample were 

determined according to the internal standard and expressed as millimole per mole creatinine 

(mmol/mol creatinine) in the case of urine samples and micromole per litre (µmol/L) in the case 

of serum samples.  

2.5.2 Acylcarnitine analyses 

Butylated urinary acylcarnitines were analysed according to the method described by Millington 

(Millington, 2008).  An Agilent 1200 series high pressure liquid chromatography system (Agilent 

Technologies, Palo Alto), equipped with a 96-well plate autosampler and a triple quadrupole 

mass spectrometer was used (G6410, Agilent Technologies, Palo Alto). The system was 

operated in positive electrospray ionisation (ESI) mode with the mass analysers set in a 

precursor of 85 m/z configuration.  Acylcarnitines were quantified using deuterated analogues of 

free carnitine and acylcarnitines as internal standards. 

2.5.3 Organic acid analyses 

Creatinine concentration of the urine samples was determined colourimetrically with a modified 

Jaffe reaction.  Urinary organic acids were extracted using liquid-liquid extraction and 

derivatisation as described by Hoffman and Feyh (Hoffman & Feyh, 2008).  

Trimethylchlorosilane (TMCS) esters of organic acids were analysed on a Hewlett Packard 

6890/5973 gas chromatography mass spectrometry (GC-MS) system equipped with a DB-1ms 

capillary column (30 m x 0.25 mm x 0.25 μm, Agilent Technologies, Palo Alto) as described by 

Rinaldo (Rinaldo, 2008).  The data were quantified using AMDIS software.  The concentrations 

of identified organic acids were expressed in mmol/mol creatinine, using 4-phenylbutyric acid as 

internal standard.   

2.5.4 Very long-chain fatty acid analyses 

Very long-chain fatty acid analysis was performed using the stable isotope dilution method 

(Vreken et al., 1998).  The internal standard consisted of 3,7,11,15-tetramethylhexadecanoic 

acid (phytanic acid, (Sigma-Aldrich), 2,6,10,14-tetramethylpentadecanoic acid (pristanic acid, 
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(Sigma-Aldrigh), docosanoic acid (C22:0, Sigma-Aldrigh), tetracosanoic acid (C24:0, Sigma-

Aldrigh) and hexacosanoic acid (C26:0, Sigma-Aldrigh).  The following stable isotopes of 

VLCFA were obtained from Dr. H.J. ten Brink, Free University Hospital (Amsterdam, 

Nederland), 3,3,5,5-2H4-C22:0 (C22:0-d4), 3,3,5,5-2H4-C24:0 (C24:0-d4), 3,3,5,5-2H4-C26:0 

(C26:0-d4), 2H3-phytanic acid (phytanic acid – d3) and 2H3-pristanic acid (pristanic acid-d3). 

The concentrations of the stable isotopes in the internal standard solution was, 1 μmol/L for 

pristanic acid-d3, 4 μmol/L for phytanic acid-d3, 50 μmol/L for C22:0-d4, 50 μmol/L for C24:0-d4 

and 1 μmol/L for C26:0-d4.  Analyses were done on a Agilent Technologies 7890A/5975B inert 

XL MSD GC-MS system on a 122–0132 DB-1ms capillary column (30m x 0.25mm x 0.25μm) 

(Agilent Technologies), according to the method described by Vreken and co-workers (Vreken 

et al., 1998).  Data quantification was done using-linear calibration curves and Chemstation 

software.  

2.5.5 In vivo loading tests 

In vivo loading tests were performed to further investigate and characterise the metabolic 

characteristics of two patients who presented with urinary organic acids usually associated with 

MCC-deficiency.  Urinary organic acid and acylcarnitine analyses were performed and very 

long-chain fatty acid analysis was done using serum samples.  The total cholesterol of all 

participating individuals was determined at baseline (T0).   

2.5.5.1 In vivo L-leucine loading test 

The index patient (NWU001), his sibling (NWU002), and seven control individuals (aged 

between 24 and 64 years, Appendix A) participated in the L-leucine loading challenge.  Each 

participant received 100 mg L-leucine (Sigma-Aldrich) per kg body weight in orange juice 

(Galjaard, 1980).  Urine samples were collected at baseline (T0) and 30 min (T1), 1h (T2), 3h 

(T3), 5h (T4) and 7h (T5) after L-leucine administration.  The total urine volume at each of the 

six time points for each participant was also noted. 

2.5.5.2 In vivo 3-hydroxy-3-methylbutyrate loading test 

The index patient (NWU001, his sibling (NWU002), and five control subjects (aged 24–64 years, 
Appendix A) participated in the 3-hydroxy-3methylbutyrate (HMB) loading test. The participants 

each received 2 g HMB (Warrenchem) in orange juice (Galjaard, 1980; Nissen & Abumrad, 

1997).  Prior to HMB administration, baseline urine and blood samples from all participants were 

obtained and documented as time 0 (T0).  After HMB administration, urine was collected from 

all the participants at 30 min (T1), 1 hour (T2), 3 hours (T3), 5 hours (T4) and 7 hours (T5) after 

HMB administration.  The total urine volume collected was documented and organic acid and 

acylcarnitine analyses were performed.  
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2.5.6 Cultured skin fibroblasts   

Skin biopsies were obtained from NWU001 and NWU002 and three unaffected, unrelated 

healthy adult control individuals (CON001, CON002 and CON003).  Skin fibroblast cell lines 

were established by GenePath (Centurion, South Africa).  Established skin fibroblast cell 

cultures were routinely grown as monolayers and propagated in 25 cm2 tissue culture flasks in 

Dulbecco's Modified Eagle‟s Medium (DMEM, Lonza), supplemented with 10 % foetal calf 

serum (FCS, Lonza), and 1 % Penicillin/Streptomycin (Lonza) antibiotics at 37oC under 5 % 

CO2.  Deviation from this standard protocol as specified for specific assays will be indicated in 

the relevant sections. 

2.5.7 Mitochondrial biotin-dependent carboxylase activities in cultured skin fibroblast 
homogenates 

Mitochondrial biotin-dependent carboxylase activities were assayed in crude fibroblast lysates 

by measuring the incorporation of [14C]-NaHCO3 into acid-non-volatile products (Suormala et al., 

1985).  For the assay of the level of specific activity and kinetics of MCC, fibroblasts were grown 

in the standard culture medium supplemented with 10 % FCS (Section 2.5.6). This medium is 

biotin sufficient containing 9 nmol/L biotin, contributed by the natural biotin content of FCS, 

which is 5 times the mean normal plasma biotin concentration in humans (1.8 nmol/L, range 0.6 

- 4.8, n=126) (Suormala et al., 1997b; Suormala et al., 1998). The activity of another 

mitochondrial biotin-dependent carboxylase, propionyl-CoA carboxylase (PCC) that served as 

the control enzyme, was determined simultaneously with MCC in the same cell lysate.  To 

determine the apparent Km values of MCC for the substrates, 3-methylcrotonyl-CoA and 

bicarbonate as well as for ATP, MCC activity was measured with variable concentrations of one 

of the compounds together with routine saturating assay concentrations of the other 

components. Thus the concentration of 3-methylcrotonyl-CoA was varied between 0.05 and 3.9 

mmol/L (in routine assay 1.5 mmol/L), that of Na-bicarbonate between 0.42 and 40 mmol/L (in 

routine assay 20 mmol/L), and that of ATP 0.04 and 6.3 mmol/L (in routine assay 3.15 mmol/L).  

All Km values were derived using Eadie-Hofstee plots.  To determine the sensitivity to the 

activator K+, MCC activity was measured without and with 50 mmol/L (optimal concentration) 

and 100 mmol/L KCl in the assay mixture. 

2.5.8 Indirect holocarboxylase synthetase activity in cultured skin fibroblast 
homogenates 

Holocarboylase synthetase (HCS) activity was estimated indirectly by measuring the sensitivity 

of fibroblast MCC and PCC activities on biotin depletion of the culture medium (Suormala et al., 

1997a). Cells were grown in parallel in a medium with low and high biotin concentration and 
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assayed for MCC and PCC activity. Low-biotin medium was prepared by replacing the FCS of 

the routine culture medium with newborn calf serum, which resulted in the final biotin 

concentration of 0.1 nmol/L, and high-biotin medium was prepared by supplementing the low-

biotin medium with 10 µmol/L biotin.  

2.5.9 Serum biotinidase activity  

Biotinidase activity was performed at the Potchefstroom laboratory for inborn errors of 

metabolism.  Serum biotinidase activity was estimated by the colourimetric assay using N-

biotinyl-p-aminobenzoate (PABA) as substrate (Wolf & Feldman, 1982).     

2.5.10 Mutation analyses of MCCC1 and MCCC2  

Mutation analysis was performed using cDNA prepared from total RNA isolated from cultured 

skin fibroblasts.  Total RNA was isolated from the cultured skin fibroblasts using the Qiazol® 

reagent (Qiagen) and the RNeasy® total RNA extraction Kit (Qiagen) according to the 

manufacturers protocol. Complementary DNA was synthesised from 1 µg total RNA using 

cloned AMV reverse transcriptase (Invitrogen) using 18mer oligo dT primer and the suggested 

reaction mixture (Appendix C).   

Phusion® high fidelity DNA polymerase (Finnzymes) and the GC buffer were used for 

amplification.  The amplification mixture composition contined 0,5 µM of each one of the two 

transcript-specific primers, 1,5 mM MgCl2, 0,2 mM dNTPs and 200 ng cDNA in each 50 µl final 

volume reaction.  Amplification was performed with an Eppendorf Master Cycler (Eppendorf).  

The amplification conditions are summarised in Table 2.1 and the specific annealing 

temperatures for MCCC1 specific primer sets were 58 ºC and 60 ºC for the MCCC2 specific 

primer set.  

Transcript-specific primer pairs (Table 2.2) for each of the specific transcripts were used to 

amplify the MCCC1 (NM_020166.4) and MCCC2 (NM_022132.4) specific open reading frames. 

All amplification products were cleaned with the QiaQuick® gel extraction kit (Qiagen) and 

sequenced (Inqaba Biotech).  The sequences were inspected using FinchTV 1.4.0 (Geospiza, 

Inc.; Seattle, WA, USA; http://www.geospiza.com) and aligned using web based Clustal W 

(Version 2.1, http://www.ebi.ac.uk/Tools/msa/clustalo/) multiple sequence alignment tool (Larkin 

et al., 2007). 

 

 

http://www.geospiza.com/
http://www.ebi.ac.uk/Tools/msa/clustalo/
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Table 2.1: Cycle method for amplification of MCCC1 and MCCC2 open reading 
frames 

  Cycles Temperature (°C) Time 

Denaturing  1 98 5 min 

Amplification 

Denaturing 

30 

98 15 seconds 

Annealing *58-60 2 min 

Elongation 72 1 min 

Elongation  1 72 10 min 

Hold  1 4 30 min 

*The annealing temperature applied for the MCCC1 primer set was 58 ºC and for the MCCC2 primer set 
was 60 ºC   

 

 

Table 2.2: Transcript-specific primer sequences used for amplification and 
sequencing of the open reading frames MCCC1 and MCCC2 

 Primer name Application Primer sequence 5’-3’ 
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*MB_MCCA_for Amplification gACgCAgCTgCCTCTgTAC 

*MB_MCCA_rev Amplification gTgACCCAAATgCATgATTCT 

*MB_MCCA_s1for Sequencing ATCTgCAATTAgAgACATggg 

*MB_MCCA_s2for Sequencing AgAAgATTCCTTTgAgCCAgg 

*MB_MCCA_s3for Sequencing gTTgTTgCTCAgTCggAAgg 

*MB_MCCA_s4for Sequencing gATgggTCTTATAgCATgCAg 

*MB_MCCA_s5rev Sequencing CATCCTggATggATAgCCTg 

*MB_MCCA_s6rev Sequencing CAgATTTAATACCAggCgCTg 

*MB_MCCA_s7rev Sequencing gTCTgCTCgAggAgTAgAgAg 

*MB_MCCA_s8rev Sequencing gCTCCATCTTCATggCgATC 
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*MB_MCCB_for Amplification AggACCTgAgCTCAgCTTCC 

*MB_MCCB_rev Amplification ACTgTAACAgCCTCATgTTCg 

*MB_MCCB_s1for Sequencing CCCAgTTTgCAggTTACCAg 

*MB_MCCB_s2for Sequencing AACTggggAgAAgAAgTATCTgC 

*MB_MCCB_s3for Sequencing TAACCCTCATCATTgggggC 

*MB_MCCB_s4for Sequencing CTggTAACCTgCAAACTggg 

*MB_MCCB_s5rev Sequencing TACTTCTTCCCCAgTTgCCg 

*MB_MCCB_s6rev Sequencing TAggAgCCCCCAATgATGAG 

* (Baumgartner et al., 2001; Holzinger et al., 2001) 
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2.5.11 Whole-genome expression profiling using Affymetrix® GeneChip® HuExST1.0 

arrays 

The whole-genome expression profile of cultured skin fibroblasts from two South African 

patients with possible MCC-deficiency was determined by using the Affymetrix® GeneChip® 

Human Exon ST 1.0 (HuExST1.0) array for hybridisation (Affymetrix) (Appendix B contains 

more detail on the Affymetrix technology and the HuExST1.0 array design).  Established 

fibroblast cell cultures of NWU001, NWU002 and two healthy control adults (CON001 and 

CON002) were prepared for total RNA extraction.   

2.5.11.1 Primary skin fibroblast cultures and total RNA extraction  

The four primary cultured skin fibroblast cell lines (NWU001, NWU002, CON001 and CON002) 

were grown in Amniochrome system II® medium (Lonza) supplemented with 0,125 mg/ml 

Penicillin/Streptomycin (Lonza) and 0.256 mg/ml Gentamycin (Lonza) in 75 cm2 tissue culture 

flasks until they reached 80 – 90 % confluence. Each cell line was routinely screened for 

possible mycoplasma contamination.  Healthy cell cultures without any traces of mycoplasma 

were seeded for further analysis.  One reached 80- 90 % confluence, the cell layers were 

washed twice with phosphate-buffered saline (PBS) and total RNA was isolated directly from the 

flask.  Total RNA isolation was done using the RNeasy® mini kit (Qiagen), according to the 

manufacturer‟s protocol.  No additional DNase digestion was performed.  The yield, quality and 

integrity of each of the total RNA preparations were assessed according to the integrity of the 

28S rRNA and 18S rRNA, as well as RNA integrity number (RIN) value using a NanoDrop 1000 

Spectrophotometer and an Agilent BioAnalyzer 2100 (Appendix B, Table 7.1 Figure 7.3).   

2.5.11.2 Human Exon ST1.0 array preparation  

In total, four HuExST1.0 arrays were prepared: single hybridisations of each of the cultured skin 

fibroblasts from NWU001and NWU002, as well as for each of the control cultured skin fibroblast 

cell lines, CON001 and CON002.  Hybridisation was performed at the Affymetrix® service 

provider, Centre of Proteomic and Genomic Research (CPGR), Cape Town in South Africa.  

Total RNA from each sample with a RIN > 9 was fragmented, labelled, hybridised to HuExST1.0 

arrays and scanned according to the Affymetrix® protocols and instructions.  Output signal 

intensity data files (.CEL) were generated and assessed to ensure good quality output and 

analyses.  The quality assessment from sample preparation to data analyses are summarised in 

Appendix B. 
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2.5.11.3  Human Exon ST1.0 array data analyses and software 

2.5.11.3.1 Pre-processing and data quality control 

The data intensity files (.CEL files) received from CPGR were analysed using Affymetrix®  

Expression Console (Version 1.1, HuEx1-0-st-v2.na32.hg19) and Partek® Genomic Suite 

software (Version 6.1, Copyright, Partek Inc. St. Louis, MO, USA).  Pre-processing of data 

quality control analyses was done by using the robust multi-array average (RMA) normalisation 

method for background correction and using the core-meta probe set as annotation for quality 

control analyses (Irizarry et al., 2003; Affymetrix, 2014). 

2.5.11.3.2 Significantly differentially expressed transcript IDs 

All data intensity files (.CEL) passed the QC metric and were uploaded with Partek® GS 

software (Version6.1, Copyright, Partek Inc. St. Louis, MO, USA).  The Affymetrix® full-meta 

probe set (HuEx1-0-st-v2.na32.hg19) was applied for annotation.  The full-meta probe set 

included transcript IDs with well-defined annotations as well as predicted transcripts with no 

known gene associations.  A list of differentially expressed, annotated and predicted transcript 

IDs was generated by means of one way analysis of variance (ANOVA).  The significantly 

differentially expressed transcript list included the transcript IDs that met the filter criteria of 

unadjusted P < 0.05.  From the significantly differentially expressed list, a subset of well-

annotated transcript IDs associated with genes of the HuChrX was also compiled. 

2.5.11.4 Functional analysis 

Ingenuity Pathway Analysis (IPA) software (Ingenuity® Systems, www.ingenuity.com, build 

version 242990, content version 17199142), was used to determine the functional relationships, 

predicted network associations, biological functions, canonical pathways, regulator-, co-

activator- and modifier genes involved, as well as toxicological associations of the complete list 

of annotated differentially expressed transcript IDs.  Additional analyses were done to identify 

possible HuChrX-associated functional relationships, network associations, biological functions, 

canonical pathways and regulatory networks in the transcriptome of the two South Africans with 

urinary HIVA and MCG.  A subset of significantly differentially expressed well-annotated 

transcript IDs of the HuChrX was compiled and separately analysed with IPA (Ingenuity® 

Systems, www.ingenuity.com, build version 313398M, content version 18841524).  The analysis 

settings for IPA for both input lists were set to include only the well annotated transcript IDs and 

endogenous chemicals identified in the predefined IPA database with a predicted direct and or 

indirect relationship known for H. sapiens.   

http://www.ingenuity.com/
http://www.ingenuity.com/
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2.5.12 Quantitative real-time PCR validation 

Independent quantitative real-time PCR (qPCR) analysis was performed to confirm the gene 

expression results of selected transcripts obtained from the HuExST1.0 array hybridisations. 

The same total RNA samples were used for both the array hybridisation and qPCR analyses.  

An amount of 1 µg total RNA of each sample was reverse transcribed using cloned-AMV 

reverse transcriptase (Invitrogen).  The cDNA samples were diluted and 100 ng was used in 

each of the validation reactions which were prepared in triplicate.  TaqMan® hydrolysis probe 

chemistry based gene expression assays for ACOX2 (Hs00185873_m1), AWAT2 

(Hs01040631_m1), HADHA (Hs00426191_m1), HMGCL (Hs00609311_m1), NDUFS2 

(Hs00190020_m1) and UXT (Hs00188238_m1) were selected (Appendix C).   

Amplification was done as proposed by the manufacturer using the ABI 7500 system.  

Quantification cycle (Cq) values were determined for each sample using the comparative Cq 

method.  Relative gene expression ratios were normalised to the reference genes 18S rRNA 

and hypoxanthine phosphoribosyltransferase 1 (HPRT1).  Relative mRNA expression was 

represented as the fold change of the target group (marginally MCC-deficient, in short, MCC-

like) over the calibrator sample (control).  The calibrator sample was defined as the mean 

expression of samples and replicates of the control group.  Relative gene expression changes 

were calculated according to the 2-ΔΔCt method (Livak et al., 1995; Livak & Schmittgen, 2001).  

 

2.6 Results  

The patient, NWU001 (IIa), was advised to report for metabolic screening after his physical 

examination revealed that he presented with hepatosplenomegaly.  The origin of this 

hepatosplenomegaly and the underlying condition affecting the patient‟s general health were 

further investigated.  The metabolic screen of index patient NWU001 showed an abnormal 

urinary organic acid profile with a borderline high normal level of HIVA and detectable amounts 

of MCG.  No secondary metabolites associated with the precursor molecule, propionyl-CoA 

were present and this therefore excludes possible multiple carboxylase deficiency.  The urinary 

acylcarnitine profile complemented the organic acid profile and showed slightly elevated levels 

of 3-hydroxyisovalerylcarnitine (C5OH) and 3-methylcrotonylcarnitine (C5.1), but no severe 

secondary carnitine deficiency was observed (Mueller et al., 2003; Hoffman & Feyh, 2008).  The 

physical, biochemical and metabolic profiles indicated that this patient could have 3-

methylcrotonyl-CoA carboxylase deficiency.  This patient seemed to be the first South African 

(Caucasian) reported with possible MCC-deficiency.  The incidence of this metabolic profile 
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indicative of MCC-deficiency was further investigated within the family through selective 

screening. 

2.6.1 Family screening and metabolic characterisation 

Fifteen family members over three generations (Figure 2.3), ten females (aged, 83, 80, 56, 53, 

33, 7, and twins of 2 years) and five males (aged 52, 48, 31, 6 and 4 years), participated in a 

metabolic screen.  Abnormal urinary HIVA and MCG and acylcarnitines C5OH and C5.1 were 

also detected in three additional males in the family, the brother (NWU002, IIb) of NWU001(IIa) 

and grandsons of NWU002 (NWU003 (IVb) and NWU004 (IVc)) (Table 2.3).   

 

 

 

 

 

 

 

 

Figure 2.3: Family tree showing screened and affected family members 
The family members that agreed to urinary organic acid and acylcarnitine screening are indicated in blue.  
The family members indicated in black were not screened.  The blue coloured squares represent the 
index patient NWU001 and the three additional male family members that presented with urinary HIVA 
and MCG.  I = first generation, II = second generation; III = Third generation, IV = Forth generation, a first 
person in the generation, b second person in the generation, c third person in the generation, d forth 
person in the generation, e fifth person in the generation and f sixth person in the generation. 

 

At the time of investigation, NWU002 (IIb) appeared to be a healthy adult with moderately high 

serum cholesterol levels for which he had already received medication. He presented with 

normal total cholesterol of 4.9 mmol/L (reference range: 2.8 – 5.2 mmol/L).  NWU002 (IIb) had 

no complaints of decreased energy levels or reccurring infections or illness.  The two boys, 

NWU003 and NWU004 were also apparently healthy with no history of concurrent illness, low 

energy or failure to thrive.  Both the boys were lively and active children at the time of 

investigation.  Informed consent to include the grandsons for further testing could not be 

obtained and they were excluded from all further participation.  The three males that presented 

with comparable abnormal organic acid and acylcarnitine metabolite profiles were NWU002, the 

sibling of the index patient (NWU001) and two boys, the grandchildren of NWU002.  The urinary 
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levels of the organic acids HIVA and MCG and free carnitine (C0), propionylcarnitine (C3), 

methylmalonylcarnitine (C4DC), 3-methylcrotonylcarntine (C5.1), 3-hydroxyisovalerylcarnitine 

(C5OH), octanoylcarnitine (C8), and total acylcarnitines (AC) are summarised in Table 2.3.  
However, normal values of the healthy family members could not obtained from the 

Potchefstroom laboratory for inborn error of metabolism because samples with normal values 

are not logged into the system.    

 

Table 2.3: Diagnostic metabolites of four males in the family with urinary 3-
hydroxyisovaleric acid and 3-methylcrotonylglycine 

 

Reference range  

(mmol/mol creatinine) 

N
W

U
00

1
 (

*I
Ia

) 

N
W

U
00

2
 (

*I
Ib

) 

N
W

U
00

3
 (

*I
V

b
) 

N
W

U
00

4
 (

*I
V

c)
 

Adults > 
18 years 

Children > 5 
years 

Organic acids# Short name 
  

48 y 51 y 6 y 4 y 

3-Methylcrotonylglycine MCG n.d n.d 3.89 0.82 2.28 1.78 

3-Hydroxyisovaleric acid HIVA 6.9.0–25.0 9.80—50.20 14.37 21.35 12.31 11.32 

Acylcarnitines 
       

Free Carnitine$ C0 1.32–17.02 5.67—56.09 5.12 2.30 5.11 20.79 

Propionylcarnitine$ C3 0.09–0.49 0.75—5.29 0.19 0.06 0.16 0.28 

Methylmalonylcarnitin$ C4DC 0.00–0.65 0.00—0.47 0.07 0.05 0.05 0.13 

3-Methylcrotonylcarnitine$ C5.1 0.00–0.42 0.00—0.54 0.08 0.01 0.17 0.14 

3-
Hydroxyisovalerylcarnitine$ 

C5OH 0.10–0.35 0.06—0.54 0.27 0.09 0.03 0.09 

Octanoylcarnitine$ C8 0.07–0.58 0.05—0.39 0.01 0.06 0.03 0.04 
        

Total Acylcarnitine $ AC 2.96–6.40 3.96—22.84 8.43 1.33 8.87 26.64 

Reference ranges from # (Hoffman & Feyh, 2008) $ (Mueller et al., 2003) * Refer to the generation 
position and number II indicates the second generation and a indicates the first person and b indicates 
the second person in that generation, IV indicates the fourth generation and c indicates the third person in 
that generation. 

 

Acylcarnitine ratios were calculated and the C5OH and C5OH+C4DC ratios with C0, C3 and C8 

of the four seemingly affected family members are summarised in Table 2.4.  Fifteen family 

members voluntarily took part in the urinary organic acid screening test.  Surprisingly, no 

females in the family that was screened presented with abnormal urinary organic acid profiles.  

This is unexpected since MCC-deficiency is known to follow an autosomal recessive inheritance 

pattern, and therefore the mother of the index patient NWU001 was expected to present with at 
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least elevated HIVA.  It is important to note that neither of the two mothers who were screened 

had elevated urinary HIVA or detectable amounts of MCG.  Interestingly, the presence of 

abnormal organic acid profiles in this South African family seems to follow an X-linked 

inheritance pattern, presenting only with males skipping a generation and carried through a 

female over three generations.  This possible X-linked inheritance pattern associated with HIVA 

and MCG is not typical of MCC-deficiency and is unexpected since MCC-deficiency is known to 

be an autosomal recessive trait.   

It is known that asymptomatic mothers are detected through NBS programmes while screening 

their newborns.  These asymptomatic mothers do present with metabolites even though they do 

not present with any symptoms.  Again, females from the South African family studied here 

were different since the mothers of children with urinary HIVA and MCG in this family did not 

present with abnormal urinary HIVA and or MCG. Therefore, to further investigate the origin of 

the HIVA and MCG and possible MCC-deficiency identified in this family, the metabolic flux 

through the main leucine degradation and hypothesised alternative pathways was investigated 

by performing in vivo loading tests.   

 

Table 2.4: Acylcarnitine ratios of the four males that presented with abnormal 
urinary metabolic profiles 

Acylcarnitine MS-
ions ratios  

Short name NWU001 (48y) NWU002 (51y) NWU003 (6y) NWU004 (4y) 

*TotalAC:218 AC:C0 1.64 1.73 1.74 1.28 

318:218 C5OH:C0 18.65 25.30 168.09 235.70 

318:274 C5OH:C3 1.46 1.50 0.19 0.32 

318:344 C5OH:C8 25.21 1.63 0.98 2.45 

318:374 C5OH:C4DC 4.18 1.88 0.61 0.67 

(318+374):218 C5OH+C4DC:C0 0.07 0.06 0.02 0.01 

(318+374):274 C5OH+C4DC:C3 1.81 2.30 0.51 0.79 

(318+374):344 C5OH+C4DC:C8 31.24 2.50 2.58 6.12 

* Reference range Adults > 18 years (0.32 – 2.92 mmol/mol creatinine) and the reference range Children 
> 5 years (0.45  – 0.29 mmol/mol creatinine) (Mueller et al., 2003).  No reference ranges for the other 
ratios are known.  

 

2.6.2 In vivo loading tests 

Two in vivo loading tests were performed to further investigate and characterise the flux of 

metabolites through the main leucine degradation as well as the hypothetical alternative L-
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leucine degradation pathway (Nissen & Abumrad, 1997).  The L-leucine and 3-hydroxy-3-

methylbyturate (HMB) loading tests were performed and the intermediate metabolites 

associated with impaired L-leucine catabolism were analysed and studied.    

2.6.2.1 In vivo leucine loading  

The metabolite profiles of the four family members suggested a possible decreased flux through 

the leucine degradation pathway.  To further investigate the intermediate metabolism of L-

leucine degradation pathway, an in vivo L-leucine loading test was performed.  The metabolite 

profiles of NWU001 and NWU002 and seven healthy adult controls were inspected and 

compared.  Total urinary organic acids, acylcarnitines and amino acids were analysed and 

VLCFA in the serum were inspected. 

2.6.2.1.1 Organic acid analyses 

Organic acid analyses were performed on all the urinary samples collected from the seven 

controls and two patients who participated in the in vivo L-leucine loading test as described in 

Section 2.5.3.  During the in vivo L-leucine loading, a distinct elevation of HIVA and MCG was 

observed for both NWU001 and NWU002, compared with the seven controls (Figure 2.4, Table 
2.5).  

For NWU001, the urinary MCG levels were 7.4 times increased and reached a maximum of 

23.1 mmol/mol creatinine at T3.  For NWU002 the urinary MCG increased 8.5 times and 

reached a maximum of 8.6 mmol/mol creatinine at T2.  Between T4 and T5, after 

commencement of the L-leucine challenge, the excretion levels of both HIVA and MCG of the 

two patients, NWU001 and NWU002, started to decrease.  A statistically significant difference 

between the MCG levels of NWU001 and NWU002 on the one hand and the seven controls on 

the other was observed at T0, T1, T2, and T5.  The maximum level of HIVA for NWU001 was 

measured at T3, approximately 3 times higher at T3 than at T0 (T0, 37.1 and T3, 121.3 

mmol/mol creatinine), whereas NWU002 had a maximum elevation of HIVA at T4, almost 5 

times higher at T4 than at baseline (T0, 20.5 and T4, 100.4 mmol/mol creatinine).   

Both NWU001 and NWU002 showed statistically significantly different HIVA levels at all six time 

points (T0-T5) when compared with the controls.  The administration of L-leucine did not affect 

the metabolic flux of the control participants.  For the controls, the maximum level of excreted 

urinary HIVA was 32 mmol/mol creatinine measured at T2, which was still much lower than the 

baseline of NWU001.   

A very slight change in MCG levels in the control individuals occurred, which quickly resolved, 

whereas NWU001 and NWU002 had detectable levels of MCG that persisted for the duration of 
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the seven hours of monitoring. The loading test confirmed that NWU001 and NWU002 had 

elevated baseline urinary HIVA and MCG.  The other organic acids that are also associated with 

disorders of the leucine catabolism were also inspected.  No statistically significant differences 

in the isovalerylglycine, 3-methylglutaric acid and 3-hydroxy-3-methylglutaric acid levels were 

observed at any given time point when NWU001, NWU002 were compared with the seven 

controls.   

 

Table 2.5: Urinary 3-methylcrotonylglycine and 3-hydroxyisvaleric acid during L-
leucine loading test 

 Participant ID T0 Baseline T1  T2 T3 T4 T5 

Time interval 0 30 min 1 hour 3 hours 5 hours 7 hours 
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NWU001 3.13 4.16 12.33 23.05 20.73 14.26 

NWU002 0.10 4.32 8.54 6.55 7.68 4.69 

CON001 0.00 0.00 0.00 0.00 0.00 0.00 

CON002 0.00 0.00 0.58 0.00 0.07 0.00 

CON004 0.00 0.00 0.00 0.00 0.00 0.00 

CON006 0.00 0.17 0.00 0.68 0.66 0.00 

CON007 0.00 0.00 0.00 1.20 0.09 0.00 

CONmean 0.00 0.03 0.12 0.38 0.16 0.00 

CONSTDEV 0.00 0.08 0.26 0.55 0.28 0.00 

CONMin 0.00 0.00 0.00 0.00 0.00 0.00 

CONMax 0.00 0.17 6.97 2.95 0.66 0.00 

CONMedian 0.00 0.00 0.00 0.19 0.08 0.00 
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NWU001 37.12 51.39 80.49 121.28 113.98 112.14 

NWU002 20.50 55.31 90.11 86.19 100.35 68.45 

CON001 18.26 16.82 21.68 38.87 43.87 34.64 

CON002 6.92 4.20 25.38 24.38 27.65 17.93 

CON004 15.38 1.67 10.90 14.91 10.25 5.13 

CON006 1.69 2.26 43.16 43.74 26.33 22.22 

CON007 0.24 13.40 30.14 36.45 30.40 8.50 

CONmean 8.50 7.67 26.25 31.67 27.70 17.68 

CONSTDEV 8.06 6.96 11.81 11.77 11.99 11.73 

CONMin 0.10 1.67 10.90 14.91 10.25 5.13 

CONMax 18.26 16.82 43.16 43.74 43.87 34.64 

CONMedian 6.92 4.20 25.38 36.45 27.65 17.93 
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Figure 2.4: Urinary 3-methylcrotonylglycine and 3-hydroxyisvaleric acid during L-
leucine loading. 
Urinary A) 3-methylcrotonylglycine (MCG), B) 3-hydroxyisovaleric acid (HIVA), C) 3-methylglutaconic acid 
(MGCA), D) 3-hydroxy-3-methylglutaric acid (HMGA), E) 3-methylglutaric acid (MGA) and F) 
isovalerylglycine (IVG) expressed as mmol/mol creatinine excreted over the seven hours.  The green line 
with standard error bars represents the median value of the seven control individuals.  * Indicates a 
statistically significant difference between NWU001, NWU002 and the seven controls. 
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However, at T2, T3 and T4, the 3-methylglutaconic acid levels were significantly different 

between the NWU001, NWU002 and the seven controls.  The results of this in vivo L-Leucine 

loading experiment showed that the flux of metabolites through the leucine degradation pathway 

for NWU001 and, to a lesser extent, NWU002, were decreased when compared with the 

controls.  Both NWU001 and NWU002 presented with an increase in urinary metabolites over 

the seven-hour period, which did not occur in the controls, suggesting a block in the L-leucine 

degradation pathway. The degradation of L-leucine and flux through the leucine degradation 

pathway of NWU001, NWU002, CON001 and CON002 were further inspected.   

A widely applied method for complementing and enhancing the diagnosis of a possible disease 

is the calculation of ratios of metabolites (Chace et al., 2002; Chace & Kalas, 2005; Downs et 

al., 2010; Pitt, 2010; Hall et al., 2014).  In the study of IEM, ratios often provide evidence to 

distinguish between closely related diseases with only subtle differences.  Also, NBS 

programmes often use calculated amino acid and acylcarnitine ratios to complement the single 

diagnostic marker analysis that usually indicates a specific metabolic block (Chace et al., 2002; 

Chace & Kalas, 2005; Downs et al., 2010; Pitt, 2010; Hall et al., 2014).  Here, the ratios 

between the organic acids associated with known L-leucine degradation pathway origin were 

calculated and inspected for NWU001 and NWU002 and the seven controls. Figure 2.5 gives 

an overview of the L-leucine degradation pathway and indicates the anticipated calculated 

ratios. 

The ratios of HIVA to 3-methylglutaconic acid (MGCA), HIVA to 3-hydroxy-3-methylglutaric acid 

(HMGA) and MGCA to HMGCA were calculated.  The calculated ratios of each of the six time 

points are presented as line graphs (Figure 2.6).  Both NWU001 and NWU002 had increased 

HIVA:MGCA ratios over the seven hours, compared with the ratio pattern observed for the 

healthy controls (Figure 2.6 A and B).  The HIVA:HMGA ratios of NWU001 and NWU002 were 

decreased over time when compared with the controls (Figure 2.6 C and D).  The 

HMGA:HMCA ratio pattern over time did not differ between the patients and the controls 

(Figure 2.6 D and E).  Clearly the metabolic flux for NWU001 and NWU002 differed from that of 

the controls.   
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Figure 2.5: Leucine degradation pathway and associated metabolites 
Three enzymes distal from 3-methylcrotonyl-CoA are indicated in green and the associated intermediate 
metabolites are indicated in red.  Anticipated ratios between the intermediate metabolites are indicated by 
brackets.    

A         B         C 

 
Figure 2.6: Ratios of the leucine degradation pathway associated organic acids 
detected during L-leucine loading test 
The blue line represents the change in ratios for NWU001.  The red line represents NWU002, the green 
line represents the median of the seven controls (CON_median).  * Indicates a statistically significant 
difference between NWU001, NWU002 and the seven controls.  A) The ratio HIVA:MGCA; B)  
MGCA:HMGA and C) HIVA:HMGCA. 
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2.6.2.1.2 Acylcarnitine analyses 

The acylcarnitine profiles that usually complement the urinary organic acid profiles were also 

inspected.  Urinary 3-hydroxyisovalerylcarnitine (C5OH) and 3-methylcrotonylcarnitine (C5.1) 

levels detected at each of the six time intervals during the seven-hour L-leucine loading test are 

depicted in Figure 2.7.   

A              B 

Figure 2.7 Urinary acylcarnitine profiles during the in vivo L-leucine loading test 
The line graphs represent the A) urinary C5OH acylcarnitine, B) urinary C5.1 acylcarnitine excreted 
during the in vivo L-Leucine loading test  The blue line represents the change in acylcarnitines for 
NWU001, the red line represents NWU002, the green line represents CON001 and the purple line, 
CON002.   

 

After L-leucine administration, both NWU001 and NWU002 had increased levels of C5OH, but 

only NWU001 had distinctly different urinary levels of C5.1 compared with the controls.  The 

maximum level of C5OH for NWU001 was measured at T3 (0.41 mmol/mol creatinine), whereas 

NWU002 had a maximum elevation of C5OH at T1 (0.28 mmol/mol creatinine).  For NWU001, 

the level of C5.1 increased slightly over time.  For NWU002, the maximum C5.1 level was 

reached at T1 (T0, 0.01 to T2, 0.04 mmol/mol creatinine).  For the controls, a slight elevation of 

C5OH and C5.1 was observed, which remained constant and normalised and returned to 

baseline by T5.   NWU001 and NWU002 had persistently increased levels of both C5OH and 

C5.1 over the time period.  The urinary acylcarnitine profiles of the two patients, NWU001 and 

NWU002, and two healthy controls, CON001 and CON002, were further inspected by 

calculating acylcarnitine ratios.   

In addition, C0, C8, C8DC, C14 and C16 had significant differences between NWU001, 

NWU002 and the controls.  The urinary C0 pattern of the controls over time had a distinctly 

different pattern when compared with NWU001 and NWU002, with a statistical difference 
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determined at T2.  For C8, NWU001 and NWU002 followed the same pattern as the controls 

(Figure 2.8 A).   

A              B 
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Figure 2.8: Acylcarnitines with statistically significant differences between NWU001, 
NWU002 and the controls during the in vivo L-leucine loading 
The line graphs represents the urinary A) free carnitine (C0), B) octanoylcarnitine (C8), C) 
suberylcarnitine (C8DC), D) myristoylcarnitine (C14) and E) palmitoylcarnitine (C16) detected during the 
in vivo L-Leucine loading test  The blue line represents the NWU001 the red line represents NWU002, 
and the green line represents the median of controls (CONmedian). 

T0           T1           T2           T3           T4       T5 
 

T0           T1           T2           T3           T4       T5 

* 
 

* 

T0              T1               T2              T3               T4              T5 
 

T0              T1               T2              T3               T4              T5 

* 
 

*IIa 

T0              T1               T2              T3               T4              T5 
 

T0              T1               T2              T3               T4              T5 

* 
 

*IIIa 

T0         T1          T2            T3          T4          T5 
 

T0         T1          T2            T3          T4          T5 

* 
 

* 

T0         T1           T2            T3           T4          T5 
 

T0         T1           T2            T3           T4          T5 

T0         T1           T2           T3          T4          T5 
 

T0         T1           T2           T3          T4          T5 

* 
 

* 

T0         T1           T2           T3           T4          T5 
 

T0         T1           T2           T3           T4          T5 

* 
 

* 



88 

T0         T1            T2            T3            T4           T5 
 

T0         T1            T2            T3            T4           T5 

* 
 

* 

* 
 

* 

A               B 

C               D 

E                                                                              F 

Figure 2.9: Acylcarnitine ratio changes during the in vivo L-leucine loading test 
Acylcarnitine ratios calculated from the urinary acylcarnitines excreted during the in vivo L-leucine 
loading.  The blue line represents the change in ratios between two consecutive intermediary metabolites 
for NWU001, the red line represents NWU002, the green line represents medianCON  A) C5OH:C0 ratio; 
B) C5OH+C4DC:C0 ratios; C) C5OH:C3 ratios; D) C5OH+C4DC:C3 ratios E) C5OH:C8 ratios and F) 
C5OH+C4DC:C8 ratios.  

 

A statistical difference was determined at T5 between NWU001 and NWU002 and the controls 

(Figure 2.8 B).  In Figure 2.8C, the C8DC profiles of NWU001, NWU002 and the controls have 

been depicted.  It is clear that each of the three patterns that represent NWU001, NWU002 and 

T0         T1            T2            T3            T4           T5 
 

T0         T1            T2            T3            T4           T5 

T0          T1            T2           T3             T4          T5 
 

T0          T1            T2           T3             T4          T5 

 * 
 

* 

* 
 

* 

T0          T1            T2            T3            T4          T5 
 

T0          T1            T2            T3            T4          T5 

T0          T1            T2           T3            T4           T5 
 

T0          T1            T2           T3            T4           T5 

T0          T1           T2            T3            T4           T5 
 

T0          T1           T2            T3            T4           T5 

* 
 

*
* 
 

* 



89 

controls, follows its own pattern.  At T1, T2 and T3 the urinary C8DC levels differ significantly 

between NWU001, NWU002 and the controls.  For NWU002, the maximum level of C8DC was 

reached at T1 (0.0076 mmol/mol creatinine), whereas NWU001 had a maximum of 0.0068 

mmol/mol creatinine T0.  Other compounds that had significant differences between NWU001, 

NWU002 and the controls were the medium chain fatty acids C14 and C16 (Figures 2.8 D and 
E).  Both these compounds have similar profiles for each of the participants.  For both C14 and 

C16, NWU002 reached a maximum at T1 where after the levels return to levels beyond 

baseline.  NWU001 had a higher baseline value that slowly decreased over time which had an 

increase in urinary C8DC levels at T5.  At T1 a statistically significant difference was noted 

between NWU001, NWU002 and the controls.  

Ratios between different acylcarnitines were calculated for each of the participants at each of 

the time points during the L-Leucine loading test.  In the NBS programme the C5OH and 

C5OH+C4DC ratios are used for diagnostic purposes to complement elevated C5OH that 

indicates possible MCC-deficiency.  Therefore the C5OH:C0, C5OH:C3, C5OH:C8 as well as 

the C5OH+C4DC:C0, C5OH+C4DC:C3, C5OH+C4DC:C8 are depicted in Figure 2.9.   

The C5OH to free carnitine (C0) and C5OH + C4DC ratios calculated at each of the six time 

intervals followed similar patterns over the seven hours of the in vivo L-leucine loading test.  

Both NWU001 and NWU002 had higher C5OH:C0 and C5OH + C4DC:C0 ratios when 

compared with the controls (Figure 2.9 A and B).  The pattern of the C5OH ratio to C3 and 

C5OH + C4DC ratio to C3 for NWU001, NWU002 over the seven hour time interval was similar 

to that of the two healthy controls CON001 and CON002 (Figure 2.9 C and D).  The C5OH:C8 

and C5OH + C4DC:C8 ratios calculated for NWU001 over time were higher than the ratios 

calculated for NWU002, the ratio patterns over the seven-hour time interval followed the same 

trend for both NWU001 and NWU002 and differed from the ratio pattern of the controls (Figure 
2.9 E and F). 

In addition, the following acylcarintine ratios were calculated: total acylcarnitine:C0, C3:C16, 

C8:C10, C8:C12, C8:C16, C4DC:C5OH, C5:C8, C5:C3.  Only the calculated C8:C10 ratio at T1 

had a statistically significant difference between the two patients, NWU001 and NWU002, and 

the Controls (Figure 2.10).   

An elevated C8:C10 ratio usually indicates a probable deficiency of medium chain acyl Co-A 

dehydrogenase (MCADD).  In this case the C8:C10 ratio, between T0 and T3, NWU001 and 

NWU002 do not showed to be increased when compared to the controls.  However, a 

statistically significant difference at T1 between the diseased and control individuals was noted.  

The C8:C10 ratios at all other time point were not statistically significantly different between the 

groups, however, it is clear that the C8:C10 ratios of NWU002 followed a distinctly different 
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pattern from T3 to T5 elevation compared with the controls and NWU001.   This result is 

unexpected since increased C8:C10 ratios have not yet been shown to be associated with 

possible MCC-deficient patients.  It is possible that this C8:C10 ratio could help to explain 

aspects of the unexplained nature of this marginal MCC-deficiency.  

 

 

 

 

 

 

Figure 2.10: Acylcarnitine ratio between C8:C10  
Urinary acylcarnitine ratios between C8 and C10 were calculated at each time point during the in vivo L-
leucine loading test.  The blue line represents the change in ratios for NWU001, the red line represents 
NWU002, the green line represents the median of the controls (CON_median). 

Furthermore, the urinary amino acid profiles were also inspected to investigate and explore the 

impact of the in vivo L-leucine loading on the biotransformation and intermediate metabolism of 

the two South Africans with possible MCC-deficiency.    

2.6.2.1.3 Amino acid analyses 

Urinary amino acids were also measured at each of the six time intervals over the seven-hour in 

vivo L-leucine loading.  Overall, the urinary amino acid levels for NWU001 and NWU002 

compared well with the urinary amino acid levels measured for the healthy controls.  No 

abnormally elevated urinary leucine, isoleucine or valine levels were detected (Figure 2.11).   

The patterns of the urinary amino acids for NWU001 and NWU002 compared well with that of 

the controls.  Alanine was the only amino acid that had statistically significant differences 

between the two South Africans and the controls at any given time point.  Also, the ratios 

between the different urinary amino acids were calculated for each of the participants at each of 

the six time points.  No differences in these patterns were observed but the Leucine:Alanine and 

Tyrosine: Alanine ratios both had statistically significant differences between NWU001 and 

NWU002 compared with the controls at T0 (Figure 2.12).   
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A              B 

C               D 

Figure 2.11: Urinary amino acids excreted during the in vivo L-leucine loading test 
Urinary amino acid levels detected during the in vivo L-leucine loading.  The darker blue line indicates the 
urinary amino acid levels for NWU001 the red line represents NWU002, the green line represents 
CON001 and the purple line CON002.  The lighter blue line indicates the median urinary amino acid 
levels of the seven controls.  A) leucine; B) isoleucine; C) valine and D) alanine. 

A              B  

Figure 2.12: Urinary amino acid ratios  
The blue line indicates the pattern for NWU001 the red line represents NWU002, the green line 
represents the median of the controls (CON_median) A) Leucine:Alanine; B) Tyrosine:Alanine.  
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2.6.2.1.4 Very long-chain fatty acid analyses 

Serum very long-chain fatty acids (VLCFA) for NWU001 and NWU002 were also analysed and 

showed no abnormality.  The C22, C24 and C26 fatty acid levels were determined for each of 

the six time intervals over the seven hour monitor after L-leucine loading.   

A               B 

C               D 

E               F 

Figure 2.13: Serum very long-chain fatty acids levels during in vivo L-leucine loading  
Serum very long-chain fatty acids detected during the in vivo L-leucine loading test.  The darker blue line 
indicates the serum very long-chain fatty acids for NWU001 the red line represents NWU002, the green 
line represents CON001 and the purple line CON002.  A) C22; B) C24; C) C26; D) C24:C22 ratio; E) 
C26:C22 ratio; and F) C26:C24 ratio. 
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All the measured VLCFAs were within the normal ranges and compared well to that of the 

healthy controls (Figure 2.13A and B).  The only statistically significant difference between the 

NWU001, NWU002 and the controls was observed at T1 of the C26 serum VLCFA.  The 

VLCFAs were further inspected by calculating ratios that were also followed over time.  The 

ratios between C22 and C24; and C22 to C26; and C24 to C26 measured for the two patients, 

NWU001 and NWU002, also compared well with the controls, with no clear differences 

observed (Figure 2.13 C, D, E, and F).   

2.6.2.2 In vivo 3-hydroxy-3-methyl-butyrate (HMB) loading  

It was hypothesised that leucine degradation also occurs via a hypothetical alternative leucine 

degradation pathway (Chapter One section 1.7.1) and is again depicted here as Figure 1.4. 

(Nissen & Abumrad, 1997).  

 

 

Figure 2.14: Leucine-derived 3-hydroxy-3-methylbutyrate metabolism in mammals 
Overview of the suggested leucine, KIC and HMB metabolic pathway (Nissen & Abumrad, 1997). 
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To further investigate and characterise leucine degradation, biotransformation and intermediate 

metabolism through this proposed alternative leucine degradation pathway, an in vivo 3-

hydroxy-3-methylbutyrate (HMB) loading test was performed on the two South African adults 

with urinary 3-hydroxyisovaleric acid and 3-methylcrotonylglycine NWU001 and NWU002 and 

five healthy controls.  The experimental design followed was the same as the design that was 

followed with the L-leucine in vivo loading test.  The baseline (T0) urine samples were collected 

before HMB administration, as well as at 30 min (T1), 1 hour (T2), 3 hours (T2), 5 hours (T4) 

and 7 hours (T5) after HMB loading.   

2.6.2.2.1 Organic acid analyses 

Urinary organic acid and urinary metabolite profiles for each participant were compiled.  The 

urinary MCG, HIVA, MGCA and HMGCA levels at each of the six time points for NWU001, 

NWU002 and each of the five controls were analysed and are depicted in Figures 2.15, 2.16, 
2.17).  At first glance the urinary MCG profile for both NWU001 and NWU002 differed from the 

control profile.  At T1, 30 min after HMB loading, a distinct elevation of urinary MCG occurred for 

both NWU001 and NWU002.  The urinary MCG levels for NWU001 and NWU002 remained 

elevated between T1 and T5 with a statistically significant difference between the controls and 

NWU001 and NWU002 detected at T3.  A maximum increase of 14.5 times at T2 [T0 (3.42 

mmol/mol creatinine) to T2 (49.66 mmol/mol creatinine)] was observed for NWU001, whereas 

NWU002 had a maximum increase of 20.5 times at T2 [T0 (1.87 mmol/mol creatinine) to T3 

(38.40 mmol/mol creatinine)].  For the controls, the urinary MCG levels did not change over the 

seven hours of in vivo HMB loading (Figure 2.15 A).   

A               B 

Figure 2.15: Urinary organic acids for the leucine degradation pathway detected during 
the in vivo 3-hydroxy-3-methylbutyrate loading test. 
Urinary (A) 3-methylcrotonylglycine, (B) 3-hydroxyisovaleric acid, expressed as mmol/mol creatinine 
excreted over the time period of seven hours of the in vivo 3-hydroxy-3-methylbutyric acid (HMB) loading 
test.  The blue line represents the urinary excretion pattern of NWU001 the red line represents NWU002 
and the green line with standard error bars represent the mean value of the five control individuals.  



95 

The urinary HIVA levels for both NWU001 and NWU002 compared well with the controls.  Also 

the urinary HIVA excretion patterns for NWU001 and NWU002 followed the same pattern when 

compared with the controls, with no statistically significant differences between NWU001, 

NWU002 and the five controls.  A maximum increase of 6.4 times at T2 [T0 (43.06 mmol/mol 

creatinine) to T2 (273.40 mmol/mol creatinine)] was observed for NWU001, whereas NWU002, 

reached a maximum level of 9.2 time increase at T3 [T0 (28.07 mmol/mol creatinine) to 258.34 

mmol/mol creatinine].  There was also a drastic decrease in urinary HIVA levels at T5 whereas 

NWU002 and the controls remained constant (Figure 2.15 B).   

Also the urinary MGCA levels of both NWU001 and NWU002, as well as the five controls were 

also inspected.  Total MGCA consists of trans-MGCA as well as cis-MGCA and were therefore 

analysed separately as well as in combination.  The total urinary MGCA profiles for each of 

NWU001, NWU002 and the controls followed a unique pattern.  NWU001 had a decrease in 

urinary MGCA between T0 and T2 followed by an incline between T2 to T3 that continues with a 

constant level of urinary total MGCA at T4 and T5.  NWU001 reached a maximum level of 6.44 

mmol/mol creatinine urinary total MGCA at T3.  In the case of NWU002 the urinary total MCGA 

levels showed a gradual increased between T0 to a maximum of 8.62 mmol/mol creatinine at 

T4, followed by a gradual decrease to T5.  The controls showed to followed the same pattern 

between T0 to T2 as to the pattern observed for NWU001.  At T2 the controls showed to 

gradually increase to a value that near the baseline value at T5 (Figure 2.16). 
 
The urinary trans-MGCA profile for both NWU001 and NWU002 compare well with the profile of 

the controls.  No statistically significant differences between NWU001 and NWU002 and the 

controls at any time point were detected.  The urinary cis-MGCA profiles of NWU001 and 

NWU002 as well as the controls each followed a unique pattern.  At first glance the profiles 

between the total MGCA and the cis-MGCA look similar.  NWU001 had a decrease in urinary 

MGCA between T0 and T2 followed by an incline between T2 to T3 that continues with a 

constant level of urinary total MGCA at T4 and T5.  NWU001 reached a maximum level of 2.92 

mmol/mol creatinine at T3.  In the case of NWU002 the urinary cis-MCGA levels showed a 

gradual increase between T0 to a maximum of 4.03 mmol/mol creatinine at T4 that decreased 

to 3.44 mmol/mol creatinine at T5.  The controls showed a gradual decrease between T0 to T3, 

where after the urinary cis-MGCA levels increased to 4.31 mmol/mol creatinine at T5.  The only 

statistically significant difference between NWU001 and NWU002 and the controls were 

detected for cis-MGCA at T3.   

Furthermore, the urinary HMGA and MGA levels and excretion patterns over the seven hours of 

HMB loading were also inspected for NWU001 and NWU002 as well as the controls.  The 

HMGA levels of NWU001 and NWU002 as well as the five controls were constant over the 
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seven hours during the HMB loading experiment.  NWU002 showed a slight increase at T2 that 

return to baseline levels at T3.  No statistically significant differences were observed between 

NWU001, NWU002 and the five controls (Figure 2.17).   

A          B      

C 
 

 

 

 

 

 
Figure 2.16: Urinary organic acids for the leucine degradation pathway detected during 
the in vivo 3-hydroxy-3-methylbutyrate loading test. 
Urinary (A) total 3-methylglutaconic acid, (B) trans-3-methylglutaconic acid and (C) cis-3-methylglutaconic 
expressed as mmol/mol creatinine excreted over the time period of seven hours of the in vivo 3-hydroxy-
3-methylbutyric acid (HMB) loading test.  The blue line represents the urinary excretion pattern of 
NWU001 the red line represents NWU002 and the green line with standard error bars represent the mean 
value of the five control individuals.  

 

The urinary organic acids associated with the leucine degradation pathway were further 

inspected by calculating several ratios between the relevant metabolites.  The first ratio that was 

calculated was the ratio between urinary HIVA and MGCA.  As explained earlier, total MGCA 

consists of two isomers, trans-MGCA and cis-MGCA.  Therefore the ratios were calculated for 

total MGCA as well as for trans-MGCA and cis-MGCA separately.  The ratio between HIVA and 

total MGCA (HIVA:total MGCA) was calculated at each time point for NWU001, NWU002 and 

the five controls.  The calculated ratios for NWU001 and NWU002, as well as the mean ratios 

calculated for the five controls, are presented as line graphs (Figure 2.18). 
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A               B 

Figure 2.17: Urinary organic acids for the leucine degradation pathway detected during 
the in vivo 3-hydroxy-3-methylbutyrate loading test. 
Urinary (A) 3-hydroxy-3-methylglutaric acid and (B) 3-methylglutaconic acid, expressed as mmol/mol 
creatinine excreted over the time period of seven hours of the in vivo 3-hydroxy-3-methylbutyric acid 
(HMB) loading test.  The blue line represents the urinary excretion pattern of NWU001 the red line 
represents NWU002 and the green line with standard error bars represent the mean value of the five 
control individuals.  

 

The ratios calculated between HIVA and total MGCA for NWU001 and NWU002 did not show 

any statistically significant differences.  However, it is evident that the HIVA:MGCA ration 

pattern obtained from each of the participants followed a unique pattern.  NWU001 had a 

different HIVA:MGCA ratio pattern when compared with NWU002 and the controls reaching a 

maximum ratio of 57:1 at T4.  Also, the HIVA:MGCA ratio pattern of NWU002 was also different 

from the controls reaching a maximum ratio of 64:1 at T2.  The controls reached a maximum 

ratio of 44:1 at T1.  Furthermore, the ratios between MGCA and HMGA were also calculated 

and depicted in Figure 2.19.  The total MGCA:HMGA ratios had no statistically significant 

differences between NWU001 and NWU002 compared with the mean control ratios calculated 

at each of the time points.   

However, both NWU001 and NWU002 showed to follow similar patterns when compared with 

the controls.  NWU001 reached a maximum ratio of 36 at T1, followed by a decrease in total 

MGCA:HIVA ratio to eight at T2.  Again, at T3 the total MGCA:HIVA ratio for NWU001 increased 

to 19 which neared zero at T4 and T5.  For NWU002, the total MGCA:HIVA ratio pattern 

compared well to the total MGCA:HIVA ratio pattern of NWU001, however, NWU002 had a 

higher baseline ratio of 31.     NWU002 reached a maximum ratio of 31 at T1, followed by a 

decrease in total MGCA:HIVA ratio to two at T2.  Again, at T3 the total MGCA:HIVA ratio for 

NWU001 increased to seven which neared zero at T4 and T5.  The mean total MGCA:HIVA 

ratio pattern of the five controls gradually increased over the seven hours and reached a 

maximum ratio of 26 at T5.  The mean trans-MGCA:HMGA ratios calculated for the five controls 
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showed to follow a similar pattern as seen with the mean total MGCA:HMGA ratios calculated 

for the five controls.  At T0 the trans-MGCA:HMGA ratio near zero and gradually increased to a 

maximum of 18 reached at T5.   

 

A                  B         

C 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.18: Ratios between urinary 3-hydroxyisovaleric acid and 3-methylglutaconic 
acid during in vivo HMB loading  
The ratios between urinary metabolites were calculated and presented as line graphs.  A) HIVA:MGCA 
total; B) HIVA:trans-MGCA; C) HIVA:cis-MGCA total over the time period of seven hours of in vivo HMB 
loading.  The blue line represents the change in ratios between two consecutive intermediary metabolites 
for NWU001 the red line represents NWU002, the green line represents the mean control values with 
standard deviation presented.  * indicates statistically significant differences between NWU001 and 
NWU002 to the five controls.   

 

Also, the trans-MGCA:HMGA ratios calculated for both NWU001 and NWU002 also followed 

similar patterns as seen for total MGCA:HMGA ratios.  NWU001 reached a maximum trans-

MGCA:HMGA ratio of 19 at T1 which decreased to four at T2.  At T3 the trans-MGCA:HMGA 

ratio again increased to 10 which near zero when at T4 and T5.  NWU002 had a baseline trans-
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MGCA:HMGA ratio of 15 which increased to a maximum trans-MGCA:HMGA ratio of 28 at T1.  

At T2 the trans-MGCA:HMGA ratio was two with a slight increase to five at T3 followed with a 

decrease in trans-MGCA:HMGA ratio that near zero at T4 and T5.  No statistical differences 

were observed between NWU001 and NWU002 when compared with the mean control trans-

MGCA:HMGA ratios.  The cis-MGCA:HMGA ratio was also calculated for NWU001, NWU002 

and the mean cis-MGCA:HMGA ratio was calculated for the five controls. 

A                 B         

C 
 

 

 

 

 

 

Figure 2.19: Ratios between urinary 3-methylglutaconic acid and 3-hydroxy-3-
methylglutaric acid during in vivo HMB loading  
The ratios between urinary metabolites were calculated and presented as line graphs.  A) MGCA 
total:HMGA; B) trans-MGCA:HMGA; C) cis-MGCA:HMGA; total over the time period of seven hours of in 
vivo HMB loading.  The blue line represents the change in ratios between two consecutive intermediary 
metabolites for NWU001 the red line represents NWU002, the green line represents the mean control 
values with standard deviation presented.  * indicates statistically significant differences between 
NWU001 and NWU002 and the five controls.   

 

No statistically significant differences were detected between NWU001 and NWU002 when 

compared with the controls.  However, the cis-MGCA:HMGA ratio pattern depicted from the 

mean control ratios are different to the cis-MGCA:HMGA ratio pattern of NWU001 and 
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NWU002.  At baseline the cis-MGCA:HMGA ratio near zero and showed an increase to 7 at T1.  

The cis-MGCA:HMGA ratio again near zero after which is gradually increased to a maximum 

cis-MGCA:HMGA ratio of 14 reached at T5.  The cis-MGCA:HMGA ratios calculated for 

NWU001 compare well with the patterns of both total MGCA:HMGA and trans-MGCA:HMGA 

ratios.  At T0 the cis-MGCA:HMGA ratio were close to zero and increased to 16 at T1, the 

maximum cis-MGCA:HMGA ratio observed for NWU001.  The cis-MGCA:HMGA ratio 

decreased to three at T2 followed by an increase in cis-MGCA:HMGA ratio of nine at T3.  At T4 

and T5 the cis-MGCA:HMGA ratio for NWU001 near zero.  For NWU002 the cis-MGCA:HMGA 

ratio pattern were different to what was observed for both the total MGCA:HMGA and trans-

MGCA:HMGA ratios.  At baseline the cis-MGCA:HMGA ratio were 15 after which the cis-

MGCA:HMGA ratio gradually decreased to three at T2.  A slight increase to two were noted at 

T3 followed by a decrease of cis-MGCA:HMGA ratio  that near zero at T4 and T5.  

 

 

 

 

 

 

Figure 2.20: Ratios between urinary 3-hydroxyisovaleric acid and 3-hydroxy-3-
methylglutaric acid during in vivo HMB loading  
The HIVA:HMGA ratios were calculated and presented as line graphs over the time period of seven hours 
of in vivo HMB loading.  The blue line represents the change in ratios between two consecutive 
intermediary metabolites for NWU001 the red line represents NWU002, the green line represents the 
mean control values with standard deviation presented.  * indicates statistically significant differences 
between NWU001 and NWU002 to the five controls.   

 

The HIVA:HMGA ratios were calculated for NWU001, NWU002 and the five controls.  A mean 

value of the HIVA:HMGA ratio for the five controls were calculated and depicted as line graph 

alongside the HIVA:HMGA ratios of NWU001 and NWU002 (Figure 2.20).  No statistically 

significant differences were detected when the HIVA:HMGA ratios between NWU001 and 

NWU002 were compared with the HIVA:HMGA ratios of the five controls.  Also the HIVA:HMGA 

ratios over the seven hours during the in vivo HMB loading test seem to follow similar patterns.  

NWU001 reached a maximum HIVA:HMGA ratio of 1716 at T1 whereas NWU002 maximum 

ratio was 1034 also at T1.  The maximum mean control HIVA:HMGA ratio of 1435 was reached 

at T3. 
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2.6.2.2.2 Acylcarnitine analyses 

Complement to organic acid analyses was the urinary acylcarnitines also analysed and also 

expressed as mmol/mol creatitine.  Total acylcarnitine profiles were inspected and each of the 

acylcarnitines at each timepoint for each of the seven participants were analysed and presented 

as line graphs (Figure 2.21).  The C5OH and C5.1 acylcarnitines were of particular interest 

since they represent the carnitine conjugation to HIVA and MGA respectively (Figure 2.21A 
and B).  The urinary C5OH levels for NWU001 followed a distinctly different pattern compared 

with NWU002 and the five controls.  Persistently elevated C5OH occured that reached 0.26 

mmol/mol creatinine at T2.  The higher C5OH levels resolves at T3 whereafter it gradually 

increased to a maximum of 0.38 mmol/mol creatinine at T5.  NWU002 on the otherhand 

followed a similar pattern to the controls with not much change in C5OH levels over the seven 

hours during the HMB loading test observed (Figure 2.21A).   

The urinary C5.1 levels of NWU001 were also different to the pattern followed by NWU002 and 

the five controls.  A maximum of 0.08 mmol/mol creatinine was reached at T2 whereafter the 

urinary C5.1 levels for NWU001 stabalise from T3 to T5 (Figure 2.21B).  Also other urinary 

acylcarnitines that showed statistial significance between NWU001, NWU002 and the five 

controls were C3 (propionylcarnitine), C5 (isovalerylcarnitine), C8DC (gluatrylcarnitine) and C12 

(laurylcarnitine).  The urinary C3 pattern for both NWU001 and NWU002 compared well with 

eachother but where distinctly different from the pattern followed by the five controls.  NWU001 

and NWU002 different statistically significant from the five controls at T1, T2, T3 and T4 (Figure 
2.21C). NWU001 followed a different urinary C5 pattern to the pattern observed for NWU002 

and the five controls where a maximum of 0.00451 mmol/mol creatinine was reached at T2 and 

stabalise at T3 an near zero at T4 and T5 (Figure 2.21D).   

Also urinary C8DC of NWU001 and NWU002 when compared with the controls were statistically 

significantly different at T2, but had no statistically significant changes as any of the other time 

points.  The C8DC profile of NWU001 and NWU002 were unique and did not share any similar 

patterns over the seven hour period during the in vivo HMB loading test (Figure 2.21E).   

The last acylcarnitine that showed statistically significant differences between NWU001, 

NWU002 and the controls were C12.  Over the seven hour period during loading, the C12 levels 

for both NWU001 and NWU002 fluctuated but seems not to share a particular pattern between 

T0 and T3.  At T3, NWU001 and NWU002 shared a slight decrease in urinary C12 followed with 

a gradual increase at T5.  At T4 NWU001 and NWU002 had a statistically significant difference 

in urinary C12 compared with the five controls (Figure 2.21F).  
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Figure 2.21: Urinary acylcarnitine profiles during the in vivo HMB loading test 
The line graphs represents urinary acylcarnitine A) C5OH, B) C5.1, C) C3 ,D) C5 , E) C8DC, and F) C12 
from the excreted during the in vivo HMB loading test  The blue line represents the change in 
acylcarnitines for NWU001 the red line represents NWU002, the green line represents median of 
CON001.  
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The urinary acylcarnitines of NWU001, NWU002 and the five control participants were further 

inspected by calculating several ratios.  As described previously, the use of ratios within clinical 

biochemistry applications such as NBS programmes increased since ratios showed to be 

valuable diagnostic indicators to distinguish between two or more closely related metabolic 

diseases.  Here ratios to C5OH and C5OH + C4DC were of particular interest since these ratios 

demonstrated to be significantly different within patients with leucine catabolism deficiencies 

such as MCC-deficiency.  During the in vivo HMB loading test, the C5OH to free carnitine ratios 

calculated for NWU001 and NWU002, at each of the six time intervals, seems to follow similar 

patterns over the seven hours of the in vivo HMB loading test.  NWU001, however, had a slight 

elevated ratio of 0.03 at T4 whereas the ratio calculated for NWU002 remained constant and 

compared well to the ratios calculated for the controls (Figure 2.22A).  The C5OH+C4DC:C0 

ratio pattern for NWU001 follow the same tendency as observed with the C5OH:C0 ratio 

reaching a maximum ratio at of 0.05 at T4.  The C5OH+C4DC:C0 ratios calculated for NWU002 

were constant over the six time points (Figure 2.22B).   

It was evident that the C5OH:C3 and C5OH + C4DC:C3 ratio patterns of NWU001 and 

NWU002 were not statistical significantly different to the ratio patterns of the five controls 

(Figure 2.22C and 2.22D), however the ratios between the individual controls varied a lot 

resulting in a wide value range.  Also the C5OH:C8 and C5OH+C4DC:C8 ratios were calculated 

and inspected.  The C5OH:C8 ratios calculated for NWU001 and NWU002 were not statistically 

significantly different form the ratios calculated for the five controls (Figure 2.22E), whereas the 

C5OH+C4DC:C8 ratios of NWU001 and NWU002 showed to be statistically significantly 

different from the controls at T4 and T5 (Figure 2.22F).  

Also, the C8:C16 and C8:C12 ratios calculated for NWU001, NWU002 and controls had 

statistically significant differences between NWU001 and NWU002 when compared with the five 

controls.  The C8:C16 ratio pattern of the controls followed a different pattern over the seven 

hours of in vivo HMB loading, reaching a maximum of 140 at T3.  At T4 a statistically significant 

difference between NWU001 and NWU002 and the controls was noted.  For NWU001, the 

C8:C16 ratio pattern were unchanged over the seven hours, whereas NWU002 had a similar 

pattern compared with the controls.  NWU002 had a higher ratio at baseline and reached a 

maximum ratio of 93 at T3 that resolved at T4 to a ratio (1.7) that near zero (Figure 2.23).   

It was evident from the two in vivo experiments that the loading of L-leucine affected the leucine 

catabolism to a different extend than HMB loading, especially in regards to the urinary HIVA 

profile.  There is a distinct difference between the profiles obtained from the two experiments 

suggesting that the elevated urinary HIVA levels for NWU001 and NWU002, when compared 

with the controls are merely associated with the L-Leucine degradation pathway rather than the 

hypothetical alternative pathway suggested (Nissen & Abumrad, 1997).  On the other hand, the 
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urinary MCG profiles that were compiled from the two experiments had similar patterns for both 

NWU001 and NWU002 when compared with the controls.  It is evident that the urinary MCG 

pattern for both NWU001 and NWU002 were distinctly different from the controls in both the L-

leucine as well as the HMB loading tests.   

A       B 

C       D 

E       F 

Figure 2.22: Acylcarnitine ratio changes during the in vivo HMB loading test 
The line graphs represents the acylcarnitine ratios calculated from the urinary acylcarnitines excreted 
during the in vivo L-leucine loading test  The blue line represents the change in ratios between two 
consecutive intermediary metabolites for NWU001 the red line represents NWU002, the green line 
represents median control: A) C5OH:C0; B) C5OH+C4DC:C0; C) C5OH:C3; D) C5OH+C4DC:C3 E) 
C5OH:C8 and F) C5OH+C4DC:C8.  
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Ratios between the organic acids associated with L-leucine intermediately metabolism were 

also calculated.  In general, the ratios calculated for at each time interval during the L-leucine 

loading test showed a much clearer difference between NWU001 and NWU002 when compared 

with the controls than the ratio profiles that were obtained from the HMB loading test.  No 

significant differences or distinct pattern differences were observed for NWU001 and NW002 

when compared with the controls. 

A                B 

Figure 2.23: Acylcarnitine ratios with statistically significant differences    
The line graphs represents the acylcarnitine ratios calculated from the urinary acylcarnitines excreted 
during the in vivo L-leucine loading test  The blue line represents the change in ratios between two 
consecutive intermediary metabolites for NWU001 the red line represents NWU002, the green line 
represents median control: A) C8:C16 and B) C8:C12. 

 

In addition, acylcarnitine profiles as well as several acylcarnitine ratios were calculated.  It was 

evident that C5OH, C5.1 and C8DC profiles for both NWU001 and NWU002 during L-leucine 

loading as well as HMB loading were distinctly different from the controls.  Also the two 

experiments had a similar impact on the acylcarnitine profiles of C5OH, C5.1 and C8DC.  

During the Leucine loading experiment, NWU002 had different C14 and C16 profiles when 

compared with the other participants.  This was not observed, however, with the HMB loading 

experiment.  The HMB loading test further showed that both NWU001 and NWU002 had 

significantly different C3 profiles over the seven hours of loading.  Furthermore, acylcarnitine 

ratios were also calculated.  The patterns of the calculated ratios at each of the time intervals of 

both experiments in general had different characteristics.  For the L-leucine loading experiment, 

statistical significance between NWU001 and NWU002 when compared with the controls were 

observed for C5OH to C0, C3 and C8.  The C5OH+C4DC:C8 and C8:C10 ratios were also 

different between the patients and the controls during the leucine loading test.  Even though 

there were statistically significant differences between the acylcarnitines of NWU001 and 

NWu002 when compared with the controls at specific time points, no clear differences in ratio 

patterns were noted during the HMB loading test. 
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It is therefore evident that something is going on and seemingly impacts the leucine catabolism.  

The results suggested that the impact might be at the point where MCC acts, however, no clear 

evidence could be gathered from the loading experiments alone.  It is therefore important to 

further investigate the carboxylase activities of both NWU001 and NWU002. 

2.6.3 Enzyme activities 

Enzyme analyses were performed as part of the traditional work-up to confirm the diagnosis of 

IEM.  In cases where impaired biotin-dependent carboxylase deficiencies are suspected an 

array of carboxylase activities are measured in lymphocytes and or fibroblasts.  Usually, cell 

cultures from skin fibroblasts are established to perform the analyses.  Typical for MCC-

deficiency, both MCC and PCC activities are measured simultaneously in one preparation of 

crude skin fibroblast cell homogenates.  Here, the specific activity of the biotin-dependent 

carboxylases, MCC and PCC was measured in crude cell homogenates prepared from cultured 

skin fibroblasts of NWU001, NWU002, CON001, CON002 and CON003.  Specific activities of 

MCC and PCC in fibroblasts grown in the standard FCS-based medium obtained in three or four 

replicate experiments are shown in Table 2.6. 

 

Table 2.6: Activities of 3-methylcrotonyl-CoA carboxylase (MCC) and propionyl-
CoA carboxylase (PCC) in crude lysates of fibroblasts grown in the 
standard FCS-supplemented biotin-sufficient medium.  

  Carboxylase activities, pmol/min/mg protein Ratio 

  MCC PCC PCC/MCC 

Cell line* 
individual 
values** 

mean individual values** mean individual values mean 

NWU001 
80.2, 96.8, 134, 
216 

132 209, 323, 483, 558 393 2.60, 3.34, 3.60, 2.58 3.03 

NWU002 
76.0, 95.1, 135, 
165 

118 286, 452, 535, 586 465 3.76, 4.75, 3.97, 3.76 4.01 

CON001 329, 345, 492 389 641, 673, 1042 786 1.95, 1.95, 2.12 2.01 

CON002 205, 243, 244 231 356, 493, 516 455 1.73, 2.03, 2.12 1.96 

CON003 352, 404, 566 440 490, 776, 831 699 1.39, 1.92, 1.47 1.59 

Reference values, 53 different cell lines 

 
134 – 671 328 208–165 617 1.19–2.58 1.95 

* Fibroblast cell lines are from the index patient (NWU001), his brother (NWU002) and three South 
African controls (CON001, CON002, CON003); **Individual values are the mean of duplicate 
determinations from replicate experiments. 
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The MCC activity of NWU001 and NWU002 was slightly below or just within the reference range 

of a set of 53 control cell lines control cell lines and 40 % and 36 % respectively compared with 

the mean MCC activity of the three parallel assayed cultured fibroblasts of the controls 

(CON001, CON002 and CON003).  The marginally reduced MCC activity measured in the 

cultured fibroblast cells of NWU001 and NWU002 was further confirmed by the increased 

PCC/MCC activity ratio.  The ratio of MCC activity to the PCC activity assayed in the same cell 

lysate was 3.03 for NWU001 and 4.01 for NWU002.  A similar increased PCC/MCC ratio has 

been reported for marginally MCC-deficient patients who presented with elevated metabolites 

indicative of MCC-deficiency and a heterozygous mutation status (Grunert et al., 2012; 

Morscher et al., 2012).   

Kinetic studies (Table 2.7) revealed that the Km values of MCC for 3-methylcrotonyl-CoA, Na-

bicarbonate and ATP, as well as the requirement for the activator K+ in cells of NWU001 and 

NWU002, were not significantly different from those obtained in the three simultaneously 

assayed control cell lines. These results exclude reduced affinity of MCC for the substrates, 

ATP and activator K+, as the cause for the marginally reduced activity of MCC in cells of the 

patients.   

 

Table 2.7: Km values of 3-methylcrotonyl-CoA carboxylase (MCC) for its substrates 
3-methylcrotonyl-CoA (3-MC-CoA) and Na-bicarbonate as well as for 
ATP, and the effect of varying the concentration of the activator K+ 
measured in crude fibroblast lysates. 

 

Km for 3-MC-CoA 
µmol/L 

Km for  Na-bicarbonate 
mmol/L 

Km for ATP 
µmol/L 

MCC activity, % of 
optimal**  

Cell lines*  
   

No K+ 
100 mmol/L 
K+ 

NWU001 332 4.26 87.5 23 85.5 

NWU002 560 3.49 117 25 87.5 

CON001 513 4.11 128 20.6 83.7 

CON002 705 3.55 116 21.1 88.9 

CON003 388 4.03 94.4 16.9 93 

* Fibroblast cell lines are from the index patient (NWU001), his brother (NWU002) and 3 South African 
controls (CON001, CON002, CON003);  **optimal K+ concentration (added as KCl) in the assay mixture 
is 50 mmol/L. 

 

The sensitivity of the fibroblasts of NWU001 and NWU002 to biotin depletion of the culture 

medium was not increased (Table 2.8). Thus, after one passage in low-biotin medium MCC 

activity, which is more sensitive to biotin depletion than PCC activity, was reduced to 28 - 44 % 
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of that in high-biotin medium in cells of the patients which is similar to that seen in the three 

simultaneously assayed control cell lines and within the reference range. These findings 

exclude mild HCS deficiency as the cause for the abnormalities in the patients. However, the 

mean MCC activity in fibroblasts of NWU001 and NWU002 grown in the high-biotin medium was 

marginally reduced to 34 % and 29 % of the mean reference value, respectively, i.e. to similar 

levels as obtained in cells grown in the FCS-based medium. 

 

Table 2.8: Activities of 3-methylcrotonyl-CoA carboxylase and propionyl-CoA 
carboxylase in crude lysates of fibroblasts grown in media with low and 
high biotin concentrations.  

    Carboxylase activities, pmol/min/mg protein 

Cell line* 
Biotin in 
medium** 

MCC activity*** %**** PCC activity*** %**** 

NWU001  
low 36.2, 55.4 28, 45 181, 398 49, 68 

high 129, 124   371, 586   

NWU002  
low 30.5, 46.5 37, 34  129, 202 50, 45 

high 82.2, 136   256, 452   

CON001  
low 76.5, 119 15, 23 405, 547 35, 52 

high 525, 520   1172, 1045   

CON002  
low 54.3 22 189 39 

high 249   485   

CON003  
low 140, 160 36, 29 377, 646 57, 56 

high 385, 557   663, 1155   

Reference values (30 different cell lines): 

mean  
low 

203 54 550 77 

range 64.5–577 17 - 94 217–1094 33–102 

mean  
high 

376   727   

range 163–708   348–1514   

* Fibroblast cell lines are from the index patient (NWU001), his brother (NWU002) and 3 South African 
controls (CON001, CON002, CON003);  ** Fibroblasts were grown simultaneously for one passage in a 
medium supplemented with 10% new-born calf serum and a final biotin concentration of 0.1 nmol/L (low) 
and in the same medium supplemented with 10 µmol/L biotin (high);  *** Values are the mean activities of 
duplicate determinations from replicate experiments;  **** Activity in low-biotin medium , % of activity in 
simultaneously assayed activity in high-biotin medium 

 

The MCC activities measured in crude cell homogenates prepared from cultured skin fibroblasts 

from NWU001 and NWU002 was slightly reduced compared with the activities measured within 
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the paralleled assayed control cell lines.  The possibility of multiple carboxylase deficiency was 

however excluded by the measurement of normal PCC activities in the same cell homogenates.  

MCC for both NWU001 and NWU002 were further characterised by performing substrate 

specificity analyses as well as testing for a possible sensitivity to biotin depletion.  Collectively, 

the enzyme data indicated that both NWU001 and NWU002 have marginally reduced enzyme 

activities with no sensitivity to biotin depletion.  The enzyme data were however not able to 

pinpoint the exact origin of the impaired MCC enzymes identified for both NWU001 and 

NWU002.    

The elevated PCC:MCC ratios compare well to the ratios reported by Morscher and co-workers.  

They suggested that an elevated ratio could indicate a heterozygous mutant status in patients 

that present with urinary MCG and HIVA or C5OH usually indicative of MCC-deficiency 

(Morscher et al., 2012).  The possibility of biotinidase deficiency was also excluded since the 

biotinidase activity of NWU001 in serum was 6.2 nmol/min/ml which is within the reference 

range of 3.5 -12 nmol/min/ml (Wolf & Feldman, 1982).  Therefore, the MCC-related genes 

MCCC1 and MCCC2 were inspected for possible mutations that could explain the marginally 

reduced MCC activities detected for both NWU001 and NWU002. 

2.6.4 Mutation analyses of the open reading frames of MCCC1 and MCCC2 transcripts  

To date, more than 132 disease causing mutations have been described to associate with 

MCC-deficiency.  About 2703 variations (ENST00000265594) have been described for MCCC1 

whereas 1969 variations are known for MCCC2 (ENST000000340941).  Therefore the open 

reading frames of both NWU001 and NWU002 were inspected for possible disease causing 

variations that could explain the partially reduced fibroblast MCC activity and urinary 3-

hydroxyisovaleric acid and 3-methylcrotonylglycine detected for both NWU001 and NWU002.   

Sequencing of MCCC1 and MCCC2 cDNA of NWU001 and NWU002, detected no known 

deleterious homozygous or compound heterozygous mutations.  However, in MCCC1 of 

NWU001 a heterozygous SNP (rs2270968; c.1391A>C, p.H464P) was identified and one of the 

MCCC2 alleles of NWU002 contained a possible intronic variant which resulted in the skipping 

of exon 7 to cause an in frame deletion of 38 amino acids (p.del209-I-A-V-V-M-G-S-C-T-A-G-G-

A-Y-V-P-A-M-A-D-E-N-I-I-V-R-K-Q-G-T-I-F-L-A-G-P-P-L-246) resulting in a 525 amino acid 

peptide.  This second peptide sequence had 100 % sequence similarity to a predicted MCCC2 

isoform-2 (XM_005248624.1, Q9HCC0-2). No second mutation to suggest a homozygous or 

compound heterozygous genotype was detected in the ORF of either MCCC1 or MCCC2 of 

NWU002.  Although the heterozygous intronic variation that gives rise to a skipping exon 7 of 

the MCCC2 open reading frame was clear, the variation could not be confirmed on the genomic 
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DNA.  However, it should be pointed out that due to the analysis of cDNA there is no guarantee 

that both alleles are investigated and therefore, a limitation of this approach.   

Nevertheless, the impact the skipping of exon 7 could have on the structure of MCCC2 

monomer was further inspected.  Two isoforms for MCCC2 has been proposed, the full length 

peptide, MCCC2-isoform-1 that consists of 563 amino acids and a predicted shorter peptide 

MCCC2-isoform-2.  This predicted MCCC2-isoform-2 consists of has 38 amino acids less.  This 

38 less amino acids corresponds to the 38 amino acids encoded by the sequence at exon 7 of 

the MCCC2 transcript (Figure 2.24). Therefore, the predicted MCCC2-isoform-2 skips the 

translation of the sequence of exon 7 and gives rise to a shorter 525 amino acids MCCC2.  A 

Clustal alignment of the amino acid sequence of the two MCCC2 isoform sequences and the 

MCCC2 amino acid sequences translated from the amplified ORF of NWU001 and NWU002 is 

shown in Figure 2.25.   

The MCCC2 monomer structure of Pseudomonas aeruginosa (3U9r) was used as template 

structure to model the human MCCC2amino acid sequence.  The amino acid sequence of 

human MCCC2-isoform-1 (Q9HCC0) was aligned and showed 65 % sequence similarity to the 

amino acid sequence of Pseudomonas aeruginosa MCCC2.  The predicted secondary structure 

of MCCC2-isoform-1 is depicted in Figure 2.25. The predicted secondary structure and the 

predicted consequence of the 38 amino acid deletion which occur within MCCC2 isoform-2 

when compared with MCCC2 isoform-1 were inspected.  The predicted secondary structure of 

the 38 amino acids deleted from MCCC2-isoform-1 to result in MCCC2-isoform-2 include beta 

sheet (β5), alpha helix (α9), beta sheet (β6), beta turn and a section of  alpha helix (α10) alpha 

helix.  

The differences between the two MCCC2-isoforms, the amino acid sequences were modelled 

on the Pseudomonas aeruginosa structure template, 3U9r.  The amino acid sequence of human 

MCCC1-isoform-1 (Q9HCC0) showed 65 % sequence similarity to the Pseudomonas 

aeruginosa MCCC2 monomer structure template.  The estimated human MCCC2-isoform-1 

model was modelled using 3u9r with CoA as template determined from Pseudomonas 

aeruginosa (Huang et al., 2012).  The same model was used to predict the structural 

consequence of the 38 amino acid deletion.  Figure 2.26 show the predicted structures of the 

MCCC2-isoform-1 (Figure 2.26 A) and MCCC2-isoform-2 (Figure 2.26 B) bound to CoA.  The 

yellow molecule indicates CoA as it binds to the MCCC2 monomer and the purple highlighted 

sequence indicates the position of the 38 amino acids deleted in the MCCC2-isoform-2 

sequence.  At this point, no clear evidence that could confirm MCC-deficiency was found in the 

South African patients.   It was surprising that the two siblings, NWU001 and NWU002, did not 

share a common mutation that could explain the marginally reduced fibroblast MCC activity and 

urinary HIVA and MGC detected for both NWU001 and NWU002.   
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sp|Q9HCC0|MCCB_HUMAN     MWAVLRLALRPCARASPAGPRAYHGDSVASLGTQPDLGSALYQENYKQMKALVNQLHERVEHIKLGGGEKARALHISRGKLLPRERIDNLIDPGSPFLEL 100 

sp|Q9HCC0-2|MCCB_HUMAN   MWAVLRLALRPCARASPAGPRAYHGDSVASLGTQPDLGSALYQENYKQMKALVNQLHERVEHIKLGGGEKARALHISRGKLLPRERIDNLIDPGSPFLEL 100 

NWU001_MCCC2             MWAVLRLALRPCARASPAGPRAYHGDSVASLGTQPDLGSALYQENYKQMKALVNQLHERVEHIKLGGGEKARALHISRGKLLPRERIDNLIDPGSPFLEL 100 

NWU002_MCCC2             MWAVLRLALRPCARASPAGPRAYHGDSVASLGTQPDLGSALYQENYKQMKALVNQLHERVEHIKLGGGEKARALHISRGKLLPRERIDNLIDPGSPFLEL 100 

                         **************************************************************************************************** 

 

sp|Q9HCC0|MCCB_HUMAN     SQFAGYQLYDNEEVPGGGIITGIGRVSGVECMIIANDATVKGGAYYPVTVKKQLRAQEIAMQNRLPCIYLVDSGGAYLPRQADVFPDRDHFGRTFYNQAI 200  

sp|Q9HCC0-2|MCCB_HUMAN   SQFAGYQLYDNEEVPGGGIITGIGRVSGVECMIIANDATVKGGAYYPVTVKKQLRAQEIAMQNRLPCIYLVDSGGAYLPRQADVFPDRDHFGRTFYNQAI 200  

NWU001_MCCC2             SQFAGYQLYDNEEVPGGGIITGIGRVSGVECMIIANDATVKGGAYYPVTVKKQLRAQEIAMQNRLPCIYLVDSGGAYLPRQADVFPDRDHFGRTFYNQAI 200  

NWU002_MCCC2             SQFAGYQLYDNEEVPGGGIITGIGRVSGVECMIIANDATVKGGAYYPVTVKKQLRAQEIAMQNRLPCIYLVDSGGAYLPRQADVFPDRDHFGRTFYNQAI 200  

                         **************************************************************************************************** 

 

               209--------------------------------------246 

sp|Q9HCC0|MCCB_HUMAN     MSSKNIAQIAVVMGSCTAGGAYVPAMADENIIVRKQGTIFLAGPPLVKAATGEEVSAEDLGGADLHCRKSGVSDHWALDDHHALHLTRKVVRNLNYQKKL 300 

sp|Q9HCC0-2|MCCB_HUMAN   MSSKNIAQ--------------------------------------VKAATGEEVSAEDLGGADLHCRKSGVSDHWALDDHHALHLTRKVVRNLNYQKKL 262  

NWU001_MCCC2             MSSKNIAQIAVVMGSCTAGGAYVPAMADENIIVRKQGTIFLAGPPLVKAATGEEVSAEDLGGADLHCRKSGVSDHWALDDHHALHLTRKVVRNLNYQKKL 300  

NWU002_MCCC2             MSSKNIAQ--------------------------------------VKAATGEEVSAEDLGGADLHCRKSGVSDHWALDDHHALHLTRKVVRNLNYQKKL 262  

                         ********                                      ****************************************************** 

 

sp|Q9HCC0|MCCB_HUMAN     DVTIEPSEEPLFPADELYGIVGANLKRSFDVREVIARIVDGSRFTEFKAFYGDTLVTGFARIFGYPVGIVGNNGVLFSESAKKGTHFVQLCCQRNIPLLF 400  

sp|Q9HCC0-2|MCCB_HUMAN   DVTIEPSEEPLFPADELYGIVGANLKRSFDVREVIARIVDGSRFTEFKAFYGDTLVTGFARIFGYPVGIVGNNGVLFSESAKKGTHFVQLCCQRNIPLLF 362  

NWU001_MCCC2             DVTIEPSEEPLFPADELYGIVGANLKRSFDVREVIARIVDGSRFTEFKAFYGDTLVTGFARIFGYPVGIVGNNGVLFSESAKKGTHFVQLCCQRNIPLLF 400  

NWU002_MCCC2             DVTIEPSEEPLFPADELYGIVGANLKRSFDVREVIARIVDGSRFTEFKAFYGDTLVTGFARIFGYPVGIVGNNGVLFSESAKKGTHFVQLCCQRNIPLLF 362  

                         **************************************************************************************************** 

 

sp|Q9HCC0|MCCB_HUMAN     LQNITGFMVGREYEAEGIAKDGAKMVAAVACAQVPKITLIIGGSYGAGNYGMCGRAYSPRFLYIWPNARISVMGGEQAANVLATITKDQRAREGKQFSSA 500 

sp|Q9HCC0-2|MCCB_HUMAN   LQNITGFMVGREYEAEGIAKDGAKMVAAVACAQVPKITLIIGGSYGAGNYGMCGRAYSPRFLYIWPNARISVMGGEQAANVLATITKDQRAREGKQFSSA 462  

NWU001_MCCC2             LQNITGFMVGREYEAEGIAKDGAKMVAAVACAQVPKITLIIGGSYGAGNYGMCGRAYSPRFLYIWPNARISVMGGEQAANVLATITKDQRAREGKQFSSA 500  

NWU002_MCCC2             LQNITGFMVGREYEAEGIAKDGAKMVAAVACAQVPKITLIIGGSYGAGNYGMCGRAYSPRFLYIWPNARISVMGGEQAANVLATITKDQRAREGKQFSSA 462 

                         **************************************************************************************************** 

 

sp|Q9HCC0|MCCB_HUMAN     DEAALKEPIIKKFEEEGNPYYSSARVWDDGIIDPADTRLVLGLSFSAALNAPIEKTDFGIFRM 563 

sp|Q9HCC0-2|MCCB_HUMAN   DEAALKEPIIKKFEEEGNPYYSSARVWDDGIIDPADTRLVLGLSFSAALNAPIEKTDFGIFRM 525 

NWU001_MCCC2             DEAALKEPIIKKFEEEGNPYYSSARVWDDGIIDPADTRLVLGLSFSAALNAPIEKTDFGIFRM 563 

NWU002_MCCC2             DEAALKEPIIKKFEEEGNPYYSSARVWDDGIIDPADTRLVLGLSFSAALNAPIEKTDFGIFRM 525 

                         *************************************************************** 
 

Figure 2.24: Multiple sequence alignment of the MCCC2 amino acid sequence for NWU001 and NWU002 
Amino acid sequence alignment was performed using the Clustal Omega multiple sequence alignment tool (http://www.ebi.ac.uk/Tools/msa/clustalo/).  The amino 
acid sequences translated from the sequenced cDNA for NWU001 and NWU002 were aligned against the reference sequences Q9HCC0 of isoform 1, and 
Q9HCC0-2 of the predicted isoform 2.  NWU001 showed sequence similarity to isoform 1, whereas NWU002 aligned with isoform 2.  The highlighted sequence 
indicates the 38 amino acids in Q9HCC0 which are deleted in Q9HCC0-2.  

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Figure 2.25: Predicted secondary structure of the MCCC2 isoform-1  
The predicted secondary structure of the human MCCC2-isoform 1 sequence modelled on the 3U9r 
structure template of Pseudomonas aeruginosa (Huang et al., 2012).  The selected section indicates the 
38 amino acids that is deleted from MCCC2-isoform-1 and resulted in MCCC2-isoform-2.  
(http://www.rcsb.org/pdb/explore/remediatedSequence.do?structureId=3U9R). 

 

The heterozygous variations that were detected for both NWU001 and NWU002 could explain 

the marginally reduced fibroblast MCC activity and lead to elevated urinary HIVA and MGC.   

These results are similar to a previous report  where Morscher et al., (2012) suggested that only 

one mutant allele in the presence of a wild type allele could also possibly explain the 

http://www.rcsb.org/pdb/explore/remediatedSequence.do?structureId=3U9R
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biochemical phenotype indicative of MCC-deficiency (Morscher et al., 2012).  It could also not 

be excluded that factors other than the MCC loci most probably would explain the marginally 

reduced fibroblast MCC activity and urinary HIVA and MGC, and therefore mimicking MCC-

deficiency.  Also, the increased PCC:MCC ratios that were observed also compare to the ratios 

reported by Morscher et al., (2012) and that are suggested as being indicative of a possible 

heterozygous mutant status (Morscher et al., 2012).   

A            B 

   

Figure 2.26: Predicted structure of the two MCCC2 isoforms monomers with CoA 
Human MCCC2-isoform-1 and MCCC2-isoform-2 were modelled using 3u9r with CoA as template 
determined from Pseudomonas aeruginosa (Huang et al., 2012).  The yellow molecule indicates CoA as it 
binds to the MCCC2 monomer and the purple highlighted sequence in (A) indicates the position of the 38 
amino acids deleted in the MCCC2-isoform-2 sequence.   

 

Although the elevated urinary HIVA and MCG to some extent align with the reduced MCC 

activities observed in the cultured skin fibroblast of both NWU001 and NWU002, the mutation 

analyses could however not confirm MCC-deficiency in these patients.  It seems however that 

the reduced MCC activities observed for NWU001 and NWU002 could be a result of a possible 

as yet unknown regulation mechanism.  A limitation of this study, however, was that sequences 

of the promoter and regulatory regions were not determined for possible variations that could 

explain the marginally reduced fibroblast MCC activity and urinary HIVA and MGC.  

2.6.5 Significantly differentially expressed transcripts and whole-genome expression 
profiling  

Next, a whole-genome expression profiling approach was followed to further explore other 

possibilities that could explain the marginally reduced MCC activities of NWU001 and NWU002.  

The genome expression profile from NWU001 and NWU002 are referred to as the marginally 
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MCC-deficient transcriptome and were compared with a control transcriptome that was 

generated from two control individuals, CON001 and CON002.  The controls have normal MCC 

activity measured in cultured skin fibroblasts cell cultures.  From here onwards the abbreviated 

heading “MCC-like” is used instead of “marginally MCC-deficient” to refer to the marginally 

MCC-deficient transcriptome.       

Whole-genome expression profiling was performed using the same cultured fibroblast cells that 

were generated for the enzyme analyses.  Good quality total RNA was isolated and passed the 

quality assessment with a minimum requirement of RNA integrity (RIN>9) and a 28S:18S rRNA 

ratio of 1.9 was hybridised to Affymetrix® GeneChip® HuExST1.0 arrays.  As described in the 

methods section of this Chapter a total, of four HuExST1.0 arrays were hybridised (Single 

hybridisations).  Total RNA from each of NWU001, NWU002, CON001 and CON002 were 

generated.  The signal intensity data files (.CEL files) were imported into Affymetrix® EC 

software.  All four arrays passed the quality control metrics and were included in the analyses. 

The data intensity files were then imported into Partek® GS software for normalisation and 

background correction.  A one-way ANOVA was performed to generate the significantly 

differentially expressed transcript ID list.   

This analysis was performed using the normalised and background corrected dataset.  

Transcript IDs that showed differential expression of unadjusted P < 0.05 were considered 

significantly.  The significantly differentially expressed transcript ID list of the marginally MCC-

deficient transcriptome consisted of 14237 transcript IDs (Supplementary Table 3), of which 

more than 90 % (13328 transcript IDs) currently have no known or only poorly defined gene 

associations and functional annotation.  The significantly differentially expressed transcripts 

were evenly distributed across all chromosomes (Figures 2.27 A and B).   

Importantly, the two MCC transcripts, MCCC1 and MCCC2, were not significantly differentially 

expressed in the marginally MCC-deficient transcriptome.  Since the inheritance pattern of the 

metabolite profile in this South African family suggested a possible association with the HuChrX, 

the 14237 significantly differentially expressed transcript IDs were also sorted according to their 

chromosome association.  Of the 1277 well annotated significantly differentially expressed 

transcript IDs, 48 were associated with genes of HuChrX.  Functional analysis of this subset 

was also performed separately (Supplementary Table 5; Table 2.9).  To study the functional 

relationships, predicted network associations, biological functions, canonical pathways and 

toxicological associations between the 1277 well annotated transcript IDs in the dataset, IPA 

software (build version 242990, content version 17199142) was used.   
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A 

 

B 

 

Figure 2.27: Karyoview of transcripts IDs with known gene associations  
Karyoview that indicates the corresponding locus and distribution of the significantly differentially 
expressed transcripts of the marginally MCC-deficient transcriptome The horizontal lines across all 
chromosomes represent the locus of corresponding genes linked to the transcript IDs with gene 
association. B) Karyoview that indicates the corresponding locus and distribution of the significantly 
differentially expressed transcripts of the marginally MCC-deficient transcriptome The horizontal lines 
across all chromosomes represent the locus of corresponding genes linked to the transcript IDs with no 
known gene association.  



116 

Table 2.9: The subset of 48 significantly differentially expressed HuChrX 
associated transcripts 

Transcript 
ID 

Gene Symbol Gene description Chr location p-value FC * 

4054858 LOC389906  hypothetical LOC389906   Xp22.33  1.03E-02 -1.19 
-
1.

1

9 

3997640 NCRNA00102  non-protein coding RNA 102  
 Xp22.33 and 
Yp11.31  

3.81E-02 1.33 1.

3
3 

4055789 NCRNA00107  non-protein coding RNA 107   Xp22.33; Yp11.3  4.23E-02 1.12 1.

1

2 

3966891 XG  Xg blood group   Xp22.33  1.32E-02 -1.49 
-

1.

4
9 

3966929 GYG2  glycogenin 2   Xp22.3  2.98E-02 -1.1 
-

1.

1

0 

4000155 GPM6B  glycoprotein M6B   Xp22.2  1.33E-02 1.39 1.
3

9 

3972862 MAGEB1  melanoma antigen family B, 1   Xp21.3  1.97E-02 1.22 1.

2

2 

4004035 FTHL17  ferritin, heavy polypeptide-like 17   Xp21  9.46E-03 -1.21 
-

1.

2

1 

3974904 NYX  nyctalopin   Xp11.4  3.49E-02 -1.04 
-

1.

0

4 

4007311 ZNF630  zinc finger protein 630   Xp11.3-p11.1  1.31E-02 1.05 1.

0

5 

3977038 MAGIX  MAGI family member, X-linked   Xp11.23  2.11E-03 1.14 1.

1

4 

4007216 UXT  ubiquitously-expressed transcript   Xp11.23-p11.22  1.46E-02 -1.06 
-
1.

0

6 

3979101 FAAH2  fatty acid amide hydrolase 2   Xp11.21  8.90E-03 1.28 1.

2
8 

3978983 KLF8  Kruppel-like factor 8   Xp11.21  2.83E-02 -1.33 -

1.
3

3 

4010013 LOC644893  similar to hCG201263   Xp11.21  3.75E-02 -1.36 
-
1.

3

6 

3976240 ZNF157  zinc finger protein 157   Xp11.2  2.39E-02 1.12 1.
1

2 

3976299 ARAF  v-raf murine sarcoma 3611 viral oncogene homolog   Xp11.4-p11.2  3.76E-02 1.03 1.
0

3 

3978359 LOC100288560  28S ribosomal protein S18c, mitochondrial-like   Xp11. 3.57E-02 4.27 4.
2

7 

            

0.

0

0 

3980380 EDA  ectodysplasin A   Xq12-q13.1  1.22E-02 1.12 1.
1

2 

4011951 INGX  inhibitor of growth family, X-linked, pseudogene   Xq12  4.60E-02 1.08 1.
0

8 

3980035 YIPF6  Yip1 domain family, member 6   Xq12  4.73E-02 -1.11 
-

1.

1
1 

4011569 AWAT2  acyl-CoA wax alcohol acyltransferase 2   Xq13.1  4.02E-02 1.27 1.

2
7 

3980560 KIF4A  kinesin family member 4A   Xq13.1  4.30E-02 -1.15 
-

1.

1
5 

3973650 CHIC1  cysteine-rich hydrophobic domain 1   Xq13.2  4.14E-02 1.1 1.

1
0 

3982242 CXorf26  chromosome X open reading frame 26   Xq13.3  1.51E-02 1.15 1.

1
5 

3982293 MAGEE1  melanoma antigen family E, 1   Xq13.3  3.72E-02 -1.23 
-

1.

2

3 

4013011 ZDHHC15  zinc finger, DHHC-type containing 15   Xq13.3  1.82E-03 1.55 1.

5

5 

4013359 MAGT1  magnesium transporter 1   Xq21.1  3.14E-02 1.16 1.

1
6 

3983397 CPXCR1  CPX chromosome region, candidate 1   Xq21.3  2.26E-02 -1.13 
-

1.

1

3 

4003559 DCAF8L1  DDB1 and CUL4 associated factor 8-like 1   Xp21.3  3.72E-03 1.14 1.
1

4 

3972516 DCAF8L2  DDB1 and CUL4 associated factor 8-like 2   Xp21.3  2.00E-02 1.48 1.

4
8 

3986454 FRMPD3  FERM and PDZ domain containing 3   Xq22  2.92E-02 1.09 1.
0

9 

3988740 PGRMC1  progesterone receptor membrane component 1   Xq22-q24  1.90E-02 -1.22 -
1.

2

2 

3985281 ARMCX5  armadillo repeat containing, X-linked 5   Xq22.1-q22.3  3.73E-03 1.27 1.

2
7 

3985709 TMEM31  transmembrane protein 31   Xq22.2  2.01E-04 1.33 1.

3

3 

3989207 MCTS1  malignant T cell amplified sequence 1   Xq24  4.95E-03 1.37 1.
3

7 

4021777 IGSF1  immunoglobulin superfamily, member 1   Xq25  3.69E-02 1.11 1.

1

1 

4024227 CXorf66  chromosome X open reading frame 66   Xq27.1  3.07E-02 1.18 1.

1
8 

3995331 CSAG1  chondrosarcoma associated gene 1   Xq28  4.65E-02 1.45 1.

4

5 

3995347 CSAG2  CSAG family, member 2   Xq28  4.62E-02 1.39 1.

3

9 

4026075 GABRA3 
 gamma-aminobutyric acid (GABA) A receptor, 
alpha 3  

 Xq28  8.50E-03 1.13 1.

1

3 

3995277 GABRQ  gamma-aminobutyric acid (GABA) receptor, theta   Xq28  2.15E-02 1.63 1.
6

3 

4026487 HAUS7  HAUS augmin-like complex, subunit 7   Xq28  4.48E-02 1.06 1.

0

6 

4026170 MAGEA2  melanoma antigen family A, 2   Xq28  3.74E-02 -1.18 
-

1.
1

8 

3996201 OPN1MW2  opsin 1 (cone pigments), medium-wave-sensitive 2   Xq28  2.22E-03 -1.41 -

1.

4

1 

3996843 PHF10  PHD finger protein 10   6q27|Xq28  3.42E-02 -1.43 -

1.

4
3 

4030670 FAM41AY1 
 family with sequence similarity 41, member A, Y-
linked 1  

 Yq 4.12E-02 1.48 1.
4

8 

* Heat map: Red indicates up regulated transcripts; Green indicates down regulated transcripts 
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Functional analyses of the subset of the 48 well annotated significantly differentially expressed 

transcript IDs associated with genes located on the HuChrX was performed independently, also 

using IPA software (Ingenuity® Systems, www.ingenuity.com, build version 313398M, content 

version 18841524).   

 

2.6.6 Functional networks, the genetic footprint and possible implications of the 
marginally MCC-deficiency transcriptome  

The underlying molecular interactions, secondary signalling responses and functional 

relationships observed in the marginally MCC-deficient skin fibroblast transcriptome were 

inspected following a knowledge-based functional analyses approach using IPA software.  The 

1277 well-annotated significantly differentially expressed transcripts indicated changes in 

functional networks associated with nucleic acid metabolism, cell-to-cell signalling and 

interaction, molecular transport, as well as cellular function and maintenance.  A significant 

number of transcripts seemed to be involved with functional networks associated with the 

development of cancer (57 %, 730/1277, P = 3.83 x 10-18) and gastrointestinal disease (21 %, 

268 /1277, P = 2.18 x 10-4).  Only a relatively small number of canonical pathways were 

significantly affected.  The canonical pathway, trigger receptor expressed on myeloid cells 

(TREM1) was one of the canonical pathways that had a considerable number of differentially 

expressed transcripts in this transcriptome.  TREM1 belongs to the immunoglobin (Ig) family of 

cell surface receptors (Sharif & Knapp, 2008).  Activation of TREM1 triggers pathways leads to 

phosphorylation of signal transducers of transcription and nuclear factor kappa beta (NF-kB), 

which could trigger pro-inflammatory immune responses (Bouchon et al., 2001).  Transcripts of 

the granzyme A signalling and D-myo-inositol (1,3,4)-triphosphate biosynthesis pathways were 

also differentially expressed.  D-myo-inositol (1,3,4)-triphosphate is an important secondary 

messenger molecule known to mediate signal transduction (Somlyo & Somlyo, 1994) of a large 

number of hormones, neurotransmitters, lipid signalling as well as regulating calcium release 

from intracellular stores (Somlyo & Somlyo, 1994).   

Furthermore, more than 17 upstream regulators and a significant number of their target 

transcripts were significantly differentially expressed.  The most significantly represented 

upstream regulators and their associated target transcripts in the dataset were E2F (11 target 

molecules, P = 3.40 x 10-4), ATF3 (4 target molecules, P = 4.94 x 10-3), MAPK1 (15 target 

molecules, P = 2.12 x 10-2), NRXN1 (5 target molecules, P = 2.15 x 10-2) RNU7-1 (2 target 

molecules, P = 2.47 x 10-2) and ELAVI (7 target molecules, P = 2.64 x 10-2).  The interaction 

network of each of these five upstream regulators was inspected separately.  Each interaction 

network was overlaid with the significantly differentially expressed transcript list to explore the 

http://www.ingenuity.com/
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relationships between the specific upstream regulator and the significantly differentially 

expressed transcripts.  The transcripts that were not significantly differentially expressed were 

excluded from the interaction networks.  The relationship between these five upstream 

regulators as well as their associated interaction networks with each other was further 

inspected.  The five upstream regulators and their associated interaction networks were merged 

upon which a newly generated upstream regulator was generated.  This interactome of the top 

affected predicted upstream regulators; their association with each other as well as the target 

transcripts that were significantly differentially expressed for the “MCC-like” transcriptome are 

depicted in Figure 2.28. The merged upstream regulators network demonstrated that MAPK1, 

RNU7-1 and NRXN1 each have their own unique set of target transcripts and no interaction or 

relationship known to occur between either one of the five upstream regulators and their target 

transcripts.   On the other hand, E2F and ELAVL1 seem to be linked through an interaction 

between ATF3 and CDK1 that impacts the regulation of alcohol group acceptor 

phosphotransferase.   

Also, the merged upstream regulators interaction network were overlaid with the IPA list of 

HuChrX associated transcripts (indicated with a pink outline in Figure 2.28).  A number of 

transcripts in the merged upstream regulators interaction network were encoded by genes of 

the HuChrX.  Only PGRMC1, ARAF, Holo RNA polymerase II, TAF and Dgk were significantly 

differentially expressed for the marginally MCC-deficient compared with the controls.  Although, 

the merged upstream regulators interaction network indicated that the underlying molecular 

interaction networks and secondary signalling responses involve features that are encoded by 

genes of the HuChrX, the functional relationships are not yet clear.  Next, the functional 

networks and relationship between the significantly differentially expressed transcripts between 

the marginally MCC-deficient and control transcriptomes was further characterised  
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Figure 2.28: Interaction network of the top affected upstream regulators 
The interactome of the top upstream regulators overlaid with the significantly differentially expressed 
transcripts.  The featured with a pink outline are indicative of association with HuChrX genes of the IPA 
knowledge base. Red indicates up regulated, green down regulated and white molecules not significantly 
differentially expressed but essential to network interaction. Orange suggests predicted activation and 
blue predicted inhibition interactions.   

 

2.6.6.1 Functional analyses and targeted inspection of pathways and networks of 
interest 

The marginally MCC-deficiency transcriptome was further characterised by a targeted approach 

of inspecting selected pathways of interest overlaid with the significantly differentially expressed 

transcripts.  The significantly differentially expressed transcripts associated with branched-chain 

amino acid degradation, glycolysis, gluconeogenesis, tricarboxylic acid (TCA) cycle, oxidative 
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phosphorylation system (OXPHOS), fatty acid oxidation, ketogenesis, eicosanoid signalling and 

xenobiotic metabolism are listed in Table 2.10.    It is of importance to note that the significance 

value associated with functional analysis for a dataset is a measure of the likelihood that the 

association between a set of functional analysis genes in the experiment and a given pathway is 

due to random chance.  The fold change value represents the log 2 difference of the average 

expression for test group (which in this case is MCCA deficient) when compared to the average 

expression of the controls for that particular transcript.  Therefore mRNA expression was 

considered meaningful when the difference in expression between the two groups had a P 

>0.05.  Although a fold change of 2/-2 is considered as a standard selection criteria for further 

functional analyses, in this study, no fold change cut-off were introduced.  Especially since 

subtle changes were expected and the introduction of a fold change cut-off might result in 

missing some valuable explorative and discovery interactions.  This targeted approach resulted 

in some key observations for the characterisation of the pathomechanism associated with 

marginally MCC-deficiency.  Only one L-leucine degradation pathway associated transcript 

(HMGCL) was significantly down regulated.  The HMGCL gene encodes 3-hydroxy-3-

methylglutaryl-CoA lyase, which catalyses the last step of L-leucine catabolism.  This enzyme 

(HMGCL) also catalyses the first step in the ketogenesis pathway, the process by which ketone 

bodies are produced as a result of fatty acid oxidation.    Also, ALDH6A1 another transcript 

associated with the branched-chain amino acid degradation pathway was also significantly 

down regulated.  The secondary transcriptional response also seemed to impact the 

glycolysis/gluconeogenesis pathway as a slight induction of GPI and ME3 and down regulation 

of MDH1B was observed.  

One TCA associated transcript, ACO1, was up regulated, whereas three other transcripts, 

MDH1B, DHTKD1, and SDHD of the same pathway were down regulated.  Three complexes of 

the OXPHOS system were affected, the NDUFS2 of complex I and SDHD of complex II were 

down regulated, while two complex IV associated transcripts MT-CO1/COX1 and COX6B were 

up regulated, and COX17 was down regulated.  The fatty acid oxidation-I pathway was also 

affected with the down regulation of BDH2 and, as already mentioned, HADHA and HMGCL.  

Seven transcripts of the eicosanoid signalling pathway were differentially expressed.  

Three transcripts, PLA2G2A, PLA2G7 and PTGER4 were down regulated and three transcripts 

PLA2G4E, GGT1 and PTGIR, were induced. The majority of the transcripts listed in Table 2.10 

have a FC>2 with the exception of COX17 and ACO1.  Aconitase 1 (ACO1), is hypoxia and 

oxidative stress sensitive, therefore, induction of the ACO1 transcript usually indicates possible 

increased ROS levels and increased oxidative stress (Gardner, 2002; Murphy, 2009).  In 

addition the down regulation of COX17 expression, support the notion of elevated ROS and 

increased oxidative stress.   
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Table 2.10 Important canonical pathways and associated significantly differentially 
expressed transcripts in the marginally MCC-deficiency transcriptome 

Canonical Pathway, gene name / description 
Gene 
Symbol 

P Value 
Fold 
change 

* 

Branched-chain amino acid degradation  

  3-hydroxymethyl-3-methylglutaryl-CoA lyase HMGCL 1.99E-02 -1.13 -1.13  

  aldehyde dehydrogenase 6 family, member A1 ALDH6A1 4.64E-02 -1.29 
-
1.2
9 

Cholesterol biosynthesis  

  sterol-C5-desaturase SC5DL 4.19E-02 -1.26 
-
1.2
6 

Eicosanoid biosynthesis  

  phospholipase A2, group IVE PLA2G4E 2.76E-03 1.1 1.1 

  phospholipase A2, group IIA (platelets, synovial fluid) PLA2G2A 6.89E-03 -1.31 -
1.3
1 

  
phospholipase A2, group VII (platelet-activating factor 
acetylhydrolase, plasma) 

PLA2G7 1.18E-02 -1.09 -
1.0
9 

  gamma-glutamyltransferase 1 GGT1 1.72E-02 1.32 1.3
2 

  prostaglandin I2 (prostacyclin) receptor (IP) PTGIR 2.84E-02 1.23 1.2
3 

  prostaglandin E receptor 4 (subtype EP4) PTGER4 4.44E-02 -1.35 
-
1.3
5 

Fatty acid alpha oxidation   

  aldehyde dehydrogenase 1 family, member A2 ALDH1A2 1.22E-02 1.21 1.2
1 

Fatty acid beta oxidation   

  
hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA 
hydratase (trifunctional protein), alpha subunit 

HADHA 4.17E-02 -1.39 -
1.3
9 

Gluconeogenesis   

  malic enzyme 3, NADP(+)-dependent, mitochondrial ME3 8.19E-03 1.07 1.0
7 

  glucose-6-phosphate isomerase GPI 3.02E-02 1.18 1.1
8 

  malate dehydrogenase 1B, NAD (soluble) MDH1B 4.77E-02 -1.11 -
1.1
1 

Glycolysis   

  glucose-6-phosphate isomerase GPI 3.02E-02 1.18 1.18  

Ketogenesis   

  3-hydroxymethyl-3-methylglutaryl-CoA lyase HMGCL 1.99E-02 -1.13 -
1.1
3 

  3-hydroxybutyrate dehydrogenase, type 2 BDH2 3.47E-02 -1.59 
-
1.5
9 

  
hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA 
hydratase (trifunctional protein), alpha subunit 

HADHA 4.17E-02 -1.39 -
1.3
9 

Oxidative phosphorylation   

  cytochrome c oxidase subunit I COX1 2.04E-02 1.34 1.3
4 

  COX17 cytochrome c oxidase copper chaperone COX17 3.07E-02 -2.17 -
2.1
7 

  
succinate dehydrogenase complex, subunit D, integral membrane 
protein 

SDHD 3.29E-02 -1.17 -
1.1
7 

  cytochrome c oxidase subunit VIb polypeptide 1 (ubiquitous) COX6B1 3.97E-02 1.31 1.3
1 

  
NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-
coenzyme Q reductase) 

NDUFS2 4.83E-02 -1.22 -
1.2
2 

Tricyclic acid cycle   

  dehydrogenase E1 and transketolase domain containing 1 DHTKD1 3.12E-02 -1.16 -
1.1
6 

  
succinate dehydrogenase complex, subunit D, integral membrane 
protein 

SDHD 3.29E-02 -1.17 -
1.1
7 

  aconitase 1, soluble ACO1 4.48E-02 3.59 3.5
9 

  malate dehydrogenase 1B, NAD (soluble) MDH1B 4.77E-02 -1.11 -
1.1
1 

* Heat map: Red indicates up regulated transcripts; Green indicates down regulated transcripts.  
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COX17 is a transcript of complex IV of the electron transport chain located at the inner 

membrane of the mitochondria.  Complex IV has an important function maintaining ROS 

signalling.  The down regulation of COX17 could influence the assembly efficacy of complex IV 

and result in aberrant ROS regulation.  Therefore, the ROS interaction network was generated 

in IPA software based on the knowledge base interaction network.  The interaction network was 

overlaid with the significantly differently expressed transcript list.  The predicted activation and 

inhibition of transcripts of the ROS interaction network was also performed based on the IPA 

knowledge base.   The features in the ROS interaction network that were not in the significantly 

differentially expressed transcript list and had no predicted activation or inhibition were removed 

from the interaction network.  The resulting ROS interaction network is shown Figure 2.29. 

The NADPH oxidase complex was also induced, another indication of increased hydrogen 

peroxide, superoxide, hydroxyl radical, and oxygen radicals production and elevated levels of 

peroxynitrite (Babior, 1999).  Figure 2.29 shows the relationship between the induced NADPH 

oxidase activity, increased ROS production and activation of the pro-inflammatory responses via 

the eicosanoid biosynthesis pathway (Babior, 1999; Reuter et al., 2010).   

The induction of the NADPH oxidase complex usually induces NFκβ signalling (Babior, 1999), 

but this seems not to be the case in this transcriptome since RELA, a transcript coding for a 

protein of the NFκβ complex was down regulated and thus seem to regulate the NFκβ signalling 

pathway.  This suppression of the NFκβ complex also impacts on the aryl hydrocarbon receptor 

(AHR) signalling cascade of the xenobiotic metabolism signalling and regulates the expression 

of genes involved in the innate and adaptive immune response.  This marginally MCC-

deficiency ROS interactome suggests chronic activation of inflammatory and immune signalling 

responses.  Chronic activation of pro-inflammatory signalling has been associated with 

compromised cellular membrane integrity and the development of cancer (Reuter et al., 2010; 

Greene et al., 2011), Parkinson‟s disease (Di Filippo et al., 2010; Kones, 2010; Filiou et al., 

2014), Alzheimer‟s disease (Blass et al., 2000; Farooqui et al., 2006; Calingasan et al., 2008; Di 

Filippo et al., 2010; Sun et al., 2010; Filiou et al., 2014), rheumatoid arthritis (Calder, 2014; 

Korotkova & Jakobsson, 2014) and cardiovascular disease (Botta et al., 2013; Quach et al., 

2014).    

Several transcripts of the xenobiotic metabolism signalling pathway specifically associated with 

the aryl hydrocarbon receptor (AHR) ligand activation, PXR ligand /CAR agonist activation, and 

MEKK signalling cascade were significantly differentially expressed.  Affected transcripts of the 

AHR activation pathway include, RELA (1.32-fold down regulated, P = 4.83 x 10-3), HSPA5 

(1.69-fold up regulated, P = 4.91 x 10-2), PTGES3 (1.75-fold down regulated, P = 2.81 x 10-2), 

ANKRA2 (1.15-fold down regulated, P = 1.95 x 10-2), ALDH6A1 (1.29-fold down regulated, P = 

4.64 x 10-2), ALDH1A2 (1.21-fold up regulated, P = 1.22 x 10-2). 
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Affected PXR ligand /CAR agonist activation transcripts include CYP2C18 (1.19-fold down 

regulated, P = 1.26 x 10-2), CYP2B6 (1.21-fold up regulated, P = 4.23 x 10-2), SULT1E1 (1.84-

fold down regulated, P = 4.24 x 10-2), HS3ST1 (1.36-fold down regulated, P = 4.01 x 10-2) and 

MRP3/ABCC3 (1.17-fold up regulated, P = 4.08 x 10-2).  Affected MEKK signalling cascade 

transcripts include MAP3K (1.21-fold down regulated, P = 9.60 x 10-3) and GCLC (1.31-fold 

down regulated, P = 2.31 x 10-2).  Heat shock proteins (HSP) interact with the xenobiotic 

metabolism signalling via interaction through the AHR ligand activation pathway.   

   

 

Figure 2.29: Graphic representation of the marginally MCC-deficient ROS interactome.   
Graphical representation of the implicated ROS interactome overlaid with the significantly differentially 
expressed transcripts. Red indicates up regulated, green, down regulated and white, molecules not 
significantly differentially expressed but essential to network interaction. Orange suggests predicted 
activation and blue, predicted inhibition interactions.   
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Table 2.11 Significantly differentially expressed transcripts of the xenobiotic 
metabolism signalling  

Canonical Pathway, gene name / description 
Gene 
Symbol 

P Value 
Fold 
change 

* 

Xenobiotic metabolism signalling  

AHR  signalling  

  aldehyde dehydrogenase 1 family, member A2 ALDH1A2 1.22E-02 1.21 
1.
2
1 

  aldehyde dehydrogenase 6 family, member A1 ALDH6A1 4.64E-02 -1.29 
-
1.
2
9 

  ankyrin repeat, family A (RFXANK-like), 2 ANKRA2 1.95E-02 -1.15 
-
1.
1
5 

  heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) HSPA5 4.91E-02 1.69 1.
6
9 

  prostaglandin E synthase 3 (cytosolic) PTGES3 2.81E-02 -1.75 
-
1.
7
5 

  v-rel avian reticuloendotheliosis viral oncogene homolog A RELA 4.83E-03 -1.32 
-
1.
3
2 

    TEBP       

CAR-PXR signalling  

  ATP-binding cassette, sub-family C (CFTR/MRP), member 3 
ABCC3/ 
MRP3 

4.08E-02 1.17 
1.
1
7 

  cytochrome P450, family 2, subfamily B, polypeptide 6 CYP2B6 4.23E-02 1.21 1.
2
1 

  cytochrome P450, family 2, subfamily C, polypeptide 18 CYP2C18 1.26E-02 -1.19 
-
1.
1
9 

  sulfotransferase family 1E, estrogen-preferring, member 1 SULT1E1 4.24E-02 -1.84 
-
1.
8
4 

  heparan sulfate (glucosamine) 3-O-sulfotransferase 1 HS3ST1 4.01E-02 -1.36 
-
1.
3
6 

MEKK signalling  

  glutamate-cysteine ligase, catalytic subunit GCLC 2.31E-02 -1.31 
-
1.
3
1 

  mitogen-activated protein kinase kinase 6 MAP3K6 9.60E-03 -1.21 
-
1.
2
1 

* Heat map: Red indicates up regulated transcripts; Green indicates down regulated transcripts 

 

Since HSP function was previously suggested as a possible secondary factor that could cause 

reduced enzyme activity of carboxylases (Abisambra et al., 2011), the expression of HSP was 

thus also inspected.  The significantly differentially expressed transcripts of the heat shock 

protein interaction network of the marginally MCC-deficient transcriptome are depicted in Figure 
2.30.  Transcripts significantly differentially expressed associated with HSP include, DNAJC5 

(1.20-fold up regulated, P = 7.00 x 10-3),  HSPA5 (1.69-fold up regulated, P = 4.91 x 10-2), 

HSPD1 (1.64-fold down regulated, P =  6.15 x 10-3), KIF20B (1.20-fold down regulated, P = 2.11 

x 10-2), NSF (1.11-fold down regulated, P = 4.14 x 10-3), PSMC2 (1.44-fold down regulated, P = 

4.14 x 10-3), PTGES3 (1.75-fold down regulated, P = 2.81 x 10-2), TLR3 (1.36-fold down 

regulated, P = 4.68 x 10-2), TLR5 (1.99-fold up regulated, P=  2.97 x 10-2), and TLR6 (1.62-fold 

down regulated, P = 3.95 x 10-2).  Also, several transcripts that affect the AHR activation 

pathway and HSP networks were significantly differentially expressed.  The significantly altered 

HSP network included the Hsp70 network (HSPA5) and ATPase (HSPD1), but not transcripts of 

Hsp60, which were reported to possibly contribute to phenotypic differentiation in MCC-

deficiency (Gregersen & Olsen, 2010; Abisambra et al., 2011).   
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Figure 2.30: Graphical representation of the heat shock protein interaction for the 
marginally 3-methylcrotonyl-CoA carboxylase-deficient human skin fibroblasts.   
Significantly differentially expressed transcripts of the marginally MCC-deficient transcriptome associated 
with heat shock proteins.  Predicted HSP interaction network was overlaid with the significantly 
differentially expressed gene list. Red indicates up regulation and green indicates down regulated 
molecules.  Red indicates up regulated and green, down regulated molecules.  

 

The HSP interaction network (Figure 2.30) also showed significantly differentially expressed 

Toll-like receptors which could further influence the inflammatory signalling as well as activation 

of the NFκβ and TNF α inflammatory signalling cascades that can add to the oxidative stress 

burden (Johnson et al., 2012; Munoz & Costa, 2013).  All the analyses performed so far were 

done including the total list of 1277 well annotated significantly differentially expressed transcript 

IDs of the marginally MCC-deficient transcriptome, which also includes the subset of 48 

significantly differentially expressed HuChrX associated transcripts (Table 2.9).   

2.6.6.2 Functional relationships and underlying molecular interactions implicated by the 
significantly differentially expressed transcripts of the HuChrX  

To better understand the specific contribution of HuChrX associated transcripts to the marginally 

MCC-deficiency transcriptome, the subset of 48 significantly differentially expressed HuChrX 

associated transcripts were inspected separately.  Functional network analysis showed that 

these 48 HuChrX associated transcripts clustered mainly in two independent functional 

networks.  The first network included molecules functionally important for molecular and cellular 

functions that involve cellular assembly, organisation, optimal function, and maintenance (P = 

5.03 x 10-4 - 4.74 x 10-2) (Table 2.12; Figure 2.31A).   
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Table 2.12: Significantly differentially expressed transcripts and other associated 
transcripts in the predicted functional network 1 that suggesting activation 
of the GABA receptor signalling pathway 

Symbol Entrez Gene Name p-value 
Fold 
Change 

Entrez 
Gene ID 
for 
Human 

ALS2 amyotrophic lateral sclerosis 2 (juvenile)     57679 

ARMCX5 armadillo repeat containing, X-linked 5     64860 

CELSR2 cadherin, EGF LAG seven-pass G-type receptor 2     1952 

CHIC1 cysteine-rich hydrophobic domain 1 4.14E-02 1.10 53344 

DCAF8L2 DDB1 and CUL4 associated factor 8-like 2 2.00E-02 1.48 347442 

DENR density-regulated protein     8562 

EFHD1 EF-hand domain family, member D1     80303 

EID2 EP300 interacting inhibitor of differentiation 2     163126 

GLE1 GLE1 RNA export mediator     2733 

GTSE1 G-2 and S-phase expressed 1     51512 

GYG1 glycogenin 1     2992 

GYG2 glycogenin 2 2.98E-02 -1.10 8908 

GYS2 glycogen synthase 2 (liver)     2998 

HAUS2 HAUS augmin-like complex, subunit 2 

  

551 

HAUS3 HAUS augmin-like complex, subunit 3     79441 

HAUS5 HAUS augmin-like complex, subunit 5     23354 

HAUS7 HAUS augmin-like complex, subunit 7 4.48E-02 1.06 55559 

HEATR2 HEAT repeat containing 2     54919 

KDELR3 
KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein 
retention receptor 3     11015 

KIF4A kinesin family member 4A 4.30E-02 -1.15 24137 

KLF8 Kruppel-like factor 8 2.83E-02 -1.33 11279 

MAGEA2/ 
MAGEA2B melanoma antigen family A, 2 3.74E-02 -1.18 

266740|4
101 

MAGEB1 melanoma antigen family B, 1     4112 

MAGEE1 melanoma antigen family E, 1 3.72E-02 -1.23 57692 

MAGT1 magnesium transporter 1 3.14E-02 1.16 84061 

MCTS1 malignant T cell amplified sequence 1 4.95E-03 1.37 28985 

NSMCE4A non-SMC element 4 homolog A (S. cerevisiae)     54780 

PBDC1 polysaccharide biosynthesis domain containing 1 1.51E-02 1.15 51260 

PGRMC1 progesterone receptor membrane component 1 1.90E-02 -1.22 10857 

PHF10 PHD finger protein 10 3.42E-02 -1.43 55274 

SEC24D SEC24 family member D     9871 

SLC35B2 solute carrier family 35 member B2     347734 

UBC ubiquitin C     7316 

USP44 ubiquitin specific peptidase 44     84101 

UXT ubiquitously-expressed, prefoldin-like chaperone 1.46E-02 -1.06 8409 
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Table 2.13: Significantly differentially expressed transcripts and other associated 
transcripts in the predicted functional network 2 that involves cellular 
function and maintenance 

Symbol Entrez Gene Name p-value 
Fold 
Change 

Entrez 
Gene 
ID for 
Human 

Adaptor 
protein 2         

APP amyloid beta (A4) precursor protein     351 

ARAF v-raf murine sarcoma 3611 viral oncogene homolog 3.76E-02 1.03 369 

CELSR2 cadherin, EGF LAG seven-pass G-type receptor 2     1952 

CPXCR1 CPX chromosome region, candidate 1 2.26E-02 -1.13 53336 

CSAG1 chondrosarcoma associated gene 1 4.65E-02 1.45 158511 

DIDO1 death inducer-obliterator 1     11083 

DLG4 discs, large homolog 4 (Drosophila)     1742 

EDA ectodysplasin A     1896 

EDA2R ectodysplasin A2 receptor     60401 

ELAVL1 ELAV like RNA binding protein 1     1994 

FAAH2 fatty acid amide hydrolase 2 8.90E-03 1.28 158584 

GABRA1 gamma-aminobutyric acid (GABA) A receptor, alpha 1     2554 

GABRA3 gamma-aminobutyric acid (GABA) A receptor, alpha 3 8.50E-03 1.13 2556 

GABRB1 gamma-aminobutyric acid (GABA) A receptor, beta 1     2560 

GABRB2 gamma-aminobutyric acid (GABA) A receptor, beta 2 3.82E-02 1.08 2561 

GABRB3 gamma-aminobutyric acid (GABA) A receptor, beta 3     2562 

GABRG2 gamma-aminobutyric acid (GABA) A receptor, gamma 2     2566 

GABRG3 gamma-aminobutyric acid (GABA) A receptor, gamma 3     2567 

GABRQ gamma-aminobutyric acid (GABA) A receptor, theta 2.15E-02 1.63 55879 

GPM6B glycoprotein M6B 1.33E-02 1.39 2824 

GRM6 glutamate receptor, metabotropic 6     2916 

IGF1 insulin-like growth factor 1 (somatomedin C)     3479 

IGSF1 immunoglobulin superfamily, member 1 3.69E-02 1.11 3547 

IQSEC1 IQ motif and Sec7 domain 1     9922 

JUN jun proto-oncogene     3725 

KLF8 Kruppel-like factor 8 2.83E-02 -1.33 11279 

OPN1MW  opsin 1 (cone pigments), medium-wave-sensitive 2.22E-03 -1.41 728458 

TOX3 TOX high mobility group box family member 3     27324 

TRHR thyrotropin-releasing hormone receptor     7201 

YIPF2 Yip1 domain family, member 2     78992 

YIPF6 Yip1 domain family, member 6 4.73E-02 -1.11 286451 

ZDHHC15 zinc finger, DHHC-type containing 15 1.82E-03 1.55 158866 
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The second functional network predominantly included molecules involved with neurological 

development (P = 6.52 x 10-4 – 4.74 x 10-2) and lipid metabolism (P = 1.51 x 10-3 - 9.05 x 10-3) 
(Table 2.13; Figure 2.31B).   

The most affected canonical pathways indicated by the HuChrX transcripts were GABA receptor 

signalling, anandamide degradation and glycogen biosynthesis II from UDP-D glucose 

pathways.  One of the most interesting findings of the differentially expressed HuChrX 

associated transcript analyses was the 1.28-fold induction of the FAAH2 transcript.  FAAH2 is 

one of two transcripts that code for fatty acid amide hydrolases, the other transcript is FAAH.  

These enzymes convert fatty acid amides to ethylamine and the corresponding fatty acid.  While 

FAAH seems to prefer poly-unsaturated fatty acid amides as substrates, it seems as if FAAH2 is 

more specific for mono-unsaturated fatty acid amides (Divito & Cascio, 2013).  However, 

FAAH2 is not yet well characterised. It is important to note that induction of FAAH/FAAH2 has 

been reported to be associated with pro-inflammatory signalling (Calder, 2014). 
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A          B 

 

 
Figure 2.31: Predicted functional networks for the 48 HuChrX associated transcripts clustered together in two independent functional 
networks 
Graphical representation of predicted functional relationships overlaid with the significantly differentially expressed transcripts of HuChrX associated. Red 
indicates up regulated, green down regulated and white molecules not significantly differentially expressed but essential to network interaction. Orange suggests 
predicted activation and blue predicted inhibition interactions.  A) Network 1: Suggesting activation of the GABA receptor signalling pathway and involvement with 
neurological disease; B) Network 2: shows a network interaction of transcripts involved with cellular function and maintenance. 
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2.6.7 Independent qPCR validations 

The independent qPCR validation experiments were performed collectively with the samples 

that were included in the analyses presented in the next Chapters of this thesis.  The data are 

presented in Appendix C.   

To summarise, the HuExST1.0 array gene expression data were validated with independent 

qPCR analysis of eight selected significantly differentially expressed transcripts, HADHA, 

HMGCL, ACOX2, AWAT2, NDUFS2 and UXT using TaqMan hydrolysis probe chemistry gene 

expression assays.  The fold change of the six selected differentially expressed transcripts from 

the HuExST1.0 array experiment was compared with the fold change obtained with the 

independent qPCR analyses.  The data from triplicate experiments were analysed and the 

expression ratios of genes between the two groups (marginally MCC-deficient (MCC-like) and 

Controls) were calculated using the 2-ΔΔCt method (Livak et al., 1995; Livak & Schmittgen, 2001).  

The expression profiles of these two independent datasets confirmed one another  

 

2.7 Discussion  

In this Chapter the results of an investigation of the first evidence of MCC-deficiency detected in 

four males in South Africa is presented.  The metabolite profile, indication of heritability, enzyme 

studies and in vivo L-leucine loading suggested that they have marginal MCC-deficiency.  

Overall, the biochemical, enzymatic and genetic profile of NWU001 and NWU002 seemed 

similar to that of a group of previously described patients with partially reduced MCC activity 

(Morscher et al., 2012).  Sequencing of the coding region revealed that NWU001 and NWU002 

did not share a common MCC genotype.  A common genotype is expected to occur in one 

family that could explain the partial impaired enzyme; in this study a common genotype was not 

found.  Therefore, follow-up studies are needed to further investigate whether a common 

variation in either of the MCC genes occur or not.  As well as to further investigate the functional 

characteristics of the shorter MCCC2 isoform-2 detected in NWU002, which lacks exon 7, to 

better understand the impact of this heterozygous genetic variation.  The mutation analyses in 

this point of time suggests that the possibility that the phenotypic findings might be unrelated to 

this enzyme.   In addition to the usual biochemical work-flow, we generated a transcriptome 

from cultured skin fibroblasts of the two marginally MCC-deficient South African patients, 

NWU001 and NWU002, and two control adult individuals.  The differentially expressed 

transcripts and secondary signalling responses were inspected for clues to the 

pathomechanism that might affect the MCC-deficiency phenome.  Two important observations 

from this transcriptome support the notion that secondary factors other than the MCC loci 

impact on the presentation of MCC-deficiency.  Firstly, both MCC transcripts, MCCC1 and 
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MCCC2, were not significantly differentially expressed.  Secondly, the finding that the vast 

majority (>90 %) of the significantly differentially expressed transcripts are still poorly annotated 

also seems to suggest a role of as yet unknown transcripts in this disorder.   

Although the number of arrays analysed in this study was very limited and could raise concerns 

regarding over-interpretation and bias, the underlying molecular interaction networks and 

associated differentially expressed transcripts confirm and extend results from various previous 

studies on MCC-deficiency.  Similar to the transcriptome of the clinically severely MCC-deficient 

skin fibroblast cells presented in Chapter Three, and the neurological studies on the cerebral 

cortex of young rats (Wajner et al., 2004; Sirtori et al., 2005; Leipnitz et al., 2008; Ribeiro et al., 

2011; Wajner & Goodman, 2011; Moura et al., 2012; Botta et al., 2013; Zanatta et al., 2013; 

Sitta et al., 2014), this marginally MCC-deficient skin fibroblast transcriptome also had a genetic 

footprint suggestive of partial mitochondrial dysfunction, oxidative stress and disruption of 

energy homeostasis.  Transcripts of mitochondrial respiratory chain complexes I, II and IV were 

significantly differentially expressed (Supplementary table 2.2) affecting the OXPHOS system 

(NDUFS2, SDHD, MT-CO1/COX1, COX6 and COX17).  This result correlates with the finding 

that the metabolites, MCG and MCA, inhibited mitochondrial respiratory chain complexes II and 

III in vitro in rat brain homogenates (Moura et al., 2012) and could induce lipid and protein 

oxidative damage (Leipnitz et al., 2008; Moura et al., 2012; Zanatta et al., 2013).     

Both the complete set of 1277 and the subset of 48 HuChrX-associated differentially expressed 

transcript IDs indicated increased inflammatory signalling responses and impaired cellular 

maintenance and repair activity that could imply compromised membrane integrity (Figure 2.32, 
Table 2.11).  It is important to note that persistent oxidative stress, in addition to an already 

compromised membrane repair capacity, could severely affect membrane integrity.  Membrane 

integrity homeostasis is a highly regulated and complex machinery that impacts on lipid and 

bioactive lipid signalling through the activation of a phospholipase interaction network (Calder, 

2014).  A striking and perhaps important observation that could aid in elucidating the underlying 

X-linked contribution to marginal MCC-deficiency, was the significant up regulation of the 

FAAH2 (fatty acid amide hydrolase variant 2), a transcript of the anandamide degradation 

canonical pathway.  The control of FAAH/FAAH2 expression was reported to have promising 

therapeutic value to control inflammatory-related clinical symptoms (Calder, 2014).  Induction of 

the FAAH2 transcript implies a possible activation of the hydrolase activity converting 

anandamide to arachidonic acid (AA) and ethanolamide, and thus contributes to the activation 

of the biosynthesis of pro-inflammatory bioactive lipids (Calder, 2014).  The overexpression of 

fatty acid amide hydrolases can compromise innate immunity in Arabidopsis (Kang et al., 2008).  

Furthermore, inhibition of FAAH/FAAH2 seems to normalise cardiovascular function in 

hypertensive rats, as well as normalise endotoxin-induced enhanced gastrointestinal motility in 
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mice (Bashashati et al., 2012).  Strong associations have been made between aberrant 

regulation of FAAH/FAAH2 and alcohol and substance dependency, as well as obesity 

(Naughton et al., 2013).  The overexpression of FAAH/FAAH2 also associates with sleep 

deprivation (Divito & Cascio, 2013), as well as cholesterol level maintenance (Kaczocha et al., 

2012).  Incidentally, the index patient, NWU001, experienced a number of symptoms which 

seem to correlate with the transcriptome footprint and above-mentioned literature.  Another 

reason for the specific interest in FAAH2 with regard to the unravelling of the underlying 

molecular pathomechanism of MCC-deficiency is that NWU001 and NWU002 both had notably 

high blood triglyceride levels but only slightly reduced HDL, normal LDL and borderline elevated 

cholesterol levels.  This might be a coincidence, but if not, could be an indicator for predicting 

and monitoring the development of disease and should be further investigated.   

A number of phospholipase family 2 (PLA2) transcripts were also differentially expressed.  

These enzymes have multiple functions in membrane phospholipid maintenance, homeostasis 

and the production of lipid mediators (Dennis, 2000a).  The PLA2 family releases fatty acids 

from the sn-2 position of the membrane phospholipids (Murakami et al., 2011).  Since the sn-2 

position of phospholipids consists mainly of AA, docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA), fatty acids are released to the cell (Sun et al., 2010) by the 

activation of specific PLA2 enzymes.  Increased cellular AA enables the bioactive lipid signalling 

metabolism to synthesise pro-inflammatory eicosanoids (Dennis, 2000a) or be recycled into 

phospholipid by an acyltransferase (Ryan et al., 2014).  The PLA2 family consists of six 

subtypes, of which cPLA2 is AA-specific, whereas iPLA2 seems to be DHA-specific (Sun et al., 

2010; Quach et al., 2014).  The marginal MCC-deficiency transcriptome, however, showed 

differential expression of the cPLA2 transcripts, PLA2G2A, PLA2G4E, and PLA2G7, which 

suggests inhibition of the cPLA2 machinery, probably in an attempt to regulate the pro-

inflammatory signalling.  A prolonged inflammatory state causes cell damage and is associated 

with the pathogenesis of many diseases (Serhan & Petasis, 2011; Libby et al., 2014).  Also, 

cPLA2 seems to play a major role in lipid class switching (Norris et al., 2014) and is therefore 

considered an important decision maker for regulating inflammation.  The acute inflammatory 

process stays unresolved and develops into chronic inflammation when the pro-resolving 

mediators are not formed or are not functioning correctly.  Significant differential expression of 

other eicosanoid biosynthesis pathway-related transcripts GGT, PTGIR, PTGER4 and PTGES3 

was also observed.  The character of these transcripts predicted activation of PTGES2 

(cyclooxygenase-2, COX-2), which suggests activation of the lipid mediator biosynthesis 

pathway.  The enzymes encoded by PTGES genes are both pro- and anti-inflammatory lipid 

mediators.  However, the induction of GGT suggests elevated levels of leukotriene D4 and the 

suppression of PTGES3 suggests elevated levels of prostacyclin, which both have strong pro-

inflammatory properties (Savari et al., 2014).  Imbalances in eicosanoid metabolism signalling 
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have been detected in individuals with a weak tolerance for environmental factors and 

susceptibility to environmental stressors that often results in asthma (Pavord et al., 1999; 

Brightling et al., 2000; Levy et al., 2001; Levy et al., 2007), allergy, eczema (Lindskou & Hølmer, 

1992; Lattka et al., 2009; Glaser et al., 2011), arthritis (Korotkova & Jakobsson, 2014), as well 

as the development of cancer (Greene et al., 2011), and might also play a role in the 

development of non-specific symptoms of marginal MCC-deficiency.  Therefore, life-long 

monitoring of ROS levels of individuals with MCC-deficiency, along with the administration of 

antioxidants to prevent and manage deleterious secondary signalling responses, may be 

beneficial, as previously proposed (Wajner et al., 2004; Ribeiro et al., 2007; Leipnitz et al., 

2008; Ribeiro et al., 2011; Wajner & Goodman, 2011; Moura et al., 2012) (Figure 2.31).  
However, these findings and literature based evidence seem valuable and of interest, it is 

importance that future studies should include profiling of the associated lipid-derived mediators 

such as prostaglandins, leukotrienes and thromboxanes as well as some of the resolvins.   

The apparent X-linked inheritance of urinary HIVA and MCG in this family was intriguing 

because MCC-deficiency is an autosomal recessive inherited disease and there are no reports 

on an X-linked association.    Another indication of a possible HuChrX link in MCC-deficiency 

was the report wherein six of eight patients who presented with metabolites of MCC-deficiency, 

but for whom no MCC mutations could be detected, were males (Morscher et al., 2012).  The 

incidence of 3-methylglutaconic aciduria Type-I, another autosomal recessive disorder of the 

leucine catabolism, also seems to be higher in males than in females (Wortmann et al., 2012; 

Vockley et al., 2014).  The apparent HuChrX link in both MCC and MCGA-Type-I deficiencies 

could be coincidental, but should be further investigated.  Independent analyses of the subset of 

48 HuChrX transcripts showed a significant impact on the GABA interactome.  Although GABA 

receptors and signalling are tissue-specific, the activation and suppression of some of the 

GABA receptors specific for muscle function, organ and brain health in this skin fibroblast 

transcriptome could possibly underlie some of the non-specific, mild psychological and muscle-

related symptoms experienced by the index patient, NWU001.  Aberration of GABA signalling 

pathways is well characterised for neuron cells and associated with the development of 

psychological disease (Cherlyn et al., 2010).   

Upstream regulators with the most significant overlap between their target molecules and the 

significantly differentially expressed transcripts were closely inspected.  Interestingly, several 

downstream target genes of these regulatory factors are located on HuChrX.  The upstream 

regulator E2F had the most significant representation of target transcripts in this transcriptome, 

two of which are located on HuChrX.  The progesterone receptor membrane component 1 

(PCRMC1) is a protein-binding transmembrane receptor that regulates cholesterol, among other 

molecules.  Another HuChrX-encoded target molecule of the upstream E2F transcription 
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regulator is the ubiquitously expressed, prefolding-like chaperone (UXT).  This protein functions 

as a cofactor that modulates androgen receptor-dependent transcription.   

Therefore, to summarise the findings reported in this Chapter, it is not clear whether one could 

classify the two South African patients as MCC-deficient or not, especially since the result 

obtained could not absolutely confirm or exclude the deficiency.  The metabolic screen data 

together with the in vivo loading tests suggested a bottleneck in the leucine catabolism.  From 

the enzyme activity data it is evident that MCC is marginally reduced for both NWU001 and 

NWU002; however, no clear homozygous mutation or compound heterozygous mutations were 

found that could support and confirm MCC-deficiency.  The transcriptome data suggest that the 

two South African patients do have a transcriptional impact on the l-leucine degradation 

pathway via the ATP interactome.  Also, the inheritance pattern associated with the occurrence 

of the metabolites in other family members suggested a possible X-linked inheritance, which is a 

novel observation that has not yet been linked to this disorder.  It seems evident that the South 

African family might be one of the first families possibly presenting with an epigenetic condition 

that impacts MCC and mimics MCC-deficiency.  However, this certainly requires further study 

and thorough investigation. 

 

2.8 Chapter summary 

In summary, the metabolic screening of the index patient, NWU001, suggested that the patient 

presented with possible MCC-deficiency since elevated levels of urinary HIVA and MGC were 

detected.  The same metabolite profile was also identified in three additional male members of 

the family.  It was evident that no females in the family that volunteered to participate in the 

study had any of the metabolites present in their urine.  Unfortunately the absolute values from 

the metabolic screen for none of the females included in this study could be obtained from 

PLIEM, since all data collected from individuals with normal values were not available. Th 

pattern of abnormal MGC levels result points toward a possible X-linked inheritance association 

in this family.  .   Since MCC-deficiency is an autosomal recessive disease, an X-linked 

inheritance pattern was an unexpected finding.  The unexpected result supports the notion that 

the origin of the metabolites could be a result of the influences of factors other than the MCC 

loci and adds value to the knowledge base, suggesting that the factors have an associated X-

linked heritability.  Apart from the usual metabolic work-up to characterise MCC-deficiency in 

South Africa, the origin of the MCC-deficiency-related metabolites were further inspected by 

means of in vivo loading experiments.  The in vivo loading experiment data suggested that the 

metabolites most probably originate from the leucine degradation pathway but also seem to 

involve the hypothetical alternative leucine degradation pathway  However, it is a pity that no 
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plasma measurements were available and included in this study to support the findings and 

eliminate some speculative arguments. 

In line with the accumulation of intermediate metabolites, the MCC activity in fibroblasts of 

NWU001 and NWU002 was marginally reduced.  The marginally reduced enzyme activity could 

explain the accumulation of intermediate metabolites that give rise to the resulting urinary 

metabolite profile.  However, no homozygous or compound heterozygous mutations in the 

MCCC1 and MCCC2 open reading frames were identified that could explain the reduced MCC 

activities.  Furthermore, the whole-genome expression profiling data complemented the 

mutation analyses results, suggesting that no statistically significant difference was observed 

when comparing the gene expression of MCCC1 and MCCC2 from NWU001 and NWU002 with 

the expression of MCCC1 and MCCC2 of healthy controls.  Although much has been learned 

from the investigation of the first two South African patients that presented with urinary HIVA 

and MCG, how the expression of MCCC1 and MCCC2 in relation to MCC-deficiency is 

regulated is not yet understood. The study of a single family and the small number of biological 

replicates included could be argued as a weakness and therefore the findings from this study 

should be validated in other families and also more biological replicates should be included to 

eliminate some of the background noise which currently clutters some of the observations 

made.   

In the next Chapter, a whole-genome expression profile will be generated and characterised 

from immortalised cultured skin fibroblast cells established from well-documented and well-

characterised patients with clinically severe MCC-deficiency.  
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CHAPTER THREE 

III 

Whole-genome expression profiling of immortalised 3-methylcrotonyl-

CoA carboxylase deficient cultured skin fibroblasts 

3.1 Introduction  

Since isolated MCC-deficiency is the most frequently detected organic aciduria in newborn 

screening programmes, with an overall incidence as high as 1 in 36 000 newborns (Morscher et 

al., 2012), it is important to investigate further and to characterise the possible pathomechanism 

of this disorder. It is evident that the clinical presentation of isolated MCC-deficiency is 

heterogeneous, ranging from asymptomatic to life-threatening episodes.  Total loss of energy, 

hypoglycaemia, muscle weakness and hypotonia are often reported in cases where isolated 

MCC-deficiency is suspected (Murayama et al., 1997; Visser et al., 2000; Sweetman & Williams, 

2001; de Kremer et al., 2002; Baykal et al., 2005; Darin et al., 2007; Arnold et al., 2008; Dirik et 

al., 2008; Eminoglu et al., 2009; Grunert et al., 2012; Morscher et al., 2012).  

The organic acid profile of isolated MCC-deficient patients typically includes elevated levels of 

urinary 3-methylcrotonic acid (MCA), 3-methylcrotonylglycine (MCG) and 3-hydroxyisovaleric 

acid (HIVA).  The metabolites associated with MCC-deficiency, MCA and MCG, have been 

shown to disrupt energy homeostasis and cause lipid peroxidation in the cerebral cortex of 

young rats (Ribeiro et al., 2007; Leipnitz et al., 2008; Ribeiro et al., 2011; Moura et al., 2012; 

Zanatta et al., 2013).  However, the underlying molecular interactions and mechanisms that give 

rise to the pathogenesis resulting from impaired MCCC1 and/or MCCC2 expression have not 

yet been elucidated.  Apart from extensive mutation analyses of the MCCC1 and MCCC2 genes 

encoding 3-methylcrotonyl-CoA carboxylase (EC 6.4.1.4) and one exome sequencing study 

(Shepard et al., 2014), data on MCC-deficiency gene expression studies in human tissues are 

lacking. For IEM, unbiased „-omics‟ approaches are starting to reveal the secondary cellular 

responses to defects in biochemical pathways. For IEM in general, even though the disorders 

are generally caused by a single deficient enzyme, there is an increasing awareness of the 

complexity of the diseases (Scriver, 2004a). The first applications of „omics‟ approaches to IEM 

are beginning to reveal the impact of the primary biochemical defect on the secondary cellular 

response (Touw et al., 2014).   

In Chapter Two, a South African family with marginally reduced MCC activity and possible 

MCC-deficiency was described.  The metabolic profiles of the affected family members 
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suggested MCC-deficiency whereas the mutation analyses and whole-genome expression 

profile suggested that both MCCC1 and MCCC2 were intact and not significantly differentially 

expressed when compared with controls.  It was therefore important to generate and describe a 

transcriptome from confirmed and well-described patients who are clinically severely affected to 

further characterise and understand the highly variable and heterogeneous nature of MCC-

deficiency.  

Therefore, a whole-genome expression profile was generated from immortalised skin fibroblast 

cultures established from well-documented and confirmed MCC-deficient patients by using the 

same Affymetrix®HuExST1.0 GeneChip arrays that were described in the previous Chapter.    

 

3.2 Experimental design and aims 

The aim of the research presented in this Chapter was to establish and characterise a whole-

genome expression profile of MCC-deficiency using immortalised cultured skin fibroblasts.  This 

aim was addressed through specific objectives: 

I. To generate transcriptomes from immortalised 3-methylcrotonyl-CoA carboxylase-

deficient skin fibroblast cultures established from well-documented 3-methylcrotonyl-CoA 

carboxylase-deficient patients as well as control individuals 

II. To generate a list of significantly differentially expressed transcripts by comparing the 

immortalised 3-methylcrotonyl-CoA carboxylase-deficient transcriptome with the 

transcriptome generated from immortalised skin fibroblast cultures of controls 

III. To investigate, characterise and study the functional interaction network of MCCC1 / 

MCCC2 transcripts 

IV. To investigate the underlying molecular interactions involved in 3-methylcrotonyl-CoA 

carboxylase deficiency  

V. To investigate the secondary cellular response that impacts the oxidative 

phosphorylation system and causes mitochondrial dysfunction 

The whole-genome expression profile of MCC-deficiency was generated using immortalised 

cultured skin fibroblasts obtained from clinically affected MCC-deficient patients.  A list of the 

significantly differentially expressed transcripts between the clinically severe and marginally 

MCC-deficient immortalised skin fibroblasts and healthy control immortalised skin fibroblasts 

was compiled.  The functional relationships between the significantly differentially expressed 
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transcripts as well as the functional interaction networks were further characterised.  Targeted 

analysis was performed for further characterisation of the MCCC1/MCCC2 molecular interaction 

network and secondary cellular response that impact the oxidative phosphorylation system and 

impact on mitochondrial function.  Figure 3.1 summarises the experimental approach that was 

followed to establish a whole-genome expression profile of MCC-deficiency, using immortalised 

skin fibroblasts.   

 

 

Figure 3.1: Diagrammatic representation of the experimental design  
Eight total RNA samples were prepared for hybridisation to the Affymetrix HuExST1.0 arrays.  MCCA001 
and MCCA002 are biological replicates of the MCC-deficient group and CON001 and CON002 are 
biological replicates of the control group.  Differential expression analysis was performed between  the 
MCC-deficient (n=6) and the controls (n=2). 

 

3.3 Methods 

3.3.1 Cell culture and immortalised skin fibroblast cell lines  

The two confirmed MCC-deficient immortalised skin fibroblast cultures used in this study were 

obtained from Prof. Dr Matthias Baumgartner, Division of Metabolism, University Children‟s 

Hospital, Zurich, Switzerland. These fibroblast cultures were specifically selected because they 

were the only ones in the collection that had a similar MCC-deficiency-causing mutation in two 
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different patients.  In this study, the two MCC-deficient cell lines MCC010 (Tsai et al., 1989; 

Baumgartner et al., 2001) and MCC013 (Dantas et al., 2005), are referred to as MCCA001 and 

MCCA002, respectively.  The MCC activity in these cell lines was previously reported to be less 

than 2 % of control values (Tsai et al., 1989; Baumgartner et al., 2001; Dantas et al., 2005) and 

confirmed MCC-deficiency in the patients from whom these cells were obtained.  MCCA001 

(MCC010) has a homozygous mutation c.1263dupG, p.Q421AfsX10 in MCCC1, whereas 

MCCA002 (MCC013) is heterozygous for the mutation c.1263dupG / c.1682-3A>G, 

p.Q421AfsX10 / p.N561KfsX10 in MCCC1 (Baumgartner et al., 2001; Dantas et al., 2005). No 

mutations were present in the MCCC2 gene of both these fibroblast cell lines.  Two 

immortalised human skin fibroblast cell lines from healthy adults were generated for this study 

(Litzkas et al., 1984) and included as controls (CON001 and CON002).  These cell lines had 

normal carboxylase activities (MCC and propionyl-CoA carboxylase, PCC) and sequencing 

confirmed that there were no mutations in either MCCC1 or MCCC2.  The fibroblast cell cultures 

were maintained and propagated as monolayers in Amniochrome system II® medium (Lonza) 

supplemented with 0,125 mg/ml Penicillin/Streptomycin (Lonza) and 0,256 mg/ml Gentamycin 

(Lonza).  Cells were grown as monolayers until they reached 80 – 90 % confluence.  At the time 

of harvesting for RNA extraction, the MCC-deficient and control cell lines had similar passage 

numbers.  Cells were then washed twice with phosphate-buffered saline (PBS, Sigma-Aldrich) 

before total RNA extraction was performed.   

3.3.2 Total RNA extraction and RNA quality assessment 

Total RNA was isolated using the RNeasy® mini kit (Qiagen) according to the manufacturer‟s 

protocol.  No additional DNase digestion was done.  The yield, quality and integrity of the total 

RNA preparation was assessed according to the integrity of 28 S rRNA and 18 S rRNA, as well 

as RNA integrity number (RIN) value using a NanoDrop® 1000 Spectrophotometer and Agilent 

Bioanalyzer 2100 (Appendix B).   

3.3.3 Human Exon ST1.0 array preparation  

The Affymetrix® GeneChip® Human Exon ST 1.0 (HuExST1.0) array was used for hybridisation 

(Affymetrix).  In total, eight HuExST1.0 arrays were prepared: triplicate hybridisations of each of 

the MCC-deficient cell lines (MCCA001 and MCCA002, duplicate hybridizations from the same 

cultured cells from another experiment was included) and single hybridisations of the control cell 

lines (CON001 and CON002).  Hybridisation was done by the Affymetrix® service provider in 

South Africa, i.e. the Centre of Proteomic and Genomic Research (CPGR), Cape Town.  Total 

RNA from each sample with a RIN > 9 was fragmented, labelled, hybridised to HuExST1.0 

arrays and scanned according to Affymetrix® protocols and instructions (See Appendix B for 
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more details).  Output signal intensity data files (.CEL) were generated and assessed to ensure 

good quality output and analyses.  

3.3.4 Human Exon ST1.0 array data analyses and software 

3.3.4.1  Pre-processing and data quality control 

The data intensity files (.CEL files) received from CPGR were analysed using Affymetrix®  

Expression Console (Version 1.1, HuEx1-0-st-v2.na32.hg19) and Partek® Genomic Suite 

software (Version 6.1, Copyright, Partek Inc. St. Louis, MO, USA).  Pre-processing data quality 

control analyses were done by applying the robust multi-array average (RMA) normalisation 

method for background correction and using the core-meta probe set for annotation and quality 

control analyses (Irizarry et al., 2003; Affymetrix, 2014).  See Appendix B 

3.3.4.2 Significantly differentially expressed transcript IDs 

All data intensity files (.CEL) that passed the QC metric were uploaded with Partek® GS 

software (Version6.1, Copyright, Partek Inc. St. Louis, MO, USA).  The Affymetrix® full-meta 

probe set (HuEx1-0-st-v2.na32.hg19) was applied for annotation.  The full-meta probe set 

includes transcript IDs with well-defined annotation as well as predicted transcripts with no 

known gene association.  A list of differentially expressed annotated and predicted transcript 

IDs was generated by means of one way analysis of variance (ANOVA). The Benjamini and 

Hochberg false discovery rate (FDR) multi correction (Benjamini & Hochberg, 1995) was applied 

with a statistical confidence of 95 % (adjusted P < 0.05, FDR 5 %).  The significantly 

differentially expressed gene list includes the transcript IDs that met the filter criteria P < 0.05, 

FDR of 5 %. 

3.3.4.3 Functional analyses 

Ingenuity Pathway Analysis (IPA) software (Ingenuity® Systems, www.ingenuity.com, build 

version 212183, content version 14855783), was used to determine the functional relationships, 

predicted network associations, biological functions, canonical pathways, regulator-, co-

activator- and modifier genes, as well as toxicological association of the differentially expressed 

annotated transcript IDs in the list.  The analysis settings were limited to include annotated 

transcript IDs mapped to IPA molecules and endogenous chemicals in the dataset predicted to 

have direct, as well as indirect, knowledge-based relationships in H.sapiens.  

3.3.5 Statistical power analysis 

Statistical power analysis for 200 selected significantly differentially expressed transcripts 

considered as potentially performing key functions in the interaction networks, was performed in 

http://www.ingenuity.com/
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STATISTICA (StatSoft, Inc. (2014), version 12 (www.statsoft.com).  The two-sample 

independent t-test was applied to evaluate the differences in means of the summarised log2 

signal intensity of these transcript IDs of the control and the MCC-deficient groups.  The power 

statistic for accepting the findings as true was expressed as a percentage (%) with α =0.05. 

3.3.6 Quantitative real-time PCR validation 

Independent quantitative real-time PCR (qPCR) analysis was used to validate the gene 

expression results obtained from the HuExST1.0 array hybridisations. The same total RNA 

samples were used for both the array hybridisation and qPCR analyses.  An amount of 1 µg 

total RNA of each sample was reverse-transcribed using Cloned-AMV reverse transcriptase 

(Invitrogen).  The cDNA samples were diluted and 100 ng was used in each of the validation 

reactions, which were done in triplicate.  A 96 well Sybr-green based PCR array, (PAHS-029A, 

DNA damage and repair pathway focus array, SABioscience) and two TaqMan® hydrolysis 

probe chemistry-based gene expression assays MCCC1 (Hs00220127_m1) and MCCC2 

(Hs01075819_m1) were selected.  Amplification was done as proposed by the manufacturer, 

using the ABI 7500 system.  Quantification cycle (Cq) values were determined for each sample 

using the comparative Cq method.  Relative gene expression ratios were normalised to the 

reference genes 18S rRNA and hypoxanthine phosphoribosyltransferase 1 (HPRT1) for 

TaqMan® chemistry and HPRT1, β-Actin (ACTB) and Beta-2-microglobulin (B2M) for the Sybr 

green based PCR arrays.  Relative mRNA expression was represented as the fold change of 

the target group (MCC-deficient) over the calibrator sample (Control).  The calibrator sample 

was defined as the mean expression of samples and replicates of the control group.  Relative 

gene expression changes were calculated according to the 2-ΔΔCt method (Livak et al., 1995; 

Livak & Schmittgen, 2001).  See Appendix C for more detail. 

 

3.4 Results 

A whole-genome expression profile of MCC-deficiency was obtained from four immortalised 

human skin fibroblast cell lines by comparing the gene expression of two biological MCC-

deficient cell lines (MCCA001 and MCCA002) with the same frameshift mutation in exon 10, 

one homozygous and the other heterozygous, resulting in the amino acid change Q421A, with 

two control cell lines (CON001 and CON002).  Good quality total RNA, which passed the quality 

assessment with a minimum requirement of RNA integrity (RIN>9) and 28S:18S rRNA ratio of 

1.9, was prepared.  In total, eight HuExST1.0 arrays, triplicate hybridisations of each of 

MCCA001 and MCCA002 and single hybridisations of CON001 and CON002, were generated. 

Because of the lack of more similar MCC-deficient immortalised fibroblast culture samples, 

http://www.statsoft.com/
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three technical repeat hybridisations of MCCA001 and MCCA002 RNA were performed to 

increase the robustness of the dataset.    

3.4.1 Data analyses  

The data intensity files (.CEL files) were imported to Affymetrix® EC software. All arrays passed 

the quality control metrics and were included in the analyses.  Data intensity files were imported 

into Partek® GS software where normalisation and background correction of all eight arrays was 

done.   

3.4.1.1 Significantly differentially expressed transcript IDs 

The normalised and corrected dataset was used to select the statistically significantly 

differentially expressed transcript IDs for MCC-deficiency.  The list was generated with one-way 

ANOVA with a multi-corrected statistical confidence of 95 % (P<0.05, FDR of 5 %).  The list of 

significantly differentially expressed transcript IDs consisted of 16919 transcript IDs, of which 

3591 have well-defined annotations and 13220 transcript IDs have no known or poorly defined 

gene associations (Supplementary Table 1).  Of the 16919 significantly differentially expressed 

transcript IDs, 10475 were up regulated (923 with known gene annotation and 9552 with 

unknown gene association) and 6444 were down regulated (2778 with known gene annotation 

and 3666 with unknown gene association).  The expression of both MCCC1 and MCCC2 was 

significantly down regulated (MCCC1, 2.4-fold, P = 1.30 x 10-4; MCCC2, 1.6-fold, P = 1.34 x 10-

4).  Although the general accepted practise is to further filter the list of differentially expressed 

transcripts to include only those transcripts that had a fold change of ±1.2 for pathway analysis, 

all transcripts with a statistically significantly differential expression were included. 

3.4.1.2 Functional analyses 

The translation and correlation of the molecular interactions to metabolic and clinical profiles of 

most IEM is still poorly understood. Since the sample numbers in this study was low, we tried to 

guard against over-interpretation by specifically focussing only on the findings that were 

significant and very clear from the analyses. Therefore, the functional analysis approach which 

was followed here was to inspect and interpret the differentially expressed gene list to make 

biological sense of the underlying molecular interactions and start to integrate the various 

characteristic profiles of MCC-deficiency.  

The list of 16919 significantly differentially expressed transcript IDs was imported to IPA (build 

version 212183, content version 14855783). Only 3591 of the transcript IDs (Supplementary 
Table 2) were annotated and mapped to molecules in the knowledge database of IPA. These 

3591 transcript IDs or IPA molecules had known functional relationships, predicted network 
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associations, biological functions, canonical pathways, regulator, co-activator and modifier 

genes as well as toxicological association in the knowledge database.  The majority of transcript 

IDs (13328 IDs) did not map to any IPA molecules or any known functional association and 

were therefore excluded from all further functional analyses. The predicted functional networks 

represented by the list of 3591 transcript IDs were algorithmically generated based on their 

connectivity.  The top 25 predicted molecular networks were associated with disease and 

functions which included hereditary disorder, metabolic disease, nervous system development 

and function, carbohydrate, amino acid, lipid, drug and energy metabolism as well as molecular 

transport association (Supplementary Table 3).   

3.4.1.2.1 MCCC1 and MCCC2 interaction networks 

The two MCC genes, MCCC1 and MCCC2, clustered with independent networks associated 

with different disease associations and biological functions.  MCCC1 clustered with network 2 

(developmental disorder, hereditary disease and metabolic disease) and MCCC2 with network 

15 (cellular development, cellular growth and proliferation, haematological systems 

development and function).  The probability of these genes clustering with the associated 

networks by chance was very low, P = 29 x 10-10 for MCCC1 and P = 27 x 10-10 for MCCC2.  

Since the MCC apo-enzyme is comprised of two non-identical subunits that assemble into a 

α6β6 hetero-dodecamer (Leon-Del-Rio & Gravel, 1994; Rodriguez-Melendez et al., 2001; Murin 

et al., 2006; Grunert et al., 2012) the two independent MCCC1 and MCCC2 associated 

networks were merged (Figure 3.2, Supplementary Table 4).   

The cluster of genes in the merged MCCC1/MCCC2 network seemed to suggest that the 

upstream regulators ERBB2 and KITLG could be involved with the regulation of the predicted 

molecule associations since there was a significant number of molecules regulated by these 

modifier genes present in the merged network (ERBB2, P = 1.75 x 10-11 and KITLG, P = 1.10 x 

10-3 respectively). Although no canonical pathway was significantly over represented within the 

merged network, transcripts involved with leucine catabolism (MCCC1, MCCC2), the pentose 

phosphate pathway (PGLS), acetyl-CoA biosynthesis (PDHA1) and glycolysis / 

gluconeogenesis (PGK1) canonical pathways were present.  Transcripts encoding proteins 

involved in carbohydrate metabolism (MTMR9, GNPDA1, ABHD5, PGLS, ERBB2, KITLG) as 

well as transcripts of the EIEF2, mTOR and iNOS signalling pathways (RPS10, RPS23, 

HMGA1) were also observed to be present in the merged MCCC1 and MCCC2 molecular 

network of significantly differentially expressed genes.  
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Figure 3.2: Merged functional networks 2 and 15 of differentially expressed transcripts 
associated with MCCC1 and MCCC2 in MCC-deficient human skin fibroblasts  
Graphical merged representation of molecules in the transcriptome network of MCC-deficiency, showing 
up- and down regulated expression between MCC-deficient skin fibroblasts and controls.  Individual 
nodes are molecules with relationships represented by edges.  Molecules are colour coded according to 
gene expression: red indicating down regulation, green indicating up regulation and white indicating no 
significant difference in expression but a definite relationship to other significantly differentially expressed 
molecules in the network.  Arrows indicate directional relationships. 

 

3.4.1.2.2 Oxidative phosphorylation system and reactive oxygen species regulation 

A particularly noticeable feature throughout the functional analyses of the 3591 annotated 

transcripts mapped to IPA molecules was the association with the mitochondrion, mitochondrial 

health, function, and associated metabolism.  Altered expression of genes known to affect and 

regulate mitochondrial function was also noted.  The mitochondrial transcription factor A (TFAM) 

which controls the mtDNA copy number (Ekstrand et al., 2004) was 2.05-fold down regulated (P 

= 9.49 x 10-4).  Four transcripts related to autophagy seemed to be suppressed, ATG12 (1.77-

fold down regulated, P = 1.45 x 10-3), ATG3 (1.51-fold down regulated, P = 1.78 x 10-3), ATG4D 
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(1.37-fold down regulated, P = 1.80 x 10-3) and ATG16L1 (1.56-fold down regulated, P = 5.11 x 

10-11).  Furthermore, of the approximately 147 transcripts known to contribute specifically to 

mitochondrial dysfunction, 30 % (44/147, P = 6.95 X 10-5) were differentially expressed within 

this data set and 45 % (9/20, P = 3.23 X 10-3) of mitochondrial biogenesis transcripts were also 

significantly differentially expressed (Figure 3.3).   

Twenty nine nuclear DNA encoded OXPHOS-associated transcripts were down regulated. Ten 

of the 29 down regulated nuclear DNA encoded OXPHOS transcripts were associated with 

complex I (NDUFA1, NDUFA5, NDUFA11, NDUFA13, NDUFB2, NDUFB6, NDUFB7, NDUFB9, 

NDUFS3 and NDUFS7), two with complex II (SDHA and SDHC), two with complex III   (UQCRQ 

and UQCRH), six with complex IV (COX5A, COX5B, COX7A2, COX7B, COX7C and COX15) 

and nine with complex V (ATP5A1, ATP5B, ATP5C1, ATP5D, ATP5F1, ATP5G1, ATP5G2, 

ATP5G3, ATP5J).  Other mitochondrial dysfunction-related transcripts that were down regulated 

include MAOA, PINK1, MIRO2/RHOT2, DHOH, PDHA, GRX2, GPX4, CYTC, DJ-1, PRX3 as 

well as the gamma secretase complex, PSEN-1, APH1B and APH-1 transcript.  The majority of 

differentially expressed OXPHOS-associated nuclear encoding genes were down regulated.  

The nuclear encoded gene, PINK, was the only up regulated significantly differentially 

expressed gene associated with mitochondrial dysfunction.  Only one of the 13 structural 

mitochondrial DNA encoded genes (the complex I transcript ND5) was 1.76-fold up regulated, P 

= 2.23 X 10-4, (Figure 3.3). 

To further assess disruption of energy homeostasis, the presence and status of transcripts 

involved in the OXPHOS system, ROS regulation and other mitochondrion-related processes 

were inspected.  Altered expression of transcripts of the OXPHOS system suggested 

mitochondrial dysfunction.  The activity of Na+/K+ -ATPase and creatine kinase (CK) indicates 

whether disruption of energy homeostasis persists and whether ROS production occurs or not, 

since they are highly susceptible to free radical attack (Lees, 1993; Wolosker et al., 1996; 

Kurella et al., 1997; Konorev et al., 1998; Kamboj et al., 2009).   
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Figure 3.3:  Graphical representation of mitochondrial dysfunction reflected by the transcriptome of MCC-deficient human skin 
fibroblasts.   
Significantly differentially expressed molecules detected in the transcriptome of MCC-deficient skin fibroblasts showing up and down regulated expression of 
transcripts associated with mitochondrial dysfunction.  Molecules are colour coded according to gene expression: red indicating down regulation, green indicating 
up regulation and white indicating molecules with no significant difference in gene expression but with an association with mitochondrial function. 
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The Na+/K+ -ATPase is composed of two subunits, a large catalytic subunit (alpha) and a 

smaller glycoprotein subunit (beta). The beta subunit regulates the number of sodium pumps 

transported to the plasma membrane and is encoded by multiple genes (ATP1B1, ATP1B2, 

ATP1B3, and ATP1B4).  One of the genes coding for one of the Na+/K+ -ATPase beta subunits, 

ATP1B3, seemed to be significantly differentially expressed in the MCC-deficiency whole-

genome expression profile (2.26-fold down regulated , P = 4.36 x 10-4).  

None of the transcripts encoding the catalytic alpha subunit (ATP1A1, ATP1A2, ATP1A3, and 

ATP1A4) was significantly differentially expressed.  Brain specific creatine kinase (CKB, 1.58-

fold down regulated, P = 4.25 x 10-4) was  significantly differentially expressed, but the 

expression of none of the other tissue specific creatine kinase transcripts (CKM, CKBE, 

CKMT1A, CKM1B, CKMT2) was significantly altered in the MCC human fibroblast 

transcriptome. The significantly differentially expressed transcripts associated with the OXPHOS 

system, as well as those transcripts associated with oxidative stress, lipid peroxidation, reactive 

oxygen species (ROS) production, and energy homeostasis, are summarised in 

Supplementary Table 5. 

3.4.1.2.3 Canonical pathways 

To explore specific canonical pathways related to the significantly differentially expressed 

transcripts represented in the dataset, a dataset overlay with all known canonical pathways 

listed with IPA was done.  A considerable number of significantly differentially expressed 

transcripts coding for proteins involved with glycolysis (PFKM, PFKP, ALDOA, GAPDH, PGK1, 

ENO1), the tricarboxylic acid cycle (MDH2, CS, IDH3B, IDH3G, DLST, SUCLG1, SDHA, SDHC, 

FH, OGDHL), gluconeogenesis (ALDOA, GAPDH, PGK1, ENO1, MDH2, ME1), b-oxidation 

(SLC27A4, SLC27A3, IVD, ECI1, HADHA, HADHB) and branched-chain amino acid metabolism 

(ALDH6A1, DBT, HADHA, HADHB, IVD, MCCC1, MCCC2) were observed (Table 3.1).   

The xenobiotic metabolism signalling pathway seemed to be altered and the pregnane X 

receptor (PXR) activation pathways were partially activated.  This non-specific xenobiotic 

receptor PXR/RXR activation coordinates protection against potentially toxic compounds by 

induction of the drug metabolising enzymes of the cytochrome P450 family.  The expression of 

three of the cytochrome P450 transcripts CYP2B1, CYP2B6, CYP2B10 known to be activated 

through the PXR/RXR pathway were significantly induced simultaneously (each one was 1.38-

fold up regulated, P = 3.143 x 10-3).  One other transcript under the control of the PXR/RXR 

pathway, stearoyl-CoA desaturase, also known as delta-9-desaturase, (SCD1), was also 

significantly differentially expressed (1.52-fold up regulated, P = 1.08 x 10-3) (Table 3.2).   
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Table 3.1:  Important canonical pathways and associated significantly differentially 
expressed transcripts in the MCC-deficient immortalised skin fibroblast 
transcriptome 

  
     

  Gene name / description Gene 
Symbol P Value Fold 

change * Entrez 
ID 

Branched-chain amino acid degradation pathway 
  aldehyde dehydrogenase 6 family, member A1 ALDH6A1 2.36E-03  1.82 1.82 4329 
  dihydrolipoamide branched-chain transacylase E2 DBT 4.11E-04 -1.91 -1.91 1629 

  hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-
CoA hydratase (trifunctional protein), αsubunit HADHA 2.72E-04 -1.82 -1.82 3030 

  hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-
CoA hydratase (trifunctional protein), βsubunit HADHB 3.36E-04 -1.76 -1.76 3032 

  isovaleryl-CoA dehydrogenase IVD 1.30E-04 -1.66 -1.66 3712 
  methylcrotonoyl-CoA carboxylase 1 (alpha) MCCC1 1.30E-04 -2.42 -2.42 56922 
  methylcrotonoyl-CoA carboxylase 2 (beta) MCCC2 1.35E-03 -1.64 -1.64 64087 
Fatty Acid B-oxidation 
  enoyl-CoA delta isomerase 1 DCI, ECI1 1.07E-04 -1.57 

-1.57 

1632 
  hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-

CoA hydratase (trifunctional protein), αsubunit HADHA 2.72E-04 -1.82 
-1.82 

3030 

  hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-
CoA hydratase (trifunctional protein), βsubunit HADHB 3.36E-04 -1.76 

-1.76 

3032 

  isovaleryl-CoA dehydrogenase IVD 1.30E-04 -1.66 
-1.66 

3712 
  solute carrier family 27 (fatty acid transporter), member 3 SLC27A3 7.31E-04 -1.30 

-1.30 

11000 
  solute carrier family 27 (fatty acid transporter), member 4 SLC27A4 2.48E-03 -1.68 

-1.68 

10999 
Gluconeogenesis pathway 
  aldolase A, fructose-bisphosphate ALDOA 5.88E-04 -1.45 

-1.45 

226 
  enolase 1, (alpha) ENO1 8.32E-06 -1.97 

-1.97 

2023 
  glyceraldehyde-3-phosphate dehydrogenase GAPDH 4.90E-04 -1.86 

-1.86 

2597 
  malate dehydrogenase 2, NAD (mitochondrial) MDH2 2.25E-03 -1.31 

-1.31 

4191 
  malic enzyme 1, NADP(+)-dependent, cytosolic ME1 9.03E-04  1.67 

1.67 

4199 
  phosphoglycerate kinase 1 PGK1 5.46E-07 -2.13 

-2.13 

5230 
Glycolysis pathway 
  aldolase A, fructose-bisphosphate ALDOA 5.88E-04 -1.45 

-1.45 

226 
  enolase 1, (alpha) ENO1 8.32E-06 -1.97 

-1.97 

2023 
  glyceraldehyde-3-phosphate dehydrogenase GAPDH 4.90E-04 -1.86 

-1.86 

2597 
  phosphofructokinase, muscle PFKM 1.60E-03 -1.36 

-1.36 

5213 
  phosphofructokinase, platelet PFKP 1.42E-03 -1.58 

-1.58 

5214 
  phosphoglycerate kinase 1 PGK1 5.46E-07 -2.13 

-2.13 

5230 
Tricarboxylic acid cycle (TCA) 
  citrate synthase CS 5.20E-04 -1.76 

-1.76 

1431 

  dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-
glutarate complex) DLST 2.82E-04 -1.33 

-1.33 

1743 

  fumarate hydratase FH 4.80E-04 -1.74 
-1.74 

2271 
  isocitrate dehydrogenase 3 (NAD+) beta IDH3B 1.94E-03 -1.58 

-1.58 

3420 
  isocitrate dehydrogenase 3 (NAD+) gamma IDH3G 8.22E-05 -1.57 

-1.57 

3421 
  malate dehydrogenase 2, NAD (mitochondrial) MDH2 2.25E-03 -1.31 

-1.31 

4191 
  oxoglutarate dehydrogenase-like OGDHL 1.29E-03  1.25 

1.25 

55753 
  succinate dehydrogenase complex, subunit A, flavoprotein (Fp) SDHA 2.21E-03 -1.47 

-1.47 

6389 

  succinate dehydrogenase complex, subunit C, integral 
membrane protein, 15kDa SDHC 1.85E-04 -1.49 

-1.49 

6391 

  succinate-CoA ligase, αsubunit SUCLG1 2.54E-05 -1.56 
-1.56 

8802 
* Heat map indicates up (RED) or down (GREEN) regulation of the corresponding differential 
expressed genes.Table 3.2: Significantly differentially expressed transcripts in the MCC-
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deficient immortalised skin fibroblast transcriptome associated with the Xenobiotic 
metabolism and PXR/RXR signalling  
 

  Gene name / description Gene Symbol P Value Fold 
change * Entrez 

ID 
Xenobiotic metabolism signalling 
  aldehyde dehydrogenase 16 family, member A1 ALDH16A1 4.22E-04 -1.32 -1.32 126133 
  aldehyde dehydrogenase 18 family, member A1 ALDH18A1 1.07E-03 -1.98 -1.98 5832 
  aldehyde dehydrogenase 6 family, member A1 ALDH6A1 2.36E-03 1.82 1.82 4329 
  carbohydrate sulfotransferase 10 CHST10 1.72E-03 -1.54 -1.54 9486 
  carbohydrate (chondroitin 4) sulfotransferase 13 CHST13 9.98E-04 -1.26 -1.26 166012 
  CREB binding protein CREBBP 7.33E-06 1.66 1.66 1387 
  cytochrome P450, family 2, subfamily B, polypeptide 6 CYP2B6 3.14E-03 1.38 1.38 1555 
  E1A binding protein p300 EP300 8.76E-04 1.88 1.88 2033 
  glutathione S-transferase pi 1 GSTP1 3.67E-04 -1.50 -1.50 2950 
  histone deacetylase 4 HDAC4 4.78E-04 -1.32 -1.32 9759 
  histone deacetylase 5 HDAC5 1.32E-03 1.47 1.47 10014 
  heparan sulfate (glucosamine) 3-O-sulfotransferase 3B1 HS3ST3B1 1.55E-03 -2.39 -2.39 9953 
  heat shock protein 90kDa alpha (cytosolic), class A member 1 HSP90AA1 4.22E-05 -2.36 -2.36 3320 
  heat shock protein 90kDa alpha (cytosolic), class B member 1 HSP90AB1 7.55E-05 -2.46 -2.46 3326 
  kelch-like ECH-associated protein 1 KEAP1 2.60E-03 -1.34 -1.34 9817 
  monoamine oxidase A MAOA 2.21E-03 -2.92 -2.92 4128 
  mitogen-activated protein kinase 7 MAP2K7 1.87E-03 -1.16 -1.16 5609 

  mitogen-activated protein kinase 2 MAP3K2 1.29E-03 -1.51 -1.51 10746 

  mitogen-activated protein kinase 6 MAP3K6 5.81E-04 -1.61 -1.61 9064 
  mitogen-activated protein kinase 9 MAP3K9 8.48E-04 2.47 2.47 4293 
  neuroblastoma RAS viral (v-ras) oncogene homolog NRAS 1.12E-03 -1.61 -1.61 4893 

  
phosphatidylinositol-4-phosphate 3-kinase, catalytic subunit type 
2 gamma PIK3C2G 1.12E-03 1.24 1.24 5288 

  phosphoinositide-3-kinase, regulatory subunit 4 PIK3R4 1.57E-03 -1.34 -1.34 30849 

  
peroxisome proliferator-activated receptor gamma, coactivator 1 
alpha 

PPARGC1A 2.75E-03 1.25 1.25 10891 

  protein phosphatase 2, catalytic subunit, alpha isozyme PPP2CA 8.17E-04 -1.77 -1.77 5515 
  protein phosphatase 2, regulatory subunit B, alpha PPP2R2A 1.41E-03 -2.00 -2.00 5520 
  protein kinase C, alpha PRKCA 6.49E-04 1.41 1.41 5578 
  protein kinase C, beta PRKCB 4.68E-04 1.25 1.25 5579 
  prostaglandin E synthase 3 (cytosolic) PTGES3 8.67E-05 -2.03 -2.03 10728 
  v-raf-1 murine leukemia viral oncogene homolog 1 RAF1 1.52E-04 -1.60 -1.60 5894 
  steroid receptor RNA activator 1 SRA1 4.62E-04 -1.71 -1.71 10011 

  
sulfotransferase family, cytosolic, 1A, phenol-preferring, member 
3 

SULT1A3 2.80E-06 -3.22 -3.22 

445329|
6818 

  UDP glucuronosyltransferase 2 family, polypeptide B15 UGT2B15 2.54E-03 -1.47 -1.47 7366 
Xenobiotic metabolism PXR/RXR pathway 
  cytochrome P450, family 2, subfamily B, polypeptide 1 CYP2B1 3.14E-03 1.38 

1.38 

1555 
  cytochrome P450, family 2, subfamily B, polypeptide 6 CYP2B6 3.14E-03 1.38 

1.38    cytochrome P450, family 2, subfamily B, polypeptide 10 CYP2B10 3.14E-03 1.38 
1.38  

  peroxisome proliferator-activated receptor alpha PPARA 9.71E-04 2.05 
2.05 

5465 

  
peroxisome proliferator-activated receptor gamma, coactivator 1 
alpha PPARGC1A 2.75E-03 1.25 

1.25 

10891 

  stearoyl-CoA desaturase (delta-9-desaturase) SCD 1.08E-03 1.52 
1.52 

6319 
* Heat map indicates up (RED) or down (GREEN) regulation of the corresponding differential expressed 
gene. 
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To identify the participating co-activator, modifier, master and upstream regulator genes 

involved in this coordinated regulation and co-expression of transcripts in the MCC-deficient 

transcriptome, the number of target genes within the dataset predicted to be associated with 

known upstream regulators were analysed (Supplementary Table 6).  The co-activator, 

peroxisome proliferator activated receptor gamma 1 (PPARGC1α), was significantly induced 

(1.25-fold up regulated, P = 2.75 x 10-3) which affected the response of a number of 

downstream target genes.  The PPARGC1α-associated genes differentially expressed within 

the dataset is summarised in Figure 3.4.   

 

Figure 3.4: Graphical summary of the PPARGC1α co-activation network in the 
transcriptome of MCC-deficient skin fibroblasts.   
An overlay of significantly differentially expressed molecules in the transcriptome of MCC-deficient human 
skin fibroblasts that are co-activated by PPARGC1α with canonical pathways listed in the Ingenuity 
Pathway Analysis knowledge database software.  Individual nodes represent molecules with known 
relationships with PPARGC1α.  Arrows indicate directional relationships.  Molecules are colour coded 
according to gene expression: red indicating down regulation and green indicating up regulation.   
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The master regulator hypoxia inducible factor 1, alpha subunit (HIF1α) was significantly (P = 

1.30 x 10-2) 1.75-fold down regulated and affects a considerable number of target genes that 

were differentially expressed in the dataset.  HIF1α regulation in MCC-deficiency is depicted in 

Figure 3.5.   

 
Figure 3.5:  Graphical summary of the HIF-1α co-activation network in the 
transcriptome of MCC-deficient human skin fibroblasts.   
An overlay of significantly differentially expressed molecules in the transcriptome of MCC-deficient human 
skin fibroblasts that are regulated by HIF1α with canonical pathways listed in the Ingenuity Pathway 
Analysis knowledge database software. Individual nodes represent molecules with known relationships 
with HIF1α represented by edges.  Arrows indicate directional relationships. Molecules are colour coded 
according to gene expression: red indicating down regulation and green indicating up regulation.   
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There was also a high confidence of differentially expressed genes with known association with 

the upstream regulator hepatocyte nuclear factor 4 alpha (HNF4α, P = 3.59 x 10-23) present in 

the dataset.  A summary of HNF4α regulation and associated canonical pathways is depicted in 

Figure 3.6. 

 

 

Figure 3.6: Graphical summary of HNF4A regulation in the transcriptome of MCC-
deficient human skin fibroblasts.   
An overlay of significantly differentially expressed molecules in the transcriptome of MCC-deficient human 
skin fibroblasts that are regulated by HNF4α with canonical pathways listed in the Ingenuity Pathway 
Analysis knowledge database software.  Individual nodes represent molecules with relationships 
represented by edges.  Arrows indicate directional relationships.  Molecules are colour coded according 
to gene expression: red indicating down regulation, green indicating up regulation and white indicating no 
change in gene expression between the two groups. 

 

3.4.2 Power analysis of selected significantly differentially expressed transcripts 

To assess the risk of over interpretation due to the small number (n=2) in each group, the power 

to accept findings relating to specific transcripts as true discoveries, was calculated.  The power 

statistic for the 200 selected possible key differentially expressed transcripts ranged between 33 

% and 100 % (Supplementary Table 7).  The power statistic for majority of transcripts was >60 

% (128/200; 64%), 37 % (74/200) had power between 80-60 % and 27 % (54/200) of the 
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transcript IDs had >80 % power, which is generally accepted as sufficient to accept the findings 

as true discoveries.  The median power was 65 %, the power of MCCC1 was 89 %, that of 

MCCC2 56 %.  Transcripts with sufficient and weaker power were distributed equally across all 

targeted canonical pathways and did not seem to affect the overall functional network outcome.  

3.4.3 Independent qPCR validations 

The differential expression of the MCCC1 and MCCC2 genes was validated using TaqMan® 

hydrolysis probe chemistry gene expression assays.  Since the main purpose was to validate 

the transcriptome results from the microarray data with another method, we considered it best to 

do so using the exact same RNA sample for qPCR. A 96-well Sybr green based PCR focus 

array, DNA damage and repair pathway (PAHS-029A, SABioscience) was used to validate 

differentially expressed transcripts identified from the HuExST1.0 arrays.  This 96-well array 

includes primer sets for the simultaneous amplification of 81 target genes.  Of these, 11 

overlapped with genes that were significantly differentially expressed in the MCC-deficient 

immortalised skin fibroblasts.  The expression of the remaining genes included in this array 

(PAHS-029A, SABioscience), were unchanged between the MCC-deficient and control groups 

in the HuExST1.0 array experiment and thus not relevant to these qPCR validations.  The fold 

change of the selected transcript IDs from HuExST1.0 arrays was compared with the fold 

change obtained with the independent qPCR analyses.  The gene expression data was 

validated and the expression profile of the two independent data sets confirmed the differentially 

expression data obtained (Appendix C).  The differences between the absolute values of the 

two data sets is due to the nature of the two experimental approaches relying on different probe 

sets, design and methods (Morey et al., 2006; Git et al., 2010).  

3.5 Discussion  

The clinical, biochemical, and enzymatic characterisation of MCC-deficiency have been well 

documented. However, apart from extensive mutation analyses of the MCCC1 and MCCC2 

genes encoding 3-methylcrotonyl-CoA carboxylase (EC 6.4.1.4), gene expression studies on 

MCC-deficiency are still lacking. Recent neurochemical studies indicated that the metabolites 

MCG and MCA that accumulate in MCC-deficiency can cause lipid and protein oxidative 

damage in the cerebral cortex of young rats.  It was proposed that mitochondrial dysfunction, 

inhibition of mitochondrial Na+/K+-ATPase activity and induction of reactive species (ROS) could 

possibly contribute to the cerebral symptoms and abnormalities associated with MCC-deficiency 

(Ribeiro et al., 2011; Zanatta et al., 2013).   

In this study, the first whole-genome expression profile of the only documented immortalised 

cultured skin fibroblast cells of two clinically affected MCC-deficient patients with the same 
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frameshift mutation in exon 10 (Tsai et al., 1989; Baumgartner et al., 2001; Dantas et al., 2005; 

Grunert et al., 2012)  [and two normal healthy individuals were generated using HuExST1.0 

arrays from Affymetrix®.  Comparative data analysis was done to obtain a significantly 

differentially expressed gene list.  The gene list contained 16191 significantly differentially 

expressed transcript IDs (P < 0.05, FDR of 5%). The 3591 well annotated transcript IDs which 

also mapped to molecules present in the predefined knowledge database of IPA software were 

included in further functional analyses. For MCC-deficiency and most inborn errors of 

metabolism and for many other diseases, the underlying molecular interactions that lead to the 

typical clinical symptoms and characteristic metabolic profiles are still poorly understood.  The 

functional analysis approach used here for the MCC-deficiency transcriptome was to inspect 

and interpret the gene expression profile with a view of finding clues to start to elucidate the 

molecular mechanisms of pathology and explain the variation in clinical presentation.  

Even though this MCC-deficient skin fibroblast transcriptome was generated from a small 

number of samples (n=2), and is thus in effect a discovery set, the results were in general 

agreement with all the previous in vitro and in vivo clinical, biochemical and enzymatic studies in 

humans and the neurological studies on the cerebral cortex of young rats.  Power analysis 

confirmed that despite the limitation of the small sample size, the study had sufficient power to 

differentiate between the underlying molecular interactions and functional networks of the two 

groups.  Findings relating to significantly differentially expressed transcripts that did not have 

sufficient power (<80%; α = 0.05) to be accepted as true discoveries will need further 

investigation.   

The whole-genome transcript expression profile of the MCC-deficient skin fibroblasts presented 

here provides the first genetic evidence that MCC-deficiency may cause mitochondrial 

dysfunction and adversely affect energy homeostasis which, in turn, seems to trigger complex 

gene regulatory mechanisms and networks aimed at counteracting the effects of the 

accumulating oxidative stress. 

3.5.1 The gene expression profile of MCC-deficient immortalised skin fibroblasts 
reveals a pattern of compromised mitochondrial OXPHOS and antioxidant defence  

The transcriptome of the MCC-deficient immortalised skin fibroblast cultures is the result of a 

complex combination of interactions and responses between the genes encoded by the 

associated transcripts, enzymes, precursor molecules and intermediate metabolites.  In the 

gene expression profile of the MCC-deficient immortalised human skin fibroblasts expression of 

transcripts of the mitochondrial OXPHOS system was altered (down regulated) which points to 

mitochondrial dysfunction.  A total of 29 nuclear encoded genes involved in the mitochondrial 

OXPHOS system were significantly down regulated and one mitochondrial encoded OXPHOS-
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associated transcript (ND5) was up regulated (Figure 3.3; Supplementary Table 5).  The 

expression of 12 of these 29 transcripts (ATP5G2, ATP5H, ATP5J2, IDH3G, IDH3G, MRPS18B, 

NDUFA5, NDUFS3, PSMF1, SDHC, SLC25A17, UBE2E) was similarly affected in mitochondrial 

complex I-deficient fibroblast cells (Alemi et al., 2007).  Mitochondrial DNA (mtDNA) deletions 

and other mtDNA mutations, which cause respiratory chain disorders (RCD), often result in the 

up regulation of three genes (MYC, ATG12 and TFAM) which are sensitive to mtDNA changes 

and compromised mtDNA integrity (Danielson et al., 2005; Miceli & Jazwinski, 2005; Wonsey & 

Follettie, 2005; Cortopassi et al., 2006; Alemi et al., 2007).  The gene encoding the modifier 

MYC acts as a transcription factor for mitochondrial biogenesis (Danielson et al., 2005; Miceli & 

Jazwinski, 2005; Wonsey & Follettie, 2005; Cortopassi et al., 2006; Alemi et al., 2007), the gene 

encoding ATG12 is responsible for the first step of autophagy and TFAM controls mtDNA copy 

number (Alemi et al., 2007).  However, the MYC, ATG12, and TFAM genes were all down 

regulated in the MCC-deficient immortalised skin fibroblast cells, which reflect a different 

mitochondrial adaptation compared with those frequently reported resulting from mtDNA 

involvement.  The MCC-deficient transcriptome thus seems to reflect secondary mitochondrial 

dysfunction due to the MCCC1 impairment and accumulation of precursor molecules and 

secondary metabolites. 

The MCC-related metabolites MCA and MCG which accumulate as a result of MCC-deficiency 

have been shown to induce oxidative stress, disrupt energy homeostasis and inhibit the in vitro 

activity of the antioxidant enzyme GPx in the cerebral cortex of young rats (Sirtori et al., 2005; 

Ribeiro et al., 2011; Moura et al., 2012; Botta et al., 2013; Zanatta et al., 2013; Sitta et al., 

2014). The transcriptome of the MCC-deficient human skin fibroblasts confirmed and further 

refined these findings by revealing several specific genes involved in the antioxidant defence of 

cells which were significantly down regulated, such as PRX3, GRX2, GPX4 and CYTC.  Apart 

from a direct inhibitory effect of MCC-deficiency metabolites on enzyme activity, another 

possible explanation for the significant down regulation of the antioxidant defence gene GPX4 

(Figure 3.3) might be that reduced glutathione became depleted as a result of the increase in 

ROS levels (Murphy, 2009).  Low levels of reduced glutathione might result in down regulation 

of GPX4 to protect the cell from further reduced glutathione depletion.  Taken together, it 

appears that antioxidant defence mechanisms may be severely compromised and that inter-

individual variation of the antioxidant levels and antioxidant defence capability of individuals with 

MCC-deficiency could contribute to their differences in the development and severity of the 

pathophysiological presentation of MCC-deficiency. This genetic evidence of secondary 

mitochondrial dysfunction, increased oxidative stress and decreased antioxidant capacity in 

MCC-deficiency extends the growing body of evidence of the disruption in mitochondrial 

homeostasis in various organic acidaemia and its involvement in the pathogenesis of inherited 

metabolic diseases such as MCC-deficiency, methylmalonic and propionic acidaemias (Wajner 
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et al., 2004; Chandler et al., 2009; Valayannopoulos et al., 2009; Melo et al., 2011; Wajner & 

Goodman, 2011).   

3.5.2 The secondary cellular regulatory impact of 3-methylcrotonyl-CoA carboxylase 
deficiency 

MCC-deficiency presents with a highly variable phenotype.  MCC-deficiency is regarded as a 

genetic condition with a low penetrance (Grunert et al., 2012) since estimations showed that 

less than 10 % of affected individuals with a metabolite profile indicative of MCC-deficiency 

develop symptoms (Stadler et al., 2006).  A series of investigations using the cerebral cortex of 

young rats as a model established that the characteristic metabolites that accumulate in MCC-

deficiency can induce lipid and protein oxidative damage (Leipnitz et al., 2008; Moura et al., 

2012; Zanatta et al., 2013).  This lead to the hypothesis that a disturbance in mitochondrial 

redox homeostasis and disruption in bioenergetics (Moura et al., 2012) may act synergistically 

as the pathomechanism underlying brain toxicity in MCC-deficiency (Adam-Vizi, 2005; Leipnitz 

et al., 2008; Kowaltowski et al., 2009; Keane et al., 2011).  The finding that transcript ATP1B3 

that codes for one of the Na+/K+ -ATPase subunits and the brain-specific CK were both 

significantly down regulated in the MCC-deficient human skin fibroblasts (Supplementary 
Table 5) also seem to support the observation that energy homeostasis is disrupted in MCC-

deficiency. 

In rat cerebral cortex brain homogenates MCC-deficiency metabolites can inhibit mitochondrial 

respiratory chain complexes II and III in vitro (Moura et al., 2012). Here, in the MCC-deficient 

immortalised human skin fibroblasts the expression of genes involved in all five mitochondrial 

respiratory chain complexes were significantly differentially expressed (Figure 3.3).  It is known 

that the mitochondrial OXPHOS system relies on a highly complex communication process 

between mitochondrial and nuclear encoded genes (Lee et al., 2004; Shyamsundar et al., 2005; 

van Waveren & Moraes, 2008).  The apparent coordinated regulation that was observed here 

for MCC-deficiency correlates with other transcriptome analyses which reported the co-

expression of OXPHOS genes across and within different species and conditions (van Waveren 

& Moraes, 2008).  Biochemical changes reported for respiratory chain deficiencies have a direct 

effect on cellular functions and mediate the underlying communication between the 

mitochondrion and nucleus, which results in specific gene expression of nuclear and 

mitochondrial genomes (DiMauro & Schon, 2003; Van der Westhuizen et al., 2003; Reinecke et 

al., 2009). Therefore, the co-regulation of the expression of transcripts responsible for 

mitochondrial function and the OXPHOS system was analysed in the MCC-deficient fibroblast 

gene expression profile.  An overlay of the gene expression profile of MCC-deficiency with 

canonical pathways and known upstream regulators listed in IPA revealed a genetic footprint 

indicative of complex coordination and regulation reflecting how the secondary cellular response 
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attempts to adjust to the defective primary biochemical pathway.  Interestingly, a significant 

number of differentially expressed genes in the dataset are known downstream targets of the 

co-activator PPARGC1α (Figure 3.4), are regulated through HIF1 α (Figure 3.5) and modified 

through MYC or HNF4α (Figure 3.6), Supplementary Table 6.   

In the MCC-deficient skin fibroblast transcriptome, PPARGC1α was significantly up regulated. 

Members of the peroxisome proliferator activated receptor gamma co-activator 1 (PPARGC1) 

gene family (PPARGC1α, PPARGC1β and PRC) are master regulators of mitochondrial 

biogenesis, oxidative metabolism and also control inflammation pathways (Botta et al., 2013).   

PPARGC1α can cooperatively alter the regulation of OXPHOS genes, but it is unclear how it 

and other co-activators and transcription factors are integrated in the response to environmental 

signals (van Waveren & Moraes, 2008). However, elevated ROS levels can induce the 

expression of PPARGC1α (Hoffmann et al., 2013).  Activation of PPARGC1α has also been 

reported to promote the partial rescue of an OXPHOS defect (Mootha et al., 2003; Srivastava et 

al., 2007; Srivastava et al., 2009; Viscomi et al., 2011; Botta et al., 2013) and induce the 

mitochondrial encoded transcript ND5 which is associated with the up regulation of PPARGC1α 

(Srivastava et al., 2007; Srivastava et al., 2009).  Therefore, the up regulation of PPARGC1α in 

combination with the induction of ND5 observed in the MCC-deficiency transcriptome is 

consistent with the observed genetic profile indicative of elevated levels of ROS and the 

activation of a rescue pathway to compensate for impaired OXPHOS activity.  However, the up 

regulation of ND5 in the absence of the induction of any other mtDNA encoded genes is an 

intriguing observation. A summary of the PPARGC1α co-activation observed in the 

transcriptome of the MCC-deficient skin fibroblasts is depicted in Figure 3.4.  Induction of 

PPARGC1α in the MCC-deficient skin fibroblast transcriptome seemed to directly influence the 

expression of genes coding for proteins of the OXPHOS system, TCA cycle and 

gluconeogenesis pathways.  A considerable number of genes in the MCC-deficient skin 

fibroblast transcriptome which are associated with mitochondrial dysfunction also appeared to 

be influenced by the activation of PPARGC1α.  

The upstream regulator family of hypoxia inducible factors (HIFs) that regulate a broad range of 

cellular and systemic responses to hypoxia (Brunelle et al., 2005; Mansfield et al., 2005; Denko, 

2008; Sutendra et al., 2013) also appear to be affected by MCC-deficiency. The HIF1α 

regulatory network of the MCC-deficient skin fibroblast cells is depicted in Figure 3.5. During 

hypoxia, HIF1α modulates key metabolic pathways to optimise glucose and O2 utilisation to 

generate sufficient amounts of ATP without producing excessive amounts of ROS by inhibition 

of the TCA cycle and mitochondrial respiration. The activity of HIFs is mainly regulated through 

the stability of their alpha subunits. The maintenance of energy supply and control of 

mitochondrial ROS production requires normal induction of HIF1α (Mansfield et al., 2004; 
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Mansfield et al., 2005).  In the MCC-deficient skin fibroblasts the expression of HIF1α was 1.75-

fold down regulated (Figure 3.5, Supplementary Table 6).  This might be the result of 

mitochondrial biogenesis, since activation of mitochondrial biogenesis has been reported to 

inhibit the activity of HIF1α (Ferber et al., 2012). However, the down regulation of the OXPHOS 

complexes might not be due to HIF1α regulation.  There are also other possible explanations for 

the down regulation of HIF1α.  Prolylhydroxylases (PHDs) inhibit the expression of HIF1α by 

hydroxylation of HIF1α that signals the ubiquination and degradation of HIF1α (Ivan et al., 2001; 

Jaakkola et al., 2001; Mansfield et al., 2005).  From the MCC-deficiency transcriptome it is not 

possible to deduce whether HIF1α degradation occurs with MCC-deficiency. In HepG2 cells, 

down regulation of the expression of HIF1α was observed in response to hypoxia.  It was 

speculated that the down regulation might be due to changes in the redox micro-environment 

caused by alterations in the levels of target genes located downstream of HIF1α (Jin et al., 

2011).  HIF1α also directly controls many enzymes responsible for shifting the metabolism 

towards anaerobic glycolysis (Weidemann & Johnson, 2008).  HIF1α has a significant influence 

on mitochondrial respiration by induction of pyruvate dehydrogenase kinase (PDK) expression 

(Weidemann & Johnson, 2008).  Activation of PDK in turn inhibits the enzyme pyruvate 

dehydrogenase (PDH) by phosphorylation (Sutendra et al., 2013).  Normal activation of PDH 

expression is important to maintain energy homeostasis through normal TCA cycle metabolism.  

The transcriptome of MCC-deficient fibroblasts revealed a 2.31-fold down regulation of PDK1 (P 

= 1.88 x 10-4) and 1.57-fold up regulation of PDK2 (P = 1.69 x 10-3) which, in combination with 

the significant down regulation of PDH, seemed to suggest that pyruvate conversion to acetyl-

CoA could be compromised.  Sufficient acetyl-CoA flux is essential to sustain energy 

homeostasis through the TCA cycle and OXPHOS.  Imbalances could provoke aberrant 

expression and compensatory responses similar to what is observed with MCC-deficient skin 

fibroblast gene expression (Supplementary Table 5).  The down regulation of HIF1α observed 

in the MCC-deficient transcriptome seemed to directly affect the expression of genes involved in 

the glycolysis, gluconeogenesis, TCA and OXPHOS pathways.  A substantial number of 

differentially expressed genes associated with the xenobiotic metabolism signalling pathways 

were also observed (Figure 3.5).  Furthermore, the expression of HIF1α seemed to be 

influenced by the expression of several heat shock proteins.  Usually, the expression of 

members of the Hsp100, Hsp90, Hsp70, Hsp60, Hsp40 and small heat shock protein families 

(Hsp) is induced by stress conditions such as raised temperature, exposure to oxidative stress, 

nutritional deficiencies, ultraviolet irradiation, chemicals, ethanol, viral infection and ischemic-

reperfusion injury (Pockley, 2003; Ingemann & Kirkegaard, 2014). Therefore, it was intriguing to 

notice that the HIF1α regulatory network of the MCC-deficient transcriptome (Figure 3.5) 
revealed the down regulation of several HSP genes associated with the Hsp70 and Hsp90 
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families (HSPA4, HSPA8, HSPA9 HSP90AA1, HSP90AB1, HSPD1). Future experimentation is 

needed to further investigate this unexpected finding and its implications.  

Another upstream regulator gene whose target genes were significantly over represented in the 

MCC-deficient fibroblast transcriptome is the modifier gene HNF4α.  HNF4α expression 

stimulates gene transcription and regulates apo-lipoprotein expression, glucose metabolism and 

insulin secretion (Mietus-Snyder et al., 1992; Duncan et al., 1994; Stoffel & Duncan, 1997; 

Yamashita, 2000).  The overlay of canonical pathways with the HNF4α regulatory network of the 

MCC-deficiency transcriptome also seemed to suggest that the expression of genes coding for 

proteins essential to OXPHOS function, gluconeogenesis, TCA, and xenobiotic metabolism 

signalling pathways (Figure 3.6) were affected.  

Interestingly, for several mitochondriopathies a body of literature is emerging on the role of 

secondary cellular responses in determining the severity of the clinical symptoms which opens 

up completely new possibilities for treatment (reviewed in Touw et al., 2014)(Touw et al., 2014). 

Based on our analyses of the MCC-deficiency transcriptome, it might thus be timely to further 

pursue this line of thinking and start investigating the importance of secondary cellular 

responses for defects of leucine metabolism such as MCC-deficiency too.   

3.5.3 Coordinated expression of the MCCC1 and MCCC2 transcripts 

The finding that the expression of both the MCCC1 and MCCC2 transcripts was significantly 

down regulated in these human MCC-deficient skin fibroblasts (Supplementary Figure 3.2, 
Supplementary Table 4) even though the MCCC2 gene does not have any deleterious 

mutations points to some form of regulation of transcription.  Previous complementation studies 

suggested that the MCCC1/MCCA subunit is less stable when the MCCC2/MCCB is absent or 

defective (Baumgartner et al., 2001).  Here, down regulation of MCCC2 in the presence of 

known deleterious MCCC1 transcripts could suggest that MCCC2 expression influences the 

expression of MCCC1 and vice versa.  The regulation of MCCC1 and MCCC2 transcription in 

human cells is still poorly understood and the underlying molecular interactions have not yet 

been reported. However, in plants, numerous studies indicate that environmental and metabolic 

signals regulate MCC expression in complex and highly coordinated ways (Alban et al., 1993; 

Wang et al., 1995; Aubert et al., 1996; Anderson et al., 1998; Che et al., 2002; Che et al., 2003; 

Ding et al., 2012). The molecular mechanisms that are suspected to harmonise the expression 

of the two MCC genes have not yet been identified. The physiological role of MCC in plant 

metabolism has been proposed to be the maintenance of homeostasis of the carbon status via 

the catabolism of leucine when the carbohydrate availability is low (Che et al., 2002).  

Therefore, the data from the MCC-deficient fibroblasts indicate that expression of the two MCC 

genes are probably co-regulated in H.sapiens in the same way as proposed for Arabidopsis 
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(Che et al., 2002; Che et al., 2003; Mansfield et al., 2004; Mansfield et al., 2005; Barschak et 

al., 2008; Ding et al., 2012; Sitta et al., 2014).   

3.5.4 The gene expression profile of MCC-deficient immortalised skin fibroblasts 
suggests an increased demand for detoxification 

Therapy for the treatment of clinical cases of MCC-deficiency generally consists of a leucine-

restricted protein diet and dietary supplementation with glycine and L-carnitine to support the 

detoxification system in eliminating the accumulating endogenous metabolites, HIVA and MCA 

(Rutledge et al., 1995).  For MCC-deficiency and other organic acidaemias, such as propionic 

acidaemia and methylmalonic acadaemia, it has been demonstrated that neurological 

symptoms and brain damage are caused by the toxic metabolites that accumulate as a result of 

the diseases (Hoffmann et al., 1993; Kolker & Okun, 2005; Wajner & Goodman, 2011). There is 

also evidence that the accumulated coenzyme A esters and organic acids are also toxic to 

heart, skeletal muscle, liver, kidney, pancreas, retina and other tissues (Wajner & Goodman, 

2011). Although the liver and kidneys are the main centres of biotransformation and 

detoxification in humans, most drug metabolising enzymes also occur in the mammalian skin, 

although at relatively low specific activity (Van Eijl et al., 2012).  It is noteworthy, therefore, that 

the differentially expressed gene profile of these MCC-deficient skin fibroblasts indicated an 

increased demand for detoxification, which suggested that the metabolites inducing this 

response also accumulate in fibroblasts.  Specifically, the expression of several genes of the 

cytochrome P450 family (CYP2B1, CYP2B6, CYP2B10) that metabolise xenobiotics and bile 

acids, as well as delta-9- desaturase-1 (SCD1), a key enzyme in fatty acid metabolism, known 

to be activated through the nuclear receptor PXR/RXR activation pathway, was significantly up 

regulated (Table 3.2). Delta-9-desaturase is a protein essential to fatty acid biosynthesis, 

wherein it catalyses the synthesis of mono-unsaturated fatty acids.  Oleic acid, a main product 

of SDC, is the major fatty acid in mammalian adipose triglycerides and is also used for 

phospholipid and cholesterol ester synthesis.  Desaturase in mammals is known to be regulated 

at the transcriptional level (Nakamura & Nara, 2004).  This result is the first genetic footprint of 

PXR/RXR activated detoxification in MCC-deficient fibroblasts. PXR/RXR activation pathway is 

one of the pathways controlled by a complex regulatory mechanism between PPARGC1α 

(Figure 3.4), HIF1α (Figure 3.5), and HNF4α (Figure 3.6) that respond to metabolic signals 

and changes to the cellular environment.  The specific stimulus in MCC-deficiency is most likely 

a global disturbance of cellular pH and the NADH/NAD+ ratio caused by increased 

concentrations of the organic acids and accumulating secondary metabolites.  Organic acids 

have been shown to cause aberrant mitochondrial-related gene expression and disrupt energy 

homeostasis in organic acidaemias (Wajner et al., 2004) as well as in brain disorders such as 

bipolar disorder and schizophrenia (Vawter et al., 2006). 

http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Fatty_acid_metabolism
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Therefore, to summarise the main findings of the results presented in this Chapter, it is evident 

from the functional analyses of the MCC-deficient transcriptome that has been generated from 

immortalised cultured skin fibroblasts from clinically severely MCC-deficient patients, that MCC-

deficiency does impact the OXPHOS system and, as a result, causes mitochondrial dysfunction 

and provides the first genetic evidence that MCC-deficiency may cause mitochondrial 

dysfunction and adversely affect energy homeostasis which, in turn, seems to trigger complex 

gene regulatory mechanisms and networks aimed at counteracting the effects of the 

accumulating oxidative stress.  It is however important to recognise that additional 

measurements of ROS and glutathione levels in these patients and/or their cultured cells might 

contribute and validate the transcriptomic data.  Also, comparative studies where the findings 

from this current study with expression studies of similar disorders would be of value.  It is clear 

that this study laid the basis of more questions to be asked and therefore much more follow-up 

work needs to be done to confirm the findings reported here.   
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CHAPTER FOUR 

IV 

Characterisation and functional analyses of the overlapping 

significantly differentially expressed transcripts between the clinically 

severe and marginally 3-methylcrotonyl-CoA carboxylase-deficient 

transcriptomes 

4.1 Introduction 

Case reports on MCC-deficiency demonstrate the complex nature of the disorder.  It is no 

surprise that the pathomechanism of this disease has a largely unknown character.  Apart from 

the results obtained from this study, very little is known about the underlying molecular 

interaction networks, gene interactions and consequent secondary signalling pathways that are 

involved in MCC-deficiency and/or the biochemical phenotype indicative of MCC-deficiency.  In 

addition, very little is known of the factors which could explain the subtle differences between 

the clinical severities of the different subtypes of this disease.   The incidence of adults that 

present with MCC-deficiency very late in life is increasing (Gibson et al., 1998; Visser et al., 

2000; Lee, 2002; Sedel et al., 2007a; Walter, 2007).  These patients often remain asymptomatic 

but when they present, they tend to present with a heterogeneous group of non-specific clinical 

symptoms which are seldom associated with the clinical symptoms typical of the early-onset 

disease. It has been suggested that secondary factor(s) other than the MCC loci contribute to 

the persistently elevated metabolites associated with leucine catabolism and presented as 

MCC-deficiency (Gibson et al., 1998; Baumgartner et al., 2001).   

The first exome sequencing effort for MCC-deficiency identified mutations outside of the MCC 

loci that explain the difference between MCC-deficient patients with non-specific and specific 

symptoms.  Whole-exome sequencing was performed on DNA from 33 cases of MCC-

deficiency and 108 healthy controls.  The data were assessed for MCC mutation status, genetic 

ancestry or consanguinity and the absence or presence/specificity of clinical symptoms in cases 

of MCC-deficiency.  The authors concluded that non-specific phenotypes attributed to MCC-

deficiency are associated with consanguinity and are likely not due to mutations in the MCC 

enzyme, but result from rare homozygous mutations in other disease genes (Shepard et al., 

2014).  

In Chapter Two of this thesis, a transcriptome of cultured primary skin fibroblasts from two 

South African patients with marginally reduced fibroblast MCC activity and urinary HIVA and 
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MGC was generated and described.  The patients, for the lack of a better description, were 

referred to as marginally MCC-deficient patients (NWU001 and NWU002).  The well-defined 

and annotated transcripts that were significantly differentially expressed when compared with a 

control transcriptome were inspected and further analysed (Chapter Two).   

In Chapter Three of this thesis, a transcriptome was generated from immortalised cultured skin 

fibroblasts of well-described patients with clinically severe MCC-deficiency.  The well-annotated 

significantly differentially expressed transcripts identified when compared with the control 

transcriptome were further studied (Chapter Three).  It was evident from the results discussed 

in previous Chapters that similarities between the transcriptomes do exist.  However, the 

marginally MCC-deficient (MCC-like) transcriptome was generated from primary skin fibroblast 

cultures and the clinically severely MCC-deficient (MCCA) transcriptome was generated from 

immortalised skin fibroblast cultures, concern arose that when these transcriptomes were to be 

compared, the immortalisation might skew and influence the results.  Therefore, in this Chapter, 
a new transcriptome was generated from immortalised cultured skin fibroblasts established from 

the primary cell cultures of the marginally MCC-deficient South African patients, analysed and 

compared with the transcriptomes generated from immortalised skin fibroblast cell cultures of 

patients with clinically severe MCC-deficiency, as well as control individuals.   

4.2 Aim, specific objectives and experimental approach 

The focus of the data presented in this Chapter will be the identification and characterisation of 

the significantly differentially expressed transcripts that overlap between the clinically severe 

MCC-deficient and marginally MCC-deficient transcriptomes when compared with the same 

controls.  These transcripts will be identified, analysed and further explored following a 

comparative transcriptomic and functional analysis approach.   

4.2.1 Aims 

The aim of the work presented in this Chapter was to further characterise and study the 

underlying molecular interaction networks, secondary signalling pathways and nutrient-sensing 

mechanisms involved in MCC-deficiency, following a comparative transcriptomic approach.  The 

aim of this study was achieved through the following objectives: 

I. To establish immortalised skin fibroblast cell cultures from two South African patients 

with the 3-methylcrotonyl-CoA carboxylase deficient biochemical phenotype (described 

in Chapter Two). 
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II. To generate a transcriptome from the immortalised cultured skin fibroblasts of two South 

African patients with the 3-methylcrotonyl-CoA carboxylase deficient biochemical 

phenotype (described in Chapter Two). 

III. To compile a transcript list of significantly differentially expressed transcripts that overlap 

between the transcriptomes of the immortalised cultured skin fibroblasts with clinically 

severe and marginal 3-methylcrotonyl-CoA carboxylase deficiency. 

IV. To further characterise the functional networks and secondary signalling responses 

associated with the transcripts that overlap between the transcriptomes of the 

immortalised cultured skin fibroblasts with clinically severe and marginal 3-

methylcrotonyl-CoA carboxylase deficiency. 

4.2.2 Experimental approach 

The experimental approach and study design followed here has been summarised in Figure 
4.1.   

 
Figure 4.1: Diagrammatic representation of the experimental approach  
Ten total RNA samples were prepared for hybridisation to the Affymetrix HuExST1.0 arrays.  MCCA001 
and MCCA002 are biological replicates of the MCC-deficient group, CON001 and CON002 are biological 
replicates of the control group, and NWU001 and NWU002 are biological replicates of the marginally 
MCC-deficient group.  Differential expression analysis was performed between the mean expression of 
the replicates (n=6) in the MCC-deficient group and the mean expression of the replicates (n=2) in the 
control groups, as well as in the marginally MCC-deficient (MCC-like) group in comparison with the mean 
expression of the replicates (n=2) in the control group. 
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The transcripts that were significantly differentially expressed between the clinically severe 

MCC-deficient and control were compared with the transcripts that were significantly 

differentially expressed between the marginally MCC-deficient and control transcriptomes.  The 

overlapping significantly differentially expressed transcripts between the transcriptomes of the 

clinically severe and marginally MCC-deficient were identified by means of a Venn diagram and 

were further characterised, based on the current knowledge base. 

 

4.3 Methods 

4.3.1 Immortalised cultured skin fibroblasts and total RNA isolation 

As described in Chapter Three a transcriptome was generated from the immortalised cultured 

skin fibroblasts of these two clinically severely MCC-deficient patients compared with 

immortalised cultured skin fibroblasts of the two controls.   

To compare the transcriptomes described here, two additional immortalised cultured skin 

fibroblasts were generated from cultured skin fibroblasts of two South African patients described 

in Chapter Two as having marginally reduced MCC activity and therefore referred to as 

marginally MCC-deficient.   

The immortalised marginally MCC-deficient cell lines were generated using the same 

immortalisation method as previously applied (Litzkas et al., 1984; Coelho et al., 2008) and 

briefly describe in Appendix A.  The newly generated immortalised cultured skin fibroblasts are 

referred to as NWU001T and NWU002T respectively.  The MCC activity and MCCC1 and 

MCCC2 sequence variations for both NWU001 and NWU002 have been described in Chapter 
Two.  The six immortalised skin fibroblast cultures (MCCA001T, MCCA002T, NWU001T, 

NWU002T, CON001T and CON002T) were maintained and propagated in parallel in 

Amniochrome system II® medium (Lonza) supplemented with 0,125 mg/ml 

Penicillin/Streptomycin (Lonza) and 0,256 mg/ml Gentamycin (Lonza).  Cells were cultured as 

monolayers until they reached 80 – 90% confluence.  Cells were washed twice with phosphate-

buffered saline (PBS, Sigma-Aldrich) before total RNA isolation was performed.  Total RNA was 

isolated, using the RNeasy® mini kit (Qiagen).  The manufacturer‟s protocol was followed with 

no deviations.  The yield, quality and integrity of the total RNA preparation was assessed 

according to the integrity of 28S rRNA and 18S rRNA, as well as RNA integrity number (RIN) 

value, using a NanoDrop® 1000 Spectrophotometer and Agilent Bioanalyzer 2100.   
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4.3.2 Human Exon ST1.0 arrays  

The Affymetrix® GeneChip® Human Exon ST 1.0 (HuExST1.0) array was used for hybridisation 

(Affymetrix).  In total, ten HuExST1.0 arrays were prepared, triplicate hybridisations of each of 

the two clinically severely MCC-deficient immortalised cultured skin fibroblasts (MCCA001 and 

MCCA002) and single hybridisations of the two control immortalised cultured fibroblasts 

(CON001 and CON002) were described in Chapter Three.  Single hybridisations of the two 

newly immortalised marginally MCC-deficient cultured skin fibroblasts (NWU001 and NWU002) 

were also performed and included in this comparison (Figure 4.1).  Array preparation, 

hybridisation and scanning were performed according to Affymetrix® protocols at the Affymetrix® 

service provider in South Africa, the Centre of Proteomic and Genomic Research (CPGR), Cape 

Town. Output signal intensity data files (.CEL) were generated and assessed to ensure good 

quality output and analyses (Appendix B).   

4.3.3 Human Exon ST1.0 array data analyses 

The signal intensity data (.CEL) files received from CPGR were analysed using Affymetrix® 

Expression Console (Version 1.1, HuEx1-0-st-v2.na32.hg19) and Partek® Genomic Suite 

software (Version 6.1, Copyright, Partek Inc. St. Louis, MO, USA).  Pre-processing data quality 

control analyses were performed using the robust multi-array average (RMA) normalisation 

method for background correction and the core-meta probe set for annotation (Irizarry et al., 

2003; Affymetrix, 2014). 

4.3.3.1 Significantly differentially expressed transcripts and transcript lists 

The ten HuExST1.0 arrays were uploaded with Partek® GS software (Version6.1, Copyright, 

Partek Inc. St. Louis, MO, USA).  The Affymetrix® full-meta probe set (HuEx1-0-st-

v2.na32.hg19) was used for annotation.  The ten arrays were each assigned to one of three 

disease categories of the two-way analysis of variance (ANOVA) algorithm model.  The three 

descriptive disease categories were 1) “MCC-deficient”, which includes the MCCA001TA, 

MCCA001TD, MCCA001TDleu, MCCA002TA, MCCA002TD and MCCA002TDleu arrays; 2) 

“MCC-like”, which includes the NWU001TA and NWU002TA arrays and 3) “Control”, which 

includes the CON001TA and CON002TA arrays.  A differentially expressed transcript list was 

generated by means of the two-way ANOVA and adjusted with the Benjamini and Hochberg 

false discovery rate (FDR) multiple correction (Benjamini & Hochberg, 1995) and included both 

the annotated and predicted transcript IDs.  The differentially expressed transcripts were 

considered statistically significant if the cut-off of FDR adjusted P < 0.05 was met.  The 

significantly differentially expressed transcript lists for each of the direct comparisons, “MCC-

deficient vs Control” and “MCC-like vs Control” were compiled. These two transcript lists were 



167 

compared and a list of the significantly differentially expressed transcripts that overlap between 

the clinically severe MCC-deficient and marginally MCC-deficient transcriptomes as compared 

with the same control transcriptome was compiled by means of a Venn diagram (Figure 4.2).  
The overlapping significantly differentially expressed transcripts were further divided into two 

subsets.   

 

 

Figure 4.2: Representation of Venn diagram analyses to define overlapping transcripts 
Venn diagram to indicate the identification of significantly differentially expressed transcripts that overlap 
between the clinically severe and marginally MCC-deficient transcriptomes.  Section A represents 
transcripts unique for the marginally MCC-deficient transcriptome, B contains the transcript that overlaps 
between the two transcriptomes and C indicates the transcripts unique to the MCC-deficient 
transcriptome.  b1* indicates the number of transcripts that have the same directional change in both 
transcriptomes. b2** indicates the number of transcripts that have opposite directional change in both 
transcriptomes. 

 

For further analyses, the well-annotated transcript IDs were analysed as a total list as well as 

two subsets.  The first subset (b1*) contains those significantly differentially expressed 

transcripts that had the same directional change in both the clinically severe and marginally 

MCC-deficient transcriptomes when compared with the control transcriptome.  The second 

subset (b2**) contains the transcripts that had opposite directional change when the clinically 

severe and marginally MCC-deficient transcriptomes were compared with the same control 

transcriptome.    

4.3.3.2 Functional analysis  

Ingenuity Pathway Analysis (IPA) software (Ingenuity® Systems, www.ingenuity.com) was used 

to determine the functional relationships, predicted network associations, biological functions, 

canonical pathways, regulator, co-activator and modifier genes, toxicological associations and 

secondary signalling responses shared between the well-annotated significantly differentially 

expressed transcript IDs listed in each of the three lists compiled from the Venn diagram 

http://www.ingenuity.com/
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analysis.  Functional analysis was performed following an untargeted approach to inspect the 

nature and characterise the affected functional networks of the overlapping transcripts between 

the transcriptomes of the clinically severe and marginally MCC-deficient immortalised cultured 

skin fibroblasts.  The MCCC1/MCCC2 interaction network, the L-leucine degradation pathway 

and the reactive oxygen species interaction network were further inspected in a targeted 

fashion.  In addition, the significantly differentially expressed transcripts of the chromosome-X 

(HuChrX) were identified and the implicated functional networks and secondary signalling 

responses were inspected and characterised. The functional analysis settings in IPA were 

defined to include those transcript IDs that matched with molecules of the IPA-knowledge base 

that have either a direct or indirect relationship with each other or endogenous chemicals of H. 

sapiens. 

4.3.3.3 Validation with independent quantitative real-time PCR analysis 

As described in Chapters Two and Three, independent quantitative real-time PCR (qPCR) 

analysis was performed to validate the gene expression results obtained from the HuExST1.0 

array hybridisations. The same total RNA samples were used for both the array hybridisation 

and qPCR analyses (Appendix C).     

 

4.4 Results and Discussion 

The comparative transcriptome analyses of the clinically severe and marginally MCC-deficient 

transcriptomes compared with the same control transcriptome revealed that the majority of the 

transcript IDs that were significantly differentially expressed (15021/19434 or 78 %) have no 

known or only poorly defined gene annotation.  Only 4322 of the total number of 19434 

transcript IDs had well-defined and known gene annotations that could be included in further 

knowledge-based functional analysis (Supplementary Table 1).  Figure 4.3 show the total 

number of significantly differentially expressed transcripts that overlap between the clinically 

severe (MCC-deficient) and marginally MCC-deficient (MCC-like) transcriptomes.  A Venn-

diagram was drawn to compile a list of the significantly differentially expressed transcripts that is 

well-defined and annotated that overlap between the clinically severe (MCC-deficient) and 

marginally MCC-deficient (MCC-like) transcriptomes (Figure 4.3). 

From the 4322 well-defined significantly differentially expressed transcript IDs, 682 overlapped 

between the clinically severe and marginally MCC-deficient transcriptomes, 3510 were unique 

for the clinically severe MCC-deficient transcriptome and 130 transcripts were unique for the 

marginally MCC-deficient transcriptome.  Closer inspection of the 682 overlapping transcript ID 

list revealed that neither of the two MCC-related transcripts (MCCC1, MCCC2) were in the list of 
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682 overlapping transcripts (Supplementary Table 2).  These two transcripts clustered with the 

list of 3510 well-defined transcripts unique to the clinically severe MCC-deficient transcriptome.  

The list of 682 overlapping transcripts was further inspected and divided into two subset list that 

were inspected further.   

 

I            II     III 
          All    Unknown          Known 

 

IV 
Subset lists 

 

 
Figure 4.3: Venn diagrams demonstrating the overlapping significantly differentially 
expressed transcripts between the clinically severe and marginally MCC-deficient 
transcriptomes  
I) represents the distribution of total number of significantly expressed transcripts, II) represents the 
distribution of the significantly expressed transcripts with unknown gene association, III) represents the 
distribution of the significantly expressed transcripts with known gene association and IV) indicates the 
subset of overlapping significantly differentially expressed transcripts.  Section A represents transcripts 
unique for the marginally MCC-deficient transcriptome, section B contains the transcripts that overlap 
between the two transcriptomes and section C indicates the transcripts unique to the MCC-deficient 
transcriptome. * indicates the number of transcripts that have the same directional fold change for both 
transcriptomes. ** indicates the number of transcripts that have opposite directional fold change for the 
two transcriptomes when compared with the same controls. 
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Functional analyses of the 682 well-annotated significantly differentially expressed transcripts 

that overlapped between the clinically severe and marginally 3-methylcrotonyl-CoA carboxylase-

deficient transcriptomes was performed following an untargeted approach. In the next section 

the results of the functional relationships, networks biological functions and associated disease 

reflected by the 682 overlapping significantly differentially expressed transcripts will be 

discussed. 

4.4.1 Untargeted functional analyses of the 682 overlapping significantly differentially 
expressed transcripts between the clinically severe and marginally MCC-deficient 
transcriptomes 

The transcript list of 682 IDs was uploaded into IPA and core analysis has been performed.  

Both direct and indirect relationships between the transcripts in the list were inspected to 

compare the two transcriptomes generated from clinically severe and marginally MCC-deficient 

patients.  Although the 682 have been mutually significantly differentially expressed for both 

transcriptomes, the direction of change (fold change) of the transcripts was not identical.  Of the 

682 overlapping significantly differentially expressed transcripts, 470 transcripts had the same 

directional change for both the transcriptomes, whereas 212 transcripts had opposite directional 

change when compared with the same control transcriptome.  The two subsets of transcripts 

were also further inspected and are discussed in sections 4.4.4 and 4.4.5. 

In the next section, the untargeted functional analyses focused on the characteristics of the 682 

transcripts as a whole rather than analysing the two subsets separately.  However, the 

interpretation and discussion of the impact and nature of the two transcriptomes will attempt to 

address the possible effects the differences and similarities might have on the underlying 

molecular and secondary signalling responses evident within these two MCC-deficient 

transcriptomes. 

4.4.1.1 Biological function and diseases associations with clinically severe and 
marginally 3-methylcrotonyl-CoA carboxylase deficient skin fibroblast 
transcriptomes 

The list of 682 well-annotated overlapping significantly differentially expressed transcripts was 

imported into IPA (build version 355958M, content version 24718999).  The shared 

characteristics between the secondary signalling pathways affected in the clinically severe and 

marginally MCC-deficient transcriptomes was inspected.  The functional relationship between 

the 682 overlapping significantly differentially expressed transcripts have association with 

secondary signalling responses related to diseases and disorders such as cancer (P = 2.62 x10-

2-1.59 x 10-7), inflammatory responses (P = 2.62 x10-2-1.95 x 10-4) as well as ophthalmic 
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disease (P = 2.62 x10-2-2.21 x 10-4).  The 682 overlapping transcripts also had an association 

with the development and functions of several physiological systems such as tissue morphology 

(P = 2.62 x10-2- 7.02 x 10-5), haematological system development and function (P = 2.62 x10-2- 

3.37 x 10-4), as well as embryonic development (P = 2.62 x10-2- 5.79 x 10-4).  Also on the 

molecular and cellular level, signalling responses that involve RNA port-transcriptional 

modification (P = 2.62 x10-2-1.17 x 10-5), and cell-to-cell signalling and interaction (P = 2.62 x10-

2-1.95 x 10-4) are clearly represented (Supplementary Table 4.5). 

The functional networks of the overlapping 682 transcripts were determined and the 682 

transcripts clustered into 25 independent gene interaction networks.  The biological function 

associated with the networks will be presented and discussed in the next section. 

4.4.1.2 Functional networks   

The functional relationships between the 682 transcripts were associated with RNA post-

transcriptional modification, carbohydrate metabolism, cell-mediated immune response, cellular 

development, skeletal and muscular systems development and function, as well as 

cardiovascular function and disease.   

The relationships between the 25 networks are depicted in Figure 4.4 and the details of the 

networks and associated transcripts for each network are given in Table 4.1.  It is evident that 

this unsupervised clustering of the 682 transcripts into 25 independent functional gene 

interaction networks to some extent coheres with symptoms often associated with MCC-

deficiency.  Case reports have suggested that patients with MCC-deficiency often present with 

muscle weakness, hypotonia and secondary symptoms that impact cardiovascular function 

(Visser et al., 2000; Grunert et al., 2012).  The functional networks that involve these functional 

or related associations with immune responses and cardiovascular health and disease, as well 

as skeletal and muscle development and function, were further inspected.  Moreover, the 

differences and similarities between the functional networks that involve small molecule 

biochemistry were further inspected separately for each of the two transcriptomes, clinically 

severe MCC-deficient and marginally MCC-deficient.   The functional role of immune-associated 

transcripts in the regulation of inflammatory signalling of clinically severe and marginally MCC-

deficient skin fibroblast transcriptomes were also of interest. 

 

 

 



172 

 
 
Figure 4.4: Overlapping functional networks  
The relationships between the different networks are indicated with lines and the blocks represent the 
specific network. Network 1) RNA Post-Transcriptional Modification, Carbohydrate Metabolism, Cell-
mediated Immune Response; 2) RNA Post-Transcriptional Modification, Protein Synthesis, Cell Death 
and Survival; 3) Glomerular Injury, Organismal Injury and Abnormalities, Renal Fibrosis;4) Cellular 
Development, Skeletal and Muscular System Development and Function, Tissue Development; 5) Gene 
Expression, Cell Morphology, Cardiovascular Disease; 6) Connective Tissue Disorders, Organismal Injury 
and Abnormalities, Cancer; 7) Cellular Assembly and Organisation, Cellular Function and Maintenance, 
Metabolic Disease; 8) Amino Acid Metabolism, Energy Production, Post-Translational Modification; 9) 
Nucleic Acid Metabolism, Small Molecule Biochemistry, Cancer; 10) Cell Morphology, Cellular Assembly 
and Organisation, Cellular Function and Maintenance; 11) Cell Death and Survival, Dermatological 
Diseases and Conditions, Immunological Disease; 12) Cardiovascular Disease, Cardiovascular System 
Development and Function, Embryonic Development; 13) Cancer, Endocrine System Disorders, 
Gastrointestinal Disease; 14) Lipid Metabolism, Small Molecule Biochemistry, Cell Signalling; 15) 
Developmental Disorder, Hereditary Disorder, Neurological Disease; 16) Nucleic Acid Metabolism, Small 
Molecule Biochemistry, Cell-To-Cell Signalling and Interaction; 17) RNA Post-Transcriptional 
Modification, Developmental Disorder, Neurological Disease; 18) Nutritional Disease, Lipid Metabolism, 
Small Molecule Biochemistry; 19) Infectious Diseases, Organ Morphology, Inflammatory Disease; 20) 
Cell Morphology, Cellular Assembly and Organisation, Cellular Function and Maintenance; 21) DNA 
Replication, Recombination, and Repair, Cell Cycle, Connective Tissue Development and Function; 22) 
Reproductive System Development and Function, Cellular Function and Maintenance, Organ 
Development; 23) Ophthalmic Disease, Organismal Injury and Abnormalities, Developmental Disorder; 
24) Cancer, Organismal Injury and Abnormalities, Skeletal and Muscular Disorders; 25) Carbohydrate 
Metabolism, Lipid Metabolism, Post-Translational Modification.  The details of the relevant networks were 
summarised in Table 4.1. 
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Table 4.1: The 25 top functional networks and associated diseases predicted from the 682 overlapping transcripts  

ID Diseases and Functions Molecules in Network Score * 
Focus 

Molecules 

1 # 
RNA Post-Transcriptional Modification, 

Carbohydrate Metabolism, Cell-mediated 
Immune Response 

ANAPC1,ATP11B,CCDC33,CD3,EEF1B2,ENO1,FARSB,FUS,H3F3A/H3F3B,HNRNPF,HNRNPL,ISOC2,ITGA4,LDHA,LYPLA1,NR2F6,p70 
S6k,PGAM1,POLE3,PRR3,PTBP1,PYCRL,Ras,RBMX,RBMY1A1 (includes 
others),SELL,SERPINE2,SIRT6,SNRPB,SNRPF,Sos,TXNL4A,XRCC5,ZGPAT,ZNF689 

48 31 

2 
RNA Post-Transcriptional Modification, 

Protein Synthesis, Cell Death and Survival 

CACTIN,DHX33,Eif2,EIF3,EIF5,EIF1AX,FAM195A,FAM57A,FASTKD1,FAU,GPX4,NFkB 
(complex),NOP56,OLFM2,PPAN,RAB3C,RAP1GDS1,Ribosomal 40s 
subunit,Rnr,RPL8,RPS2,RPS6,RPS8,RPS14,RPS15,RPS28,RPS4X,SENP2,SLC2A6,TCEAL7,TECR,TFG,UBL4A,UBTF,UFL1 

45 30 

3 
Glomerular Injury, Organismal Injury and 

Abnormalities, Renal Fibrosis 

60S ribosomal subunit,Akt,APRT,CLIP3,CUL7,DOCK6,ELMO3,HIST1H4L,Importin beta,MAN2C1,MAPKAP1,MRTO4,MTORC2,N-
Cadherin,NFkB 
(family),NIFK,PA2G4,PAQR3,RPL6,RPL10,RPL13,RPL19,RPL21,RPL27,RPL35,RPL39,RPL10A,RPL22L1,RPL23A,RPL26L1,RPLP2,RRP9,SLC4
A7,TBL2,WDR18 

43 29 

4 ^ 
Cellular Development, Skeletal and Muscular 

System Development and Function, Tissue 
Development 

ANGPTL4,ATF4,CCS,CSRP3,Ctbp,DAPK2,DICER1,GCDH,HAUS7,Hdac,HDAC4,histone 
deacetylase,HM13,HSP,IgG2b,KCNQ1OT1,KHSRP,LCOR,N-
cor,NBEA,PLXNA2,PMP22,PVR,SAE1,SLC1A5,SLC7A8,SMAD1,SOX4,SRSF6,SS18L1,TCF,TNFRSF12A,TPH1,Vegf,ZEB1 

38 27 

5 % 
Gene Expression, Cell Morphology, 

Cardiovascular Disease 

ATRIP,BTF3,CCNC,CFD,Ck2,CLASP2,CSNK2A1,CTDP1,DCTPP1,EIF2A,ELL3,FOXC2,Gcn5l,GTF2F1,HADHA,HIST1H1E,HMGN2,Holo RNA 
polymerase II,KMT2A,LXN,MED12,MED28,mediator,PHPT1,Pkc(s),POLR2B,POTEG (includes others),PP1 protein complex 
group,PPP1R16A,RNA polymerase II,RPA,SUB1,TCEA1,TRAP/Media,XK 

36 26 

6 
Connective Tissue Disorders, Organismal 

Injury and Abnormalities, Cancer 

alcohol group acceptor phosphotransferase,ALDOA,APC (complex),CDC37,CDK6,DUS3L,FBXL12,GRK6,Ikb,Ikk (family),IL-
1R,IL1RL1,INTERLEUKIN,IRAK,IRAK1,Jnk,LDB1,LPIN1,MAD2L2,MAP3K6,MUTYH,NFIB,Nuclear factor 
1,PRKAA1,RFK,SFRP2,SLC25A5,TGM7,Tnf receptor,TRAF2,transglutaminase,UBE4A,UBXN11,ZNF544,ZNF593 

32 24 

7 
Cellular Assembly and Organisation, Cellular 

Function and Maintenance, Metabolic 
Disease 

ADRB,ATP synthase,ATP5F1,BNIP3,C1QBP,Cytochrome bc1,cytochrome C,cytochrome-c 
oxidase,EEF2K,FAAP20,FAM214A,GGT5,GOT,Hsp27,Hsp70,HSPD1,HTT,IBA57,KLF11,MAN1A1,Mitochondrial complex 
1,MRPL3,MRPL4,NDUFB5,NR1D2,P38 MAPK,PAX6,PCSK1,Proinsulin,SEPP1,STOML2,TOM1L2,Ubiquitin,UQCRQ,WDFY3 

30 23 

8 
Amino Acid Metabolism, Energy Production, 

Post-Translational Modification 

C4BPA,Calcineurin A,Calmodulin,CENPO,DNAJB7,DNAJB12,DTL,G6PC2,GPR55,GRHPR,GTF3C4,HAUS1,HISTONE,Histone h3,Histone 
h4,HNF1A,HSPA1A/HSPA1B,IKBKG,LPO,LSM4,METTL8,MLLT6,NKX6-2,NMDA 
Receptor,NOC2L,NUP54,PAMR1,PAX4,Paxip1,PDZD3,PLC,PTGIR,SMU1,tubulin (complex),WDFY2 

28 22 

9 $ 
Nucleic Acid Metabolism, Small Molecule 

Biochemistry, Cancer 

AGPAT2,AKAP1,C/ebp,CD151,CLCF1,Collagen type I,Dgk,DGKI,ENaC,ERK1/2,EXT1,FERMT2,GMPS,GPIIB-IIIA,hexokinase,Integrin alpha 
4 beta 
1,LALBA,Mac1,PFAS,PKMYT1,Ppp2c,PRKAC,Rb,Rsk,SEC24D,SLC29A1,STK19,STK24,TAP2,TNRC6B,TOM1L1,TRAF3IP3,TRIM2,TRIM65,Vla
-4 

26 21 

10 
Cell Morphology, Cellular Assembly and 

Organisation, Cellular Function and 
Maintenance 

Actin,ACTR3,aldo,Alpha tubulin,ARHGAP35,Arp2/3,ARPC2,BAIAP2,BCR (complex),c-Src,CAP1,CEP170,Cofilin,DISC1,DSTN,Dynein,ERK,F 
Actin,Fgfr,GPS2,GRAP2,JINK1/2,KRT31,Lfa-
1,MARCKS,NUMA1,PHACTR1,RAB5A,Rap1,Rock,SLC15A1,TNFRSF25,TNS1,TUBA3C/TUBA3D,TXNDC17 

24 20 

11 # 
Cell Death and Survival, Dermatological 
Diseases and Conditions, Immunological 

Disease 

14-3-3,BAG1,CBL,CCL19,CD3EAP,CFLAR,Fc gamma receptor,Fcer1,HAP1,Ifn gamma,Ige,IL23,ITPR,KIF13A,LILRA2,LRIG1,NFAT5,NFAT 
(complex),Nfat (family),NIPAL3,PHKG1,phosphorylase,PI3K (complex),PI3K (family),PLC 
gamma,PRKG1,PSME2,PYGB,SHFM1,SIGMAR1,SOCS7,SYK/ZAP,TYMP,VAV,ZEB2 

24 20 

12 % 
Cardiovascular Disease, Cardiovascular 

System Development and Function, 
Embryonic Development 

AAR2,ACTR1B,ARF1,ARFGEF1,CADM2,CSNK2A2,CUL3,HAGHL,KIF1C,LANCL1,LSM12,LYPD4,MRPL37,MRPS7,MRPS26,NIFK,NLE1,OR7
G3,RAI14,RNF182,RPL19,RPL27,RPL10A,RPS8,RTCB,SDAD1,SH3BP5L,TKT,TMEM106A,TTYH3,TUBA3C/TUBA3D,UBC,WDR90,YBX2,Y
WHAZ 

23 19 
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.... Table 4.1 Continued  

13 
Cancer, Endocrine System Disorders, 

Gastrointestinal Disease 

AAK1,ADCY,Ap2 alpha,APH1B,APLN,calpain,CAMK2G,CCDC86,Cg,CKB,Clathrin,Collagen type IV,creatine 
kinase,Dynamin,FAM58A,FEM1A,Fibrinogen,FSH,FSTL3,GAD1,Growth hormone,Gs-coupled receptor,KNOP1,Ldh 
(complex),Lh,Mapk,NME2,Notch,PGK1,Pro-inflammatory Cytokine,PTPN5,RANBP1,Secretase gamma,STX12,TIMP2 

19 17 

14 $ 
Lipid Metabolism, Small Molecule 

Biochemistry, Cell Signalling 

AAR2,ACD,CBX5,CEP95,COMMD5,COMMD9,CWC15,DHDDS,E2F4,FKBPL,GABPA,GFI1,HISTONE,HNF4A,IER5,LRRC37A3 (includes 
others),LSM3,MRPL32,ORMDL1,ORMDL2,POU5F1,PPP1R12B,PRDM5,R3HDM1,RBKS,RXRB,SGCE,SLC7A6OS,SNW1,TFAP4,YWHAB,ZNF
24,ZNF577,ZNF586,ZNF747 

17 16 

15 
Developmental Disorder, Hereditary Disorder, 

Neurological Disease 
ADRA1D,ASCL1,C1QL1,C1QTNF9B,CCNB1,CCNF,CDCA7L,DCTD,ELAVL1,FAM83H,G3BP2,INCA1,KIF11,LINS,PAPD5,PAPD7,PAPOLA,PJA2,
POLA1,PRIM2,PTMA,PXDC1,RAB5A,RBMX2,RNF219,SDCCAG3,SLC10A3,TEAD2,TOX4,UBE2C,UBE2J1,UBE3D,UBE4B,ZCCHC7,ZMYND19 

17 16 

16 $ 
Nucleic Acid Metabolism, Small Molecule 
Biochemistry, Cell-To-Cell Signalling and 

Interaction 
AK1,AK4,ANKS6,APBB3,APP,BLOC1S2,C8orf33,C9orf142,CMPK2,DNAH1,DNAH14,DNALI1,EYA4,HAP1,HMBOX1,IFRD2,LAP3,LYRM7,MR
PL1,NEMF,NME3,NOL7,NUDT9,PAWR,POP1,POP7,PPFIBP2,PPP1R8,PPP2R5E,PTPRO,PUSL1,TRAPPC2L,WDR45,WDR45B,ZNF622 

17 16 

17 
RNA Post-Transcriptional Modification, 
Developmental Disorder, Neurological 

Disease 

APCDD1,Bcl9-Cbp/p300-Ctnnb1-
Lef/Tcf,BTAF1,BTF3,C7orf26,CLP1,CLUH,CTNNB1,DCTPP1,DIAPH3,EDN1,EMX2,GTPBP6,HBE1,HHIP,IFIT5,LSM4,METAP1,MYC,PCF11,PO
LR2A,PRPF38B,RPL41,SLC13A2,SLC1A5,SMC1A,SNRK,SSU72,TNC,TSEN2,TSEN15,TSEN34,TSEN54,UPB1,WFDC5 

17 16 

18 $ 
Nutritional Disease, Lipid Metabolism, Small 

Molecule Biochemistry 
ACP5,ARHGEF17,ARHGEF19,ASXL3,BNC2,CYP2R1,DUSP23,EED,FAM86B1,G6PC2,GSE1,GTPase,HACD2,KDM1A,MTMR2,MTMR4,MYO1
9,NUDT9,phosphatase,PPFIA4,PPM1H,PPP1R1C,PTPN20,PXYLP1,RALBP1,RB1,SDK2,SIPA1L1,STYX,SZT2,UBLCP1,VDR,VPS51,ZNF480,ZN
F707 

17 16 

19 
Infectious Diseases, Organ Morphology, 

Inflammatory Disease 

Acp5,BTBD7,CACNG4,CHCHD7,CLEC6A,DPH2,Gsta4,IFNB1,IL13,IL10RA,IL17A,Interferon 
alpha,LSM11,LSM12,LSM14A,MAP7D2,MMP9,MON2,PRDM1,PRPF38B,PRPF40B,PTGER2,RNU11,RNU1-
4,SLAMF6,snRNP,SNRNP25,SPP1,SULT1A3/SULT1A4,SYCN,TMEM168,TNFRSF1B,TSIX,TXNL4A,VARS2 

17 16 

20 
Cell Morphology, Cellular Assembly and 

Organisation, Cellular Function and 
Maintenance 

ACTR5,AHCTF1,ATP10D,C9orf163,CEP78,CEP128,DAGLA,DDX41,DPH1,DPH5,DPH7,GREB1L,HARS2,ISOC2,JMJD4,KIF18B,LRRC42,LRRC8
E,LSG1,MIEN1,MOV10,MRPL18,MRPS5,NUP85,NXF1,PDPR,RUVBL2,SLC25A39,SZRD1,TCTN3,UPF3B,VDAC1,WLS,YDJC,ZNHIT2 

16 15 

21 
DNA Replication, Recombination, and Repair, 

Cell Cycle, Connective Tissue Development 
and Function 

ADGRE5,ADRA2B,ALG13,CAMSAP3,CCND1,CECR5,COPS5,COPS6,CPSF1,DCAF16,DDX52,DMTF1,FAM103A1,FAU,FBXL14,FBXO7,GPR39,
GSK3B,HRAS,LPAR3,MBLAC2,MFGE8,NEUROG2,NYNRIN,PDCD2L,PWP1,RAC3,RNF138,RPS2,RWDD1,SAV1,SUGP2,TBCK,TNRC6B,WSB1 

16 15 

22 
Reproductive System Development and 

Function, Cellular Function and Maintenance, 
Organ Development 

BARHL1,BEND5,C9orf9,CARHSP1,CATSPER,CATSPER1,CATSPER2,CATSPER3,CATSPER4,CATSPERB,CATSPERD,CATSPERG,CCDC150,FAM
207A,GOLGA2,GTF2A1,KRTAP10-
3,LMNA,MAGOHB,OR4C12,PEX10,RBMS1,SHMT1,TBRG4,THUMPD3,TMEM201,TNS2,TSC22D1,TTC23,UBE2I,WFDC10B,ZFYVE26,ZNF2
50,ZNF414,ZNF417/ZNF587 

16 15 

23 
Ophthalmic Disease, Organismal Injury and 

Abnormalities, Developmental Disorder 

AIP,ARSE,BAG3,C9orf72,C9orf106,CLK1,CRYAA/LOC102724652,CRYAB,CRYBA1,CRYBB2,CRYGC,DNAJB4,ECHDC1,GJA3,KARS,MCM6,MI
P,NDUFA10,NFS1,PDE9A,PGM3,PLK1,PRKX,PSMA3,PSME2,SLMO1,SMCR8,TBC1D32,TCAF1,TMEM109,TMIGD2,TNK2,TNNI3K,WDR41,
WIPI2 

14 14 

24 ^ 
Cancer, Organismal Injury and Abnormalities, 

Skeletal and Muscular Disorders 

APH1B,BCL2L12,BOK,C14orf80,CASP3,CCNL1,CCNL2,CDK11A,CISD3,DDIT3,FAM57A,FBXO15,GLS2,GSC2,LDOC1L,miR-378a-3p (and 
other miRNAs w/seed 
CUGGACU),MPHOSPH6,MRPS9,NEK5,NMT1,PGAP1,PTGER1,RFFL,RNF4,RNF220,SIRT3,SIRT4,SNX5,SPTLC2,TCTE3,TP53,UACA,UBE2E1,
XRCC2,ZSWIM2 

14 14 

25 
Carbohydrate Metabolism, Lipid Metabolism, 

Post-Translational Modification 
ASB1,C16orf87,CAMSAP2,CDYL,CHD1,CPA3,ESCO1,FAM60A,GATAD2A,HDAC1,HIST1H3A,KCTD11,KDM4A,KDM4C,LOXL2,MKL2,Ngp,N
KX3-1,PIGA,PIGB,PIGH,PIGQ,PRDM6,PRG2,RAMP1,SATB2,SETD1A,TAF1B,TEX264,TRMT61A,TSHZ3,ZFP36,ZFPM1,ZNF692,ZNF827 

14 14 

* Score suggests the probability (1 x10 – 48) that the transcripts in the network to cluster together by chance.  Networks related to # immune function, $ small 
molecule biochemistry, ^ skeletal and muscular function, and % cardiovascular disease. 
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4.4.1.2.1 Functional relationship of immune response-associated transcripts in the 
clinically severe and marginally MCC-deficient transcriptomes 

The network with the largest number of transcripts involved in one particular network (31 focus 

molecules) from the list of 682 overlapping significantly differentially expressed transcripts with 

the lowest probability (P = 1 x 10-48) that the transcripts in the network will cluster together by 

chance (Network one), has an association with RNA post-transcriptional modification, 

carbohydrate metabolism and cell-mediated immune response (Table 4.1).  The transcripts in 

network 11 also have an association with immunological disease (cell death and survival, 

dermatological diseases and conditions, immunological disease).   

The two networks, both comprised of transcripts associated with immune function, networks one 

and 11, were merged for further inspection.  The merged immune function-related network was 

separately overlaid with the list of 682 significantly differentially expressed transcripts specific to 

the clinically severe MCC-deficient and marginally MCC-deficient transcriptomes (Figure 4.5).  
At first glance, the overall appearance of the merged immune function-related network has more 

similarities than differences, which could suggest that the overall impact of the significantly 

differentially expressed transcripts on the underlying molecular interactions and networks 

related to immune function is probably quite similar in the clinically severe and marginally MCC-

deficient transcriptomes.   

The most striking feature in the immune function-related network was the up regulation of the 

nuclear factor activated T-Cell (NFAT) complex, NFAT family and the transcription regulator 

NFAT5 and the striking similarities between the clinically severe and marginally MCC-deficient 

transcriptomes.  It is known that NFAT is an important role player in axonal guidance signalling, 

B-cell receptor signalling and calcium signalling (Pan et al., 2013).  The activation of NFAT 

suggests an increase in calcium signalling which in turn impact the inflammatory signalling and 

membrane proliferation and integrity of cells (Pan et al., 2013).  A mechanism was proposed 

that suggested an elevation of intracellular calcium stimulates NFAT-dependent gene 

expression which in turn triggers the translocation of cPLA2 and 5-lipoxygenase (ALOX5) to the 

nuclear envelope, cytoplasmic lipid bodies, or endoplasmic reticulum. The cPLA2 machinery 

releases arachidonic acid from membrane phospholipids where COX enzymes (COX1 and 

COX2) together with downstream synthases metabolise arachidonic acid into pro-inflammatory 

lipid derived immune modulators such as prostaglandins and thromboxane.  Also leukotrienes 

(LT) are synthesised from arachidonic acid and involve five-lipoxygenase-activating protein 

(FLAP), ALOX5 and downstream leukotriene C4 (LTC4) synthase or LTA4 hydrolase.  
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A          B 

Figure 4.5: The gene interaction network of immune function and immunological disease overlaid with the transcript list of 682 
transcripts 
A) Clinically severe (MCCA) MCC-deficient transcriptome; B) marginally MCC-deficient (MCC-like) transcriptome.  Green indicates down regulated transcripts, 
red represents up regulated transcripts in the transcript list.  The orange lines and nodes represent predicted activation and the blue lines and nodes represent 
predicted inhibition in the gene interaction network. 
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Diacylglycerol (DAG) generated by PLCγ activates PKC, which is important for IKK activation 

via MALT1, BCl10, and TRAF6, as well as subsequent NF-kβ-dependent gene transcription. 

KKβ has also been implicated in mast cell degranulation independent of NF-kβ activation 

(Newton & Dixit, 2012).   

In the case of the transcriptome generated from the clinically severe MCC-deficient patients, the 

NFAT complex is activated and ALOX5 has a predicted activated status.  The COX enzymes 

(COX1 and COX2) have a predicted suppressed status along with cPLA2, PLCy BCL10 and 

TRAF6.  PCK has a neutral status with no activation or inhibition predicted within the clinically 

severe MCC-deficient transcriptome observed.  The leukotriene intermediate metabolism genes 

(LTC4, LTA4, FLAP, DAG) as well as MALT1 were not in the list of 682 significantly differentially 

expressed and also have no predicted activation or suppression state.  The marginally MCC-

deficient transcriptome has similar characteristics compared with the clinically severe MCC-

deficient transcriptome with the exception of COX2 and PKC.  The COX2 transcript has a 

predicted activation status for the marginally MCC-deficient transcriptome whereas COX2 for 

the clinically severe MCC-deficient transcriptome had a predicted suppressed status.  Also, 

PCK had a different status between the two transcriptomes.  The MCC transcriptome 

corresponds with the suggested mechanism for NFAT activation and its relation to the 

regulation of pro-inflammatory lipid-derived immune modulators.  The COX2 expression status 

of within the clinically severe MCC-deficient transcriptome, however, does not fit the proposed 

mechanism.  The marginally MCC-deficient transcriptome has a down regulated ALOX5 and a 

predicted down regulation in arachidonic acid, but an up regulation in COX2 was noted.  The 

gene interaction networks and the involvement of immune-related transcripts in the regulation of 

inflammation is of utmost importance especially since chronic inflammation leads to the 

development of chronic inflammatory diseases such as rheumatoid arthritis, asthma or 

atherosclerosis and can even cause the development of cancer (Newton & Dixit, 2012).   

In addition to the merged immune function-related network, the outcome of the up regulation of 

the NFAT complex and family and its related transcripts was further inspected in relation to 

arachidonic acid.  The activated NFAT and the effect of the proposed involvement of calcium 

signalling and the consequent impact it has on inflammatory signalling was investigated.  Figure 
4.6 depicts the NFAT complex interaction network in relation to arachidonic acid metabolism 

and pro-inflammatory signalling.  Although the NFAT-arachidonic acid interaction network 

overlaid with the marginally MCC-deficient transcriptome has a few differences compared with 

the NFAT-arachidonic acid interaction network overlaid with the MCC-deficient transcriptome, 

the secondary signalling responses and impact of NFAT and arachidonic acid signalling 

remained similar.   
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Figure 4.6: The gene interaction network of the nuclear factor of activated T-Cells and arachidonic acid overlaid with the transcript list 
of 682 transcripts 
A) Clinically severe MCC-deficient (MCCA) transcriptome; B) marginally MCC-deficient (MCC-like) transcriptome.  Green indicates down regulated transcripts, 
red represents up regulated transcripts in the transcript list.  The orange lines and nodes represent predicted activation and the blue lines and nodes represent 
predicted inhibition in the gene interaction network. 
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The noticeable difference in the predicted outcome of the pro-inflammatory cytokines is due 

mainly to the difference in expression regarding the TLR2 of the corresponding transcriptomes.   

For the clinically severe MCC-deficient transcriptome, the TLR2 transcript was down regulated, 

that suggested inhibition of pro-inflammatory cytokine production, whereas in the marginally 

MCC-deficient transcriptome the TLR2 transcript were up regulated and a consequent activation 

of pro-inflammatory cytokines were predicted.  The TLR2 gene is a member of the Toll-like 

receptor (TLR) family which are single trans membrane cell-surface receptors that play a 

fundamental role in the activation of innate immunity.   

In summary the noticeable findings of the clinically severe MCC-deficient and marginally MCC-

deficient transcriptomes in relation to the underlying functional networks involved with immune 

function and the regulation of inflammatory signalling, the characteristics are similar.  The 

transcriptional impact of the two transcriptomes with regard to NFAT and arachidonic acid 

signalling as well as predicted involvement of calcium signalling were similar.  The two 

transcriptomes differ in respect to the expression of the TLR2 transcript.  For the clinically 

severe MCC transcriptome TLR2 was down regulated that resulted in an inhibition effect on the 

formation of pro-inflammatory cytokines, since TLR impacts the regulation of pro-inflammatory 

cytokines via TLR and MYD88.  In this clinically severe MCC-deficient transcriptome, none of 

the TLR transcripts and MYD88 where down regulated between the MCC-deficient 

transcriptome and the controls that overlapped with the marginal MCC-deficient transcriptome 

when compared to the same controls.  In this interaction network MYD88 as well as TLR3/4/9 

were all predicted to be down regulated.  For the MCC-like interaction network the picture was 

slightly different from the picture described for clinically severe MCC-deficient transcriptome.  

One of the TLR genes, TLR2 was up regulated.  Since TLR2 interacts with pro-inflammatory 

cytokine production and regulation, the interaction network therefore indicates an activated pro-

inflammatory cytokine production.  Activated pro-inflammatory cytokine production suggests 

secondary activation of inflammatory responses that result in chronic inflammation.  This 

difference between the clinically severe MCC deficient and marginally MCC deficient 

transcriptomes is of value especially since the milder phenotypic MCC-deficient patients which 

are considered as non-diseased individuals.  This interaction network however suggests that 

even though the patients with the milder phenotype do not necessary present with severe 

clinical decomposition, their transcriptome suggests a chronic inflammation status.  This is 

important since chronic inflammation can lead to the development of chronic inflammatory 

diseases such as asthma, atherosclerosis and also has proved to favour the development of 

cancer (Coussens & Werb, 2002; Federico et al., 2007; Aggarwal et al., 2009; Schetter et al., 

2010; Newton & Dixit, 2012; Libby et al., 2014).  These results has should be further 

investigated to better understand the long term impact the milder phenotype has in the 
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development of chronic inflammation and the effect of quality of health and the development of 

age-related disease. 

Another commonality between clinically severe and marginally affected MCC-deficient patients 

is that they all to some extend complain of episodes of muscle pain, muscle weakness and also 

hypotonia.  In the next section the underlying functional networks related to skeletal and muscle 

function has been investigated. 

4.4.1.2.2 Functional network of skeletal and muscle development and function in 
clinically severe and marginally MCC-deficient skin fibroblast transcriptomes 

As described in section 4.4.1, the functional gene interactions networks were determined using 

IPA software and were further inspected for relevance.  Since MCC-deficient patients often 

complain or experience discomfort related to muscle the underlying molecular interactions 

between transcripts related to muscle function was of interest. Two of the top 25 functional 

networks had association with functions with skeletal and muscular development, function and 

impairment or disease (Networks 4 and 24, Table 4.1).  The networks each contained 27 and 

14 core transcripts with a score of 38 and 14 respectively.  The two networks were merged to 

create one integrated network to study the functional relationship between the transcripts in the 

list related to skeletal and muscular function (Figure 4.7).   

From the predicted network, the associated transcripts as well as the relationship between the 

transcripts in the network include core transcripts TP53, CASP3, DDIT3, ATF4, Vegf, HDAC4.  

Differences between the clinically severe MCC-deficient transcriptome and the marginally MCC-

deficient transcriptome have been noticed for the transcripts LCOR, SAE1, SLC1A5, CSRP3, 

ZEB1, HDAC4, CCS, BAPK2, NEK5, UBE2E1, MPHOSPH6, Hdac, SOX4 and SMAD1.  

Furthermore, several transcripts such as CSRP3, ZEB1, HDAC4, Vegf, ATF4, PMP22, DICERT, 

SPTLC3, DDIT3, PTGERT, XRCC2, TP53, Hdac, SOX4, SMAD1, in the network have an 

association with muscle development and function. The prostaglandin E receptor 1 (PTGER1) is 

a member of the G protein family.  PRGER1 is one of four receptors identified for prostaglandin 

E2.  This transcript is up regulated when an increased signalling of pro-inflammatory cytokines 

occurs and down regulated when the pro-inflammatory status is resolved.  Also, SMAD proteins 

are signal transducers and transcriptional modulators that mediate multiple signalling pathways 

which include the bone morphogenetic proteins which are involved in immune responses.  

Smad proteins transduce signals from transforming growth factor‐β (TGF‐β) receptors and 

regulate transcription of target genes. TGF‐β is implicated in the regulation of the smooth 

muscle cell specific gene SM22α, but little is known about how Smads are involved in SM22α 

gene transcription (Chen et al., 2003).  In this interaction network SMAD1 was significantly 

differentially expressed in both transcriptomes.   
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A          B 

 
Figure 4.7: The gene interaction network of skeletal and muscular development and function overlaid with the 682 overlapping 
transcripts 
A) Clinically severe MCC-deficient (MCCA) transcriptome; B) marginally MCC-deficient (MCC-like) transcriptome.  Green indicates down regulated transcripts, 
red represents up regulated transcripts in the transcript list.  The orange lines and nodes represent predicted activation and the blue lines and nodes represent 
predicted inhibition in the gene interaction network. 
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It has a down regulated status for the clinically severely MCC-deficient transcriptome and a 

down regulated status for the marginally MCC-deficient transcriptome.  Usually, the up 

regulation of SMAD1 is indicative of impact on smooth muscle function but what the function is 

in relation to MCC-deficiency is not yet clear.     

 

Table 4.2: Canonical pathways associated with the interaction network related to 
skeletal and muscular development and function 

Pathway Name 
# of 

Molecules 
Molecule(s) 

Adipogenesis pathway 8 
Ctbp, DDIT3, HDAC4, Hdac, histone deacetylase, 

SMAD1, TCF, TP53 

Huntington's Disease Signalling 8 
ATF4, CASP3, HDAC4, Hdac, histone deacetylase, HSP, 

N-cor,TP53 

Molecular Mechanisms of Cancer 7 
APH1B, CASP3, Hdac, histone deacetylase, SMAD1, TCF, 

TP53 

Xenobiotic Metabolism Signalling 5 HDAC4, Hdac, histone deacetylase, HSP, N-cor 

Telomerase Signalling 5 HDAC4, Hdac, histone deacetylase, HSP, TP53 

Wnt/β-catenin Signalling 5 Hdac, histone deacetylase, SOX4, TCF, TP53 

Colorectal Cancer Metastasis 
Signalling 

5 CASP3, PTGER1, TCF, TP53, Vegf 

Prostate Cancer Signalling 5 ATF4, Hdac, histone deacetylase,HSP, TP53 

Chronic Myeloid Leukemia 
Signalling 

5 Ctbp, HDAC4, Hdac, histone deacetylase, TP53 

Ovarian Cancer Signalling 5 Hdac, histone deacetylase, TCF, TP53, Vegf 

Hypoxia Signalling in the 
Cardiovascular System 

5 ATF4, HSP, TP53, UBE2E1, Vegf 

Pancreatic Adenocarcinoma 
Signalling 

4 Hdac, histone deacetylase, TP53, Vegf 

Endoplasmic Reticulum Stress 
Pathway 

4 ATF4, CASP3, DDIT3, HSP 

p38 MAPK Signalling 4 ATF4, DDIT3, HSP, TP53 

Calcium Signalling 4 ATF4, HDAC4, Hdac, histone deacetylase 

Bladder Cancer Signalling 4 Hdac, histone deacetylase, TP53, Vegf 

Phospholipase C Signalling 4 ATF4, HDAC4, Hdac, histone deacetylase 

Cyclins and Cell Cycle Regulation 4 HDAC4, Hdac, histone deacetylase, TP53 

Estrogen Receptor Signalling 4 Ctbp, Hdac, histone deacetylase, N-cor 

Amyotrophic Lateral Sclerosis 
signalling 

4 CASP3, CCS, TP53, Vegf 

   

 

Furthermore, histones play a critical role in transcriptional regulation and developmental events 

and the enzyme histone deacetyltransferase (Hdac) regulates histone h3/h4, IL6R as well as 

HIFIA.  Hdac is also important for alpha-tubulin binding, microtubule binding and heat shock 

protein binding in muscle development and function (Singh et al., 2010).  For the clinically 

severely MCC-deficient transcriptome, HDAC4 is down regulated, whereas it is up regulated for 
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the marginally MCC-deficient transcriptome.  The differential expression of the HDAC4 gene 

implies that Hdac of the clinically severe MCC transcriptome has an up regulated status and the 

marginally MCC-deficient transcriptome has a down regulated status.  The expression of hdac 

transcripts has been associated with the role of NFAT in cardiac hypertrophy, xenobiotic 

metabolism signalling and phospholipase C signalling, which also seem to be the key in the 

differences observed between the two transcriptomes.  Zinc finger E box homeobox 1 (ZEB1), 

which also plays an important role in transcriptional repression of interleukin 2 and has a known 

association with embryonic skeletal system morphogenesis, nervous system development and 

regulation of smooth muscle cell differentiation also has different directional impact (Saykally et 

al., 2009; Singh et al., 2010).  The canonical pathways that associate with the transcripts in the 

functional network were further inspected (Table 4.2).  Among others, the canonical pathways 

that relate to the interaction network include the adipogenesis pathway, Huntington‟s disease 

signalling, molecular mechanism of cancer, xenobiotic metabolism signalling, telomerase 

signalling, Wnt/B catenin signalling, hypoxia signalling in the cardiovascular system, calcium 

signalling and phospholipase C signalling. 

4.4.1.3 Affected canonical pathways in 3-methylcrotonyl-CoA carboxylase deficiency 

The affected canonical pathways were also inspected.  The EIF2 signalling canonical pathway 

(P = 2.76 x10-11 13.3 % 25/188) has been identified as the top affected pathway represented in 

the list of 682 overlapping significantly differentially expressed transcripts of the clinically severe 

and marginally MCC-deficient transcriptomes.  Also, the gluconeogenesis I (P = 1.21 x10-3 13.0 

% 6/46) and glycolysis I (P = 4.17 x10-3 12.2 % 5/41) pathways, the regulation of eIF4 and 

p70S6K signalling (P = 2.04 x10-3 7.3 % 11/150) as well as the salvage pathways of pyrimidine 

ribonucleotides (P = 2.43 x10-3 8.2 % 9/110) were also significantly represented to be affected 

by the 682 transcripts.  A closer inspection of the affected canonical pathways in relation to the 

specific characteristics represented in the overlapping transcripts in the transcriptomes 

generated from the clinically severe and marginally immortalised MCC-deficient skin fibroblasts 

was performed.  The majority of the pathways had the same character of up and down 

regulated transcripts with the exception of a few.  In Figure 4.8 the top canonical pathways 

associated with the 682 overlapping significantly differentially expressed transcripts have been 

summarised.   

What was interesting from the list of affected canonical pathways was that the most affected 

pathways were not necessarily the pathways that could be predicted to be involved with the 

MCC-deficiency, such as L-leucine degradation pathway, but rather included transcriptional 

regulatory small molecule homeostasis-related pathways such as EIF2 signalling and glycolysis.   

One must take into consideration that there are differences between the clinically severe and 

marginally MCC-deficient transcriptomes and that these differences impact the canonical 
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pathways differently.  Figure 4.9 demonstrates the relationship between the canonical 

pathways represented in the transcript list of 682 overlapping significantly differentially 

expressed transcripts. 

 

 

                                 A      B 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 4.8: Stacked bar chart of the top canonical pathways represented by the list of 
682 overlapping significantly differentially expressed transcripts  
Green represent down regulated transcripts, red indicate the transcripts that is up regulated for A) 
clinically severe MCC-deficient transcriptome and B) marginally MCC-deficient transcriptome.   
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Figure 4.9: Canonical pathway interaction network of the 682 overlapping significantly 
differentially expressed transcripts  
 

Besides the importance of analysing the functional networks following an untargeted approach, 

it was important to inspect the impact that the 682 overlapping significantly differentially 

expressed transcripts have on specific networks related to MCC-deficiency.  In the next section, 

the underlying molecular interactions and functional networks that impact MCC-deficiency are 

inspected and characterised following a targeted approach. 

4.4.2 Targeted functional analysis 

The impact which the overlapping 682 significantly differentially expressed transcripts had on 

the underlying gene interaction and functional networks that involve the MCCC1/MCCC2 

interactome, the catabolism of L-leucine, as well as OXPHOS function and regulation of ROS, 

were inspected in a targeted fashion.  The networks of interest were built according to the IPA 



186 

knowledge base and based on the total list of 682 overlapping significantly differentially 

expressed transcripts.  The characteristics of the 682 transcripts for each of the clinically severe 

MCC-deficient transcriptomes and the marginally MCC-deficient transcriptomes, as well as the 

consequent signalling responses and subsequent predicted functional networks, were inspected 

separately, with respect to the overlay of the clinically severe and marginally MCC-deficient 

transcriptomes.   

4.4.2.1 Targeted investigation of the impact of secondary signalling on the 
MCCC1/MCCC2 interaction network 

It was evident that both MCCC1 and MCCC2 were significantly differentially expressed for only 

the clinically severe MCC-deficient transcriptome when compared with the control transcriptome 

and not significantly differentially expressed for the marginally MCC-deficient transcriptome 

when compared with the same controls.  Even though the primary transcripts were not a feature 

mutually shared by the two transcriptomes, the MCCC1/MCCC2 interaction network was built 

based on the 682 transcripts that overlapped between the two transcriptomes, the IPA 

knowledge base and grow tool application in the IPA software package.   

The two MCC transcripts, MCCC1 and MCCC2, were connected based on the known 

characteristic of heteromerisation / protein-protein interactions of the two independently formed 

monomers (α6,β6).  The extended interaction network was built to include the related molecules 

that have known relationships, direct or indirect, with either MCCC1 and/or MCCC2.  The 

transcripts of the MCCC1/MCCC2 interaction network were summarised in Table 4.2.  

The MCCC1/MCCC2 interaction network presented here reflects the character of the 682 

overlapping transcripts that overlap between the clinically severely MCC-deficient and 

marginally MCC-deficient transcriptomes.  It is evident that the relationships between the 682 

overlapping transcripts and the MCCC1/MCCC2 interaction network were irrespective of the 

primary expression of the two primary transcripts (MCCC1 and MCCC2) themselves, since the 

significantly differential expression of the MCC transcripts, MCCC1 and MCCC2, was unique to 

the clinically severely MCC-deficient transcriptome and not a characteristic shared with the 

marginally MCC-deficient transcriptome.  The MCCC1/MCCC2 interaction network was overlaid 

with the total list of 682 transcripts overlapping between the clinically severely MCC-deficient 

and marginally MCC-deficient transcriptomes (Figure 4.10).    

The functional analyses of the 682 overlapping transcript IDs between the clinically severe and 

marginally MCC-deficient immortalised cultured skin fibroblast transcriptomes showed a shared 

predicted activation of the NFat family, tubulin, alpha tubulin, CaMK and HNF4A via MED12, as 

well as a down regulation and predicted downstream inhibition of UBC, CREB, CUL4B and 
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IFIT1 (Figure 4.10).  In addition, the transcriptomes differed with regard to the expression and 

predicted secondary signalling responses of the modifier transcripts HNF4A, HN1FA and 

ERBB2, as well as RNA polymerase and the histone deacetylase.  

 

Table 4.3: Transcripts of the overlapping list associated with the MCCC1/MCCC2 
interactome 
 Clinically severe MCC-deficient transcriptome Marginally MCC-deficient transcriptome 

  470 Transcripts 212 Transcripts 470 Transcripts 212 Transcripts 

 Gene 
Symbol 

p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* 

ABCF1 3.73E-07 -1.64 -1.64      
  

4.27E-03 -1.15 -1.15      
  

ADAM17 1.69E-04 -1.72 -1.72      
  

3.92E-03 -1.47 -1.47      
  

ALDOA 3.22E-04 -1.44 -1.44      
  

4.67E-02 -1.18 -1.18      
  

ATF4 1.90E-04 -2.6 -2.6      
  

3.83E-02 -1.52 -1.52      
  

ATP 1.16E-03 -1.58 -1.58      
  

3.76E-03 -1.57 -1.57      
  

ATP5F1 6.07E-04 -2.55 -2.55      
  

2.47E-02 -1.74 -1.74      
  

C10orf2 4.82E-07 -3.15 -3.15      
  

2.03E-03 -1.47 -1.47      
  

C1QBP 1.19E-06 -2.4 -2.4      
  

4.11E-03 -1.34 -1.34      
  

CBL 6.81E-04 1.62 1.62      
  

9.32E-03 1.44 1.44      
  

CCNC     
  

6.89E-05 -1.52 -1.52      
  

3.22E-02 1.18 1.18  

CD3EAP 1.25E-05 -2.14 -2.14      
  

2.73E-02 -1.27 -1.27      
  

CD44     
  

5.45E-04 -1.46 -1.46      
  

9.77E-04 1.52 1.52  

CDC37 6.28E-04 -1.41 -1.41      
  

4.96E-02 -1.19 -1.19      
  

CECR5 3.11E-04 -1.52 -1.52      
  

1.01E-02 -1.31 -1.31      
  

CENPO     
  

1.93E-04 -1.43 -1.43      
  

2.45E-02 1.19 1.19  

CEP95 7.49E-06 -1.69 -1.69      
  

1.80E-02 -1.18 -1.18      
  

CKB 1.91E-04 -1.59 -1.59      
  

3.82E-02 -1.22 -1.22      
  

COMMD5 1.47E-04 -1.37 -1.37      
  

4.82E-02 -1.13 -1.13      
  

CSNK2A1     
  

2.68E-04 -1.47 -1.47      
  

4.07E-02 1.19 1.19  

DDX41 3.57E-04 -2.28 -2.28      
  

4.66E-02 -1.46 -1.46      
  

DHX33 3.69E-06 -2.18 -2.18      
  

8.01E-03 -1.31 -1.31      
  

DICER1 1.12E-04 -1.65 -1.65      
  

3.50E-02 -1.23 -1.23      
  

EEF1B2 6.42E-06 -3.01 -3.01      
  

3.14E-02 -1.35 -1.35      
  

ENO1 2.96E-06 -1.98 -1.98      
  

3.85E-02 -1.17 -1.17      
  

FARSB     
  

3.25E-04 -1.69 -1.69      
  

4.71E-02 1.27 1.27  

GPS2     
  

1.38E-03 1.75 1.75      
  

4.36E-02 -1.39 -1.4  

GRHPR 8.08E-05 -1.46 -1.46      
  

4.26E-02 -1.15 -1.15      
  

GTF2F1 4.81E-04 -1.56 -1.56      
  

4.74E-02 -1.24 -1.24      
  

H3F3A/ 
H3F3B     

  

7.19E-04 1.58 
1.58  

    
  

1.64E-02 -1.36 
-1.4  

HADHA 7.24E-05 -1.85 -1.85  7.97E-03 -1.25 -1.25  3.18E-03 -1.49 -1.49  1.16E-02 1.29 1.29  

HDAC4     
  

4.66E-04 -1.33 -1.33      
  

5.55E-03 1.25 1.25  
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HHIP 3.19E-06 -1.58 -1.58      
  

3.15E-05 -1.49 -1.49      
  

HNF1A     
  

2.34E-02 1.13 1.13      
  

2.40E-02 -1.16 -1.2  

HNRNPF 7.87E-07 -1.97 -1.97      
  

3.31E-02 -1.14 -1.14      
  

HNRNPL 1.06E-04 -1.32 -1.32      
  

1.06E-03 -1.27 -1.27      
  

HSPD1     
  

4.58E-02 -1.24 -1.24      
  

2.73E-03 1.64 1.64  

HTT 7.43E-04 1.77 1.77      
  

1.19E-02 1.51 1.51      
  

IFIT5 3.27E-04 -2.65 -2.65      
  

1.78E-02 -1.76 -1.76      
  

IKBKG 6.63E-04 -1.29 -1.29      
  

2.04E-02 -1.17 -1.17      
  

IRAK1 1.03E-05 -1.5 -1.5      
  

7.20E-03 -1.18 -1.18      
  

KARS 1.01E-05 -1.91 -1.91      
  

2.41E-02 -1.22 -1.22      
  

KHSRP 8.89E-04 -1.28 -1.28      
  

1.01E-02 -1.21 -1.21      
  

KIF13A 1.11E-03 1.4 1.4      
  

2.71E-02 1.24 1.24      
  

KLF11 8.11E-04 -1.41 -1.41      
  

1.63E-02 -1.27 -1.27      
  

KMT2A 9.40E-04 2.04 2.04      
  

3.94E-02 1.5 1.5      
  

LDB1 1.16E-03 1.45 1.45      
  

3.83E-02 1.25 1.25      
  

LPIN1 6.25E-04 1.52 1.52      
  

4.90E-03 1.43 1.43      
  

LSM4 7.73E-04 -1.33 -1.33      
  

4.20E-02 -1.17 -1.17      
  

MED12 5.78E-04 1.67 1.67      
  

2.97E-02 1.34 1.34      
  

MRPL1     
  

1.16E-04 -1.74 -1.74      
  

3.19E-02 1.27 1.27  

MRPL3     
  

1.19E-04 -1.72 -1.72      
  

4.66E-02 1.23 1.23  

MRPL32     
  

4.46E-04 -1.57 -1.57      
  

2.56E-02 1.29 1.29  

MRPL4 9.42E-06 -1.97 -1.97      
  

4.55E-02 -1.2 -1.2      
  

MRTO4 8.61E-06 -2.84 -2.84      
  

3.75E-02 -1.33 -1.33      
  

MUTYH 2.98E-05 -1.46 -1.46      
  

2.14E-02 -1.16 -1.16      
  

MYD88 2.32E-05 -2.33 -2.33      
  

9.16E-03 -1.45 -1.45      
  

NKX6-2     
  

5.42E-03 -1.16 -1.16      
  

2.86E-02 1.14 1.14  

NME2 1.17E-05 -1.91 -1.91      
  

3.41E-02 -1.21 -1.21      
  

NOC2L 7.50E-07 -1.88 -1.88      
  

1.14E-02 -1.17 -1.17      
  

NOP56 1.99E-06 -3.29 -3.29      
  

2.48E-02 -1.34 -1.34      
  

NUMA1 3.46E-05 1.45 1.45      
  

4.26E-02 1.13 1.13      
  

NUP85 1.23E-05 -1.79 -1.79      
  

2.96E-02 -1.2 -1.2      
  

PA2G4 2.32E-05 -2.77 -2.77      
  

1.72E-02 -1.48 -1.48      
  

PGK1 9.25E-08 -2.12 -2.12      
  

2.48E-02 -1.12 -1.12      
  

PRKAB1 1.57E-05 -1.62 -1.62      
  

4.33E-03 -1.26 -1.26      
  

PSME2 1.41E-04 -2.37 -2.37      
  

2.53E-04 -2.61 -2.61      
  

PTBP1 1.95E-06 -1.61 -1.61      
  

2.85E-02 -1.12 -1.12      
  

PTK2B 3.37E-04 -1.48 -1.48      
  

3.27E-03 -1.38 -1.38      
  

PUSL1 1.63E-04 -1.36 -1.36      
  

1.72E-02 -1.17 -1.17      
  

PYCR2 4.19E-07 -2.48 -2.48      
  

1.68E-02 -1.21 -1.21      
  

RANBP1 1.63E-04 -2.3 -2.3      
  

2.34E-02 -1.5 -1.5      
  

RAVER1 1.98E-04 -1.23 -1.23      
  

2.79E-02 -1.1 -1.1      
  

RBMX 9.12E-05 -2.05 -2.05      
  

4.54E-02 -1.31 -1.31      
  

RPL13 1.18E-06 -3.09 -3.09      
  

4.64E-03 -1.44 -1.44      
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RPL19 8.97E-05 -2.75 -2.75      
  

4.09E-02 -1.47 -1.47      
  

RPL21 1.33E-04 -1.49 -1.49      
  

1.62E-03 -1.38 -1.38      
  

RPL26L1     
  

4.96E-03 1.31 1.31      
  

4.35E-02 -1.22 -1.2  

RPL27 1.16E-06 -4.59 -4.59      
  

4.46E-02 -1.34 -1.34      
  

RPL6     
  

1.25E-03 -1.09 -1.09      
  

7.62E-05 1.18 1.18  

RPS14 4.03E-05 -1.68 -1.68      
  

9.51E-03 -1.28 -1.28      
  

RPS15 1.36E-06 -2.41 -2.41      
  

9.21E-03 -1.29 -1.29      
  

RPS2 8.74E-07 -3.94 -3.94      
  

4.08E-03 -1.55 -1.55      
  

RPS6 3.23E-06 -2.41 -2.41      
  

3.51E-03 -1.42 -1.42      
  

RPS8 5.41E-07 -3.61 -3.61      
  

5.04E-03 -1.44 -1.44      
  

SHFM1     
  

3.53E-03 -1.19 -1.19      
  

2.93E-04 1.39 1.39  

SLC1A5     
  

1.30E-02 1.23 1.23      
  

3.71E-02 -1.22 -1.2  

SLC25A5 6.95E-05 -1.8 -1.8      
  

9.83E-03 -1.35 -1.35      
  

SMARCC2 7.90E-04 1.55 1.55      
  

3.72E-02 1.28 1.28      
  

SMU1 8.38E-07 -1.99 -1.99      
  

1.65E-02 -1.18 -1.18      
  

SNRPB 4.03E-06 -2.29 -2.29      
  

2.19E-02 -1.26 -1.26      
  

SNRPF 2.65E-04 -1.82 -1.82      
  

3.70E-02 -1.32 -1.32      
  

SRSF6 3.19E-05 -3.84 -3.84      
  

3.78E-02 -1.56 -1.56      
  

STOML2 2.28E-05 -3.07 -3.07      
  

1.25E-02 -1.59 -1.59      
  

SUB1 9.00E-04 2.32 2.32      
  

7.27E-03 2.01 2.01      
  

TECR 2.98E-04 -1.33 -1.33      
  

4.55E-02 -1.14 -1.14      
  

TFAP4 8.31E-06 -1.37 -1.37      
  

3.35E-05 -1.37 -1.37      
  

TRAF2 1.73E-05 -1.37 -1.37      
  

3.54E-03 -1.17 -1.17      
  

UBE2E1     
  

1.80E-02 -1.16 -1.16      
  

1.25E-02 1.22 1.22  

UBL4A 1.87E-04 -1.61 -1.61      
  

9.26E-03 -1.34 -1.34      
  

UBTF 1.18E-03 -1.19 -1.19      
  

5.06E-03 -1.18 -1.18      
  

UPF3B 2.49E-04 -1.48 -1.48      
  

8.03E-03 -1.3 -1.3      
  

VARS2 5.76E-04 -1.51 -1.51      
  

3.65E-02 -1.25 -1.25      
  

WDR18 2.35E-05 -1.58 -1.58      
  

1.49E-02 -1.2 -1.2      
  

XRCC5     
  

2.87E-04 -1.36 -1.36      
  

3.80E-02 1.16 1.16  

ZFP36 3.77E-04 -1.84 -1.84      
  

1.52E-02 -1.46 -1.46      
  

ZGPAT 4.13E-05 -1.45 
-1.45  

    
  

1.60E-02 -1.17 
-1.17  

    
  

* Heat map: red indicates up regulation and green indicates down regulation 

 

From the MCCC1/MCCC2 interactome it was noted that the majority of transcripts in the 

interactome overall had similar characteristics, with the exception of transcripts such as HNF4A, 

HNF1A and ERBB2.  Furthermore, the histone deacetylase transcripts, HDAC4, CSNK2A1, 

MDM2, MED28, OCNC and SLC1A5, had differences in expression.  
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A          B

 
Figure 4.10: MCCC1/MCCC2 interactome predicted for the 682 overlapping transcripts  
Graphical representation of MCCC1/MCCC2 interactome overlaid with the significantly differentially expressed transcript list for A) clinically severe MCC-deficient 
transcriptome, B) marginally MCC-deficient. Red indicates up regulated, green down regulated and white molecules not significantly differentially expressed but 
essential to network interaction. Orange suggests predicted activation and blue predicted inhibition interactions.  
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HNF4A is also a nuclear transcription factor and its protein controls the expression of genes 

such as hepatocyte nuclear factor alpha (HNF1A), which also regulates a group of hepatic 

genes.  As described in previous Chapters, HNF4α expression stimulates gene transcription 

and regulates apo-lipoprotein expression, glucose metabolism and insulin secretion (Stoffel & 

Duncan, 1997).  Also, HNF4A is essential for PXR and CAR-mediated transcriptional activation 

and xenobiotic metabolism (Hwang-Verslues & Sladek, 2010).  The expression and regulation 

of these transcripts play important roles in the development of the liver, kidney and intestines.  

In this interaction network, HNF4A also seems to regulate and impact MCC via the expression 

of MCCC1, in particular (Figure 4.10).  It is therefore evident that the predicted activation 

(clinically severely MCC-deficient transcriptome) and the predicted inhibition (marginal MCC-

deficient transcriptome) of HNF4A would result in different downstream signalling responses.  

Also, HNF4A further impacts MCC (MCCC2) via histone deacetylase, HADAC1 and HADAC4 

Interestingly, several transcripts such as ATF4, HDAC4, HADAC1, SLC1A5, DiCER1, KHSRP, 

UBEZE1, SRSF6 and ZEB1 overlap between the MCCC1/MCCC2 interaction network and the 

previously described skeletal and muscular development and function interaction network 

(Section 4.4.1.2.2).  Although it might be highly speculative assumptions, one could imagine 

that this overlap of genes could most probably indicate an important link between the regulation 

of MCC and/or MCCC1 / MCCC2 and the clinical presentation of muscle weakness, hypotonia 

and other axonal guidance signalling pathways almost always affected in patients with MCC-

deficiency or biochemical phenotypes indicative of MCC-deficiency. 

4.4.2.2 Functional implications and predicted secondary signalling that affects the L-
leucine degradation pathway  

Besides the MCCC1/MCCC2 interaction network, the predicted secondary signalling that affects 

the L-leucine degradation pathway of the clinically severe and marginally MCC-deficient 

transcriptomes were also inspected and characterised in targeted fashion.  The results of these 

analyses are presented and discussed in this section. 

The impact of the overlapping 682 significantly differentially expressed transcripts between the 

clinically severely MCC-deficient and marginally MCC-deficient transcriptomes on the leucine 

degradation pathway was also inspected and the predicted secondary signalling responses 

resulting from the aberrant L-leucine pathway were investigated.  Table 4.5 lists the significantly 

differentially expressed transcripts that overlap between the clinically severe and marginally 

MCC-deficient transcriptomes that implicate the L-leucine degradation pathway and extended 

interaction network.  The L-leucine degradation pathway was overlaid with the transcript list of 

682 overlapping significantly differentially expressed transcripts between the clinically severe 

and marginally MCC-deficient transcriptomes.  Predicted reduced production of ATP was one 
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commonly shared characteristic in this pathway.  This implicated impaired ATP production 

impacts the leucine degradation pathway at the fourth step, where MCC converts 3-

methylcrotonyl-CoA to 3-methylglutoconyl-CoA in an ATP-dependent fashion.  This low ATP 

level implies a mutually decreased metabolic flux distal from MCC.  To further inspect the 

functional impact ATP has on L-leucine degradation, an extended interaction network was 

compiled.  The leucine degradation pathway was therefore extended to include the ATP 

interaction network based on the character of the overlapping 682 transcripts using the IPA 

grow tool (Figure 4.11).   

 

Table 4.4: Transcripts of the overlapping list associated with the extended L-
leucine degradation pathway 

 Clinically severe MCC-deficient transcriptome Marginally MCC-deficient transcriptome 

 Gene  
Symbol 

470 Transcripts 212 Transcripts 470 Transcripts 212 Transcripts 

  p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* 

ATP 1.16E-03 -1.58 -1.58      
  

3.76E-03 -1.57 -1.57      
  

CBL 6.81E-04 1.62 1.62      
  

9.32E-03 1.44 1.44      
  

CDC37 6.28E-04 -1.41 -1.41      
  

4.96E-02 -1.19 -1.19      
  

CDK6       2.37E-02 -1.43 -1.43      
  

9.89E-03 1.7 1.7  

DNAJB12 1.53E-04 -1.43 -1.43      
  

6.15E-03 -1.26 -1.26      
  

DNAJB13 3.80E-04 1.4 1.4      
  

1.90E-02 1.22 1.22      
  

DNAJB14       3.50E-03 -1.28 -1.28      
  

1.04E-02 1.28 1.28  

GRK6 5.37E-05 -1.36 -1.36      
  

2.39E-03 -1.22 -1.22      
  

HADHA 7.24E-05 -1.85 -1.85  7.97E-03 -1.25 -1.25  3.18E-03 -1.49 -1.49  1.16E-02 1.29 1.29  

HNF1A       2.34E-02 1.13 1.13      
  

2.40E-02 -1.16 -1.16  

HSPD1       4.58E-02 -1.24 -1.24      
  

2.73E-03 1.64 1.64  

HTT 7.43E-04 1.77 1.77      
  

1.19E-02 1.51 1.51      
  

IFI35 4.56E-04 -3.4 -3.4      
  

1.61E-02 -2.15 -2.15      
  

IRAK1 1.03E-05 -1.5 -1.5      
  

7.20E-03 -1.18 -1.18      
  

MAP3K6 8.07E-04 -1.62 -1.62      
  

3.44E-02 -1.32 -1.32      
  

PRKAA1       5.29E-03 -1.43 -1.43      
  

4.49E-02 1.31 1.31  

PRKAB1 1.57E-05 -1.62 -1.62      
  

4.33E-03 -1.26 -1.26      
  

RPS6 3.23E-06 -2.41 -2.41      
  

3.51E-03 -1.42 -1.42      
  

TFAP4 8.31E-06 -1.37 -1.37      
  

3.35E-05 -1.37 -1.37      
  

ZEB1     
  

4.52E-02 -1.18 
-1.18  

    
  

4.00E-02 1.23 
1.23  

* Heat map: red indicates up regulation and green indicates down regulation 
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A           B 

Figure 4.11: Extended L-leucine degradation pathway overlaid with the 682 overlapping transcripts  
Graphical representation of extended L-leucine degradation pathway overlaid with the significantly differentially expressed transcript list for A) clinically severe 
MCC-deficient and B) marginal MCC deficient transcriptome. Red indicates up regulated, green down regulated and white molecules not significantly differentially 
expressed but essential to network interaction. Orange suggests predicted activation and blue predicted inhibition interactions. 
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The interaction network of the extended leucine degradation pathway and the associated 

character of the transcripts in the ATP interaction network seemed similar in the clinically severe 

and marginally MCC-deficient transcriptomes.  The majority of transcripts in the ATP interaction 

network had fold changes in the same direction.  Only a few transcripts, PAX6, TLR2, Vla-

4/FGA4, Ck2/CSMK2A1, NDUFB5, MAPKAP1 and POLR2B, showed fold changes in opposite 

directions (Figure 4.11).  The secondary transcripts associated with the MCCC2 transcript that 

could influence its expression, were similar between the clinically severe and marginally MCC-

deficient transcriptomes with down regulation of TFAP4, IFI35 and CDC37.  The modifier 

transcripts (HNF1A and HNF4A) with known association with MCCC1 expression were distinctly 

different for the clinically severe and marginally MCC-deficient transcriptomes.  The clinically 

severely MCC-deficient MCCC1 interactome showed down regulation of ZEB1, a transcript of 

the TCF complex that has an inhibitory regulatory effect on HNFIA signalling.  In the case of the 

marginally MCC-deficient transcriptome, ZEB1 was up regulated, which caused an activation of 

the HNFIA signalling pathway.  The heat shock protein (HSP) interaction network and MCC 

seemed to be connected via INPPL1 to MCCC2, which seemingly affects the L-leucine 

degradation pathway and its downstream regulation.  The clinically severe and marginally MCC-

deficient HSP interaction network showed similar down regulation of DNAJB14 and DNAJB12, 

but the predicted expression of DNAJB13 and HSPD1 was different.  These different 

transcriptional responses predicted opposite downstream responses and affect the ATPase 

activity and Hsp70 function differently.  For the clinically severely MCC-deficient transcriptome, 

down regulation of ATPase, as well as predicted inhibition of the Hsp70 and eicosanoid 

signalling via PTGES3 pathways were noted, whereas up regulation of ATPase and induction of 

the Hsp70 complex and eicosanoid signalling via PTGES3 were apparent for the marginally 

MCC-deficient transcriptome.  Thus, the clinically severe and marginally MCC-deficient 

transcriptomes were affected in a similar fashion, resulting in similar transcriptional and 

predicted secondary signalling response that impacts the L-leucine degradation pathway via the 

aberrant ATP interaction network.   

The L-leucine degradation pathway and extended interaction network of the clinically severe 

and marginally MCC-deficient transcriptomes impact the L-Leucine degradation pathway in a 

similar fashion, resulting in a mutually decreased flux through the pathway due to impaired ATP 

production that affects the MCC reaction.  The secondary signalling response that impacts the 

L-leucine degradation was predicted to occur via the ATP interaction network.  It seems that 

impaired ATP production does contribute to the seemingly inhibited MCC, and thus gives rise to 

the accumulation of the precursor metabolite 3-methylcrotonyl-CoA carboxylase that is 

metabolised to HIVA and MCG and excreted with urine.  Also, in the case of the marginally 

MCC-deficient transcriptome, ZEB1 was up regulated, which caused an activation of the HNFIA 

signalling pathway.  The heat shock protein (HSP) interaction network and MCC loci seemed to 
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be connected via INPPL1 to MCCC2 and affect the L-leucine degradation pathway (Figure 
4.11).  The clinically severe and marginally MCC-deficient HSP interaction network showed 

similar down regulation of DNAJB14 and DNAJB12, but the predicted expression of DNAJB13 

and HSPD1 was different.  These different transcriptional responses result in opposite predicted 

downstream responses and affect ATPase activity and Hsp70 function differently.  For the 

clinically severely MCC-deficient transcriptome, ATPase was down regulated and a predicted 

inhibition of the Hsp70 and eicosanoid signalling via PTGES3 pathways was observed, whereas 

for the marginally MCC-deficient transcriptome, ATPase was up regulated and an induction of 

the Hsp70 complex and eicosanoid signalling via PTGES3 was apparent.  The ATP interaction 

network character of the clinical severe and marginally MCC-deficient transcriptomes was very 

similar.  Only a few transcripts of the interaction network, NBUFB5, CSMK2A1, FGA4, PAX6, 

TAP2, POLR2B, MAPKAP1, had opposite directional fold changes when a comparison was 

made between the clinically severe and marginally MCC-deficient transcriptomes.   

The differences in the extended L-leucine degradation pathway were clearer with the overlay of 

the list of 212 transcripts that had opposite directional fold changes when compared between 

clinically severe and marginal MCC-deficient transcriptomes.  The secondary signalling 

responses predicted from ATP interaction network indicated a suppression of ATP production 

via the PGK and CDK complexes.  An inhibitory effect on PHK was also noted and up regulation 

of GAD of the proteosome to occur.  The SLC29A1 transcript is the only transcript in the ATP 

interaction network that has a predicted activation status. Evidently, the L-leucine degradation 

pathway and extended ATP interaction network showed that both the clinically severe and 

marginally MCC-deficient transcriptomes had a very similar impact.  Reduced ATP levels could 

be a secondary effect of impaired OXPHOS function and possible mitochondrial dysfunction 

and aberrant ROS regulation.  These reduced ATP levels that seem to affect impact the L-

leucine pathway need further investigation.  Next, the implicated ROS interaction network was 

inspected and characterised. 

4.4.2.3 The functional implication of clinically severe and marginal 3-methylcrotonyl-
CoA carboxylase deficiency in relation to oxidative phosphorylation and the 
regulation of reactive oxygen species  

The 682 transcripts that were significantly differentially expressed for both the clinically severe 

and marginally MCC-deficient transcriptomes were inspected in relation to their impact on 

OXPHOS and ROS regulation. The transcripts involved in the ROS interaction are summarised 

in Table 4.6  
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Table 4.5: Transcripts of the implicated reactive oxygen species interactome  

 Clinically severe MCC-deficient  Marginally MCC-deficient  

  470 Transcripts 212 Transcripts 470 Transcripts 212 Transcripts 

  p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* p-value 
Fold 
Change 

* 

ADAM17 1.69E-04 -1.72 -1.7        3.92E-03 -1.47 -

1.47        

ADH5       8.37E-05 -1.52 -1.52        1.04E-02  1.24 1.24  

APBB3 1.61E-04 -1.91 -1.9        4.09E-02 -1.31 -

1.31        

APLN 1.07E-03 -1.25 -1.3        1.33E-04 -1.48 -

1.48        

AQP9 1.66E-02  1.26 1.26        1.02E-04  2.06 2.06        

ATP 1.16E-03 -1.58 -1.6        3.76E-03 -1.57 -
1.57        

ATP5F1 6.07E-04 -2.55 -2.6        2.47E-02 -1.74 -

1.74        

CDK4/6                         

CDK6     0 2.37E-02 -1.43 -1.43      0 9.89E-03  1.70 1.7  

DGKI 3.58E-04 -2.09 -2.1        1.68E-02 -1.55 -

1.55        

HDAC4       4.66E-04 -1.33 -1.33        5.55E-03  1.25 1.25  

IKBKG 6.63E-04 -1.29 -1.3        2.04E-02 -1.17 -

1.17        

IL1RL1 5.93E-04 -3.79 -3.8        4.63E-02 -1.95 -

1.95        

IRAK1 1.03E-05 -1.50 -1.5        7.20E-03 -1.18 -
1.18        

LPIN1 6.25E-04  1.52 1.52        4.90E-03  1.43 1.43        

LPO     0 3.24E-02 1.15 1.15      0 4.47E-02 -1.17 -1.17  

MAP3K6 8.07E-04 -1.62 -1.6        3.44E-02 -1.32 -

1.32        

MYD88 2.32E-05 -2.33 -2.3        9.16E-03 -1.45 -

1.45        

NDUFB5       1.00E-02 -1.19 -1.19        1.59E-02  1.21 1.21  

PRELID1 4.32E-05 -1.95 -2        6.05E-03 -1.42 -

1.42        

PTPN5       5.69E-03 1.13 1.13        2.15E-02 -1.12 -1.12  

RFK 3.36E-04 -1.64 -1.6        2.71E-02 -1.3 -1.3        

SEPP1       3.91E-02 -1.12 -1.12        3.13E-03  1.26 1.26  

SIGMAR1 9.58E-06 -2.00 -2        1.24E-02 -1.29 -

1.29        

TIMP2 5.48E-04  1.78 1.78        2.13E-02  1.42 1.42        

TLR2     0 4.30E-02 -1.81 -1.81      0 1.13E-02  2.74 2.74  

TRAF2 1.73E-05 -1.37 -1.4        3.54E-03 -1.17 -
1.17        

* Heat map: red indicates up regulation and green indicates down regulation 

 

The suggested aberrant ROS regulation was further explored by inspecting the functional 

relationship between the 682 overlapping well-defined significantly differentially expressed 

transcripts and ROS production and regulation.  The ROS interaction network was built from the 

IPA knowledge base, where it was modified with the 682 annotated significantly differentially 

expressed transcripts that overlap between the clinically severe and marginally MCC-deficient 

transcriptomes.  The ROS interaction network was separately overlaid with the transcript lists for 

the clinically severely MCC-deficient and the marginally MCC-deficient transcriptomes.  The 

similarities were observed in the NADPH oxidase activity, pro-inflammatory cytokine signalling, 

histone deacetylase, NfkB signalling, ATP synthase activity, as well as activation of PPARG and 

Nr1h signalling.  The predicted inhibition of the NFkB signalling and its secondary cellular 
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responses, as well as the inhibition of the ATP synthase complex, were similar in the clinically 

severe and marginally MCC-deficient ROS interactome.  The SIGMAR1 transcript which 

suppressed the PLA2 machinery via the opioid signalling was down regulated, whereas the 

NADPH oxidase complex, the LXR/RXR and PPARG signalling cascades were predicted to be 

activated for both the clinically severe and marginally MCC-deficient transcriptomes.  The 

differences in the ROS interaction network observed include the histone deacetylase (HDAC4), 

ATPase (PTPN5), chemokine signalling (linking arachidonic acid), peroxidase (LPO), AMPK 

regulation (PRKAA1), alcohol dehydrogenase (ADH5), Cdk/CDK4/6 complex (CDK6) and also 

the toll-like receptor complex (TLR2), which is responsible for the pro-inflammatory signalling 

cascade.  The ROS interactome was further inspected with a separate overlay of the subset 

lists of the clinically severe and marginally MCC-deficient transcriptomes.  The clinically 

severely MCC-deficient transcriptome had a predicted activation of ROS production and an 

attenuated pro-inflammatory signalling whereas the ROS interaction network of the marginally 

MCC-deficient transcriptome suggests an inhibition of ROS production and an activation of pro-

inflammatory signalling.  The indirect relationship between ROS production and the leucine 

degradation pathway differed between the clinically severe and marginally MCC-deficient 

transcriptomes. 

The untargeted functional network analyses predicted from the 682 overlapping transcripts 

included a number of transcripts which have an association with inflammatory signalling.  This 

inflammatory signalling and consequent activation of pro-inflammatory signalling pathways have 

an intricate play with ROS and OXPHOS equilibrium.  Interestingly, neurochemical studies in 

young rat brain cortex also suggested that metabolites MCA and MCG of MCC-deficiency could 

induce the production of ROS and cause lipid and protein oxidative damage (Wajner et al., 

2004; Leipnitz et al., 2008; Ribeiro et al., 2011; Wajner & Goodman, 2011; Moura et al., 2012; 

Zanatta et al., 2013).  It has been suggested that the MCA and MCG metabolites specifically 

inhibit the OXPHOS complex II and III, which in turn could contribute to increased ROS 

production (Moura et al., 2012; Zanatta et al., 2013).  This implied elevated ROS levels, which 

were suggested as a possible contributor to the development of neurological symptoms often 

associated with clinically affected MCC-deficient patients.  The comparative transcriptome 

showed that, of the 682 transcripts that overlap between the clinically severe and marginally 

MCC-deficient transcriptomes, four – UQCRQ, GPX4, ATP5F1 and NDUFB5 – were transcripts 

of the OXPHOS and associated with mitochondrial dysfunction.   Three of the four transcripts, 

UQCRQ, GPX4 and ATP5F1, were consistently down regulated, while the other transcript, 

NDUFB5, was down regulated in the clinically severely MCC-deficient transcriptome and up 

regulated in the marginally MCC-deficient transcriptome.   It was therefore clear that both 

transcriptomes showed a shared characteristic that impacts on mitochondrial function and 

OXPHOS, affecting complex III whereas complex II was affected only in the marginally MCC-
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deficient transcriptome.  Thus, this comparative transcriptome shared between clinically 

severely MCC-deficient and marginally MCC-deficient transcriptomes suggested a mutual 

impact on the OXPHOS system, implicating disruption in energy homeostasis. 

Another aspect that has been investigated following a targeted approach was the involvement 

of the transcripts encoded by the human chromosome X (HuChrX).  Since the results presented 

in Chapter Two suggested a possible X-linked influence on the presentation of MCC-

deficiency-associated metabolites, this occurrence was further investigated and presented in 

the next section. 

4.4.3 The impact and functional influence of transcripts encoded by genes of the 
human chromosome X on the development of 3-methylcrotonyl-CoA carboxylase 
deficiency 

The 682 well-annotated significantly differentially expressed transcripts were also inspected and 

the genes located on the HuChrX were selected and analysed.  Of the 682 significantly 

differentially expressed transcripts that overlap between the clinically severe and marginally 

MCC-deficient transcriptomes, 26 had transcript association with the HuChrX (Figure 4.12).   
Table 4.5 summarises the 26 transcripts of the HuChrX that were significantly differentially 

expressed for both the clinically severe and marginally MCC-deficient transcriptomes.  

 

 

 

Figure 4.12: Overlapping significantly differentially expressed transcripts between the 
clinically severe and marginally MCC-deficient transcriptomes and list of transcripts 
encoded by the human chromosome X 
Venn diagram demonstrates the overlap between the well annotated and significantly differentially 
expressed transcripts of the A) clinically severe MCC-deficient transcriptome, B) marginally MCC-
deficient transcriptome and C) the transcripts encoded by HuChrX. 
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Table 4.6: Significantly differentially expressed transcripts shared between the 
clinically severe and marginally MCC-deficient transcriptomes and 
associated with the HuChrX 

 
Clinically severely 

MCC-deficient 
Marginally MCC-

deficient 

Transcript 
ID 

Gene 
Symbol 

RefSeq Chr 
P-value 

(Disease) 
P-Value FC 

$
 P-Value FC 

$ 

4009751 ITIH5L NM_198510  Xp11.22  2.82E-04 5.66E-03  1.27   1.56E-02 -1.27   

4007774 WDR45* NM_007075  Xp11.23  5.75E-05 3.37E-04 -1.20   4.81E-02  1.08   

4006504 CXorf36* NM_176819  Xp11.3  9.55E-05 1.25E-02  1.09   1.49E-03 -1.17   

3973803 XK* NM_021083  Xp21.1  3.02E-05 3.05E-04  1.23   1.29E-02 -1.14   

4002148 EIF1AX NM_001412  Xp22.12 1.17E-04 4.35E-05 -2.73   8.37E-03 -1.65   

4002081 MAP7D2 NM_001168465  Xp22.12  1.41E-03 4.07E-03 -1.31   4.45E-04 -1.63   

3997780 ARSE NM_000047  Xp22.3  1.08E-04 3.60E-05  1.56   3.55E-03  1.29   

4055000 GTPBP6 NM_012227 
Xp22.33; 
Yp11.32  2.93E-04 1.27E-04 -1.58   3.61E-02 -1.21   

                      

3980758 MED12 NM_005120  Xq13  1.66E-03 5.78E-04  1.67   2.97E-02  1.34   

3982462 PGK1 NM_000291  Xq13  1.05E-07 9.25E-08 -2.12   2.48E-02 -1.12   

4012011 CXorf49 NM_001145140  Xq13.1  2.18E-03 7.21E-04 -1.52   4.51E-03 -1.45   

4012154 RPS4X NM_001007  Xq13.1  1.44E-03 5.39E-04 -2.03   4.29E-02 -1.43   

4012686 
NCRNA001
82 NR_028379  Xq13.2  2.23E-03 9.08E-04  5.69   2.23E-03  6.16   

3981705 TSIX* NR_003255  Xq13.2  4.96E-04 9.07E-03  2.12   2.23E-02 -2.13   

3981661 TSIX* NR_003255  Xq13.2  6.86E-04 7.12E-03  1.38   4.90E-02 -1.28   

3985511 TCEAL7 NM_152278  Xq22.1  3.50E-03 1.11E-03  3.39   1.15E-02  2.60   

4019539 RPL39 NM_001000  Xq24  1.38E-04 6.57E-05 -2.08   3.82E-02 -1.31   

4019570 UPF3B NM_080632  Xq25- 7.90E-04 2.49E-04 -1.48   8.03E-03 -1.30   

4021250 APLN NM_017413  Xq25  4.17E-04 1.07E-03 -1.25   1.33E-04 -1.48   

3990795 RBMX2* NM_016024  Xq26.1  2.27E-03 3.51E-02 -1.25   4.48E-02  1.29   

4023530 RBMX NM_002139  Xq26.3  1.92E-04 9.12E-05 -2.05   4.54E-02 -1.31   

4026560 FAM58A NM_152274  Xq28  2.53E-03 8.95E-04 -1.33   4.13E-02 -1.17   

4026487 HAUS7 NM_017518  Xq28  1.44E-06 8.51E-07 -1.67   6.73E-03 -1.16   

4027009 IRAK1* NM_001569  Xq28  2.35E-05 1.03E-05 -1.50   7.20E-03 -1.18   

3996306 RPL10 NM_006013  Xq28  1.36E-04 6.82E-05 -2.35   4.81E-02 -1.35   

4027355 UBL4A NM_014235  Xq28  5.72E-04 1.87E-04 -1.61   9.26E-03 -1.34   

$ Heat map: red indicates up regulation and green indicates down regulation.  * The transcripts that have 
fold changes in opposite directions.  The transcripts are ranked following its position on the HuChrX 

 

The HuChrX transcripts that have the most up regulated fold change for both the clinically 

severe and marginally MCC deficient transcriptomes were TCEAL7, MED12 and ARSE.  The 

transcription elongation factor A (SII)-like (TCEAL7) is known to contribute towards negative 

regulation of NF-kβ transcription factor activity.  The MED12 (mediator complex subunit 12) 

protein is essential for activating CDK8 kinase.  The arylsulfatase E (ARSE) is a member of the 

sulfatase family and essential for the correct composition of bone and cartilage matrix.   
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The HuChrX transcripts with the most down regulated fold change for both the clinically severe 

and marginally MCC deficient transcriptomes were EIF1AX, MAP7D2, PGK1 and RPL10. The 

gene EIF1AX encodes an essential eukaryotic translation initiation factor and controls cellular 

protein metabolic process; gene expression and translation whereas MAP7D2 (MAP7 domain 

containing 2) is involved with microtubule cytoskeleton organisation.  Phosphoglycerate kinase 

1 (PGK1) is a glycolytic enzyme that catalyses the conversion of 1,3-diphosphoglycerate to 3-

phosphoglycerate and RPL10 encodes a ribosomal protein that is a component of the 60S 

ribosome subunit. Some studies have detected an association between variation in this gene 

and autism spectrum disorders, though others do not detect this relationship (Klauck et al., 

2006)  

The HuChrX transcripts that have the biggest opposite fold changes for the clinically severe and 

marginally MCC deficient transcriptomes were TSIX, RBMX2 and XK. The XK locus controls the 

synthesis of the Kell blood group 'precursor substance' (Kx). Mutations in this gene have been 

associated with McLeod syndrome, an X-linked, recessive disorder characterized by 

abnormalities in the neuromuscular and hematopoietic systems.  The expression of XK is 

involved with amino acid transport, cellular calcium ion homeostasis, cellular magnesium ion 

homeostasis, myelination, the regulation of axon diameter, cell size; skeletal muscle fibre 

development and other transport.  Not much is known about the functions of the TSIX and 

RBMX2 genes. 

The list of selected HuChrX associated transcripts was uploaded into IPA and functional 

analysis was performed.  The list of 26 transcript IDs clustered into two main networks.  The first 

functional network one includes 16 focus molecules associated with other target transcripts 

within the functional networks involved with protein synthesis, RNA damage and repair, and 

hereditary disorders.  The second functional network of cell signalling, infectious disease and 

gene expressed includes six focus transcripts and their associated transcripts.  Although this 26 

HuChrX transcripts have been identified to be significantly differentially expressed for both the 

clinically severe and marginally MCC-deficient transcriptome, its relation to MCC-deficiency is 

not clear and should be further investigated. 
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A           B 

Figure 4.13: Cellular assembbly and organisation functional network  
Network overlaid with the A) clinically severely MCC-deficient transcriptome B) marginally MCC-deficient transcriptome.  Red indicates up regulated, green down 
regulated and white molecules, not significantly differentially expressed but essential to network interaction. Orange suggests predicted activation and blue, 
predicted inhibition interactions. 
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A          B 

Figure 4.14: Cellular signalling functional network  
Network overlaid with the A) clinically severely MCC-deficient transcriptome B) marginally MCC-deficient transcriptome.  Red indicates up regulated, green down 
regulated and white molecules, not significantly differentially expressed but essential to network interaction. Orange suggests predicted activation and blue, 
predicted inhibition interactions. 
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4.4.4 Untargeted functional analyses and predicted gene relationships between the 470 
overlapping significantly differentially expressed transcripts that had the same 
directional fold change for both the clinically severe and marginally 3-
methylcrotonyl-CoA carboxylase-deficient transcriptomes 

As mentioned before, the list of 682 overlapping significantly differentially expressed transcripts 

was further inspected and characterised by compiling two subset lists of transcripts.  The first 

list consists of 470 significantly differentially expressed transcripts that had the same directional 

change between the clinically severe and marginally MCC-deficient transcriptomes when 

compared with the same controls.  The second list consists of 212 significantly differentially 

expressed transcripts.  The transcripts in this list had opposite directional change when 

compared with the same controls.  The untargeted functional analyses and predicted secondary 

signalling responses of the two lists are described in Section 4.4.4 and Section 4.4.5 

respectively. 

Functional networks predicted from the subset of 470 transcripts were associated with 

interaction networks involved with lipid metabolism and the development of neurological 

disease.  A number of transcripts were also indicative of aberrant inflammatory responses 

(17/470, P = 4.81 x 10-4 – 2.21 x 10-2), affected immunological responses (15/470, P = 4.81 x 10-

4 – 1.80 x 10-2), changes in networks of the development of cardiovascular disease (46/470, P = 

8.60 x 10-4 – 1.86 x 10-2), the development and function of the nervous system (17/470, P = 

3.23x 10-4 – 2.55 x 10-2) and behaviour (7/470, P = 8.57 x 10-4 – 1.80 x 10-2).  The two top 

functional networks predicted for the 470 transcripts, were the molecular interactions related to 

compromised cellular function (10/470, P = 3.23 x 10-4 – 1.80 x 10-2) and cell-to-cell signalling 

(25/470, P = 3.23 x 10-4 – 2.55 x 10-2) (Table 4.6).  The relationship between the 470 transcripts 

also indicated the involvement of canonical pathways such as EIF2 signalling (22/188, P = 4.65 

x 10-12), gluconeogenesis (6/46, P = 1.74 x 10-4) glycolysis (5/41, P = 8.38 x 10-4), regulation of 

eIF4 and p7-S6K signalling (9/150, P = 1.71 x 10-3) and proline biosynthesis I (3/14, P = 1.86 x 

10-3). 

The untargeted analyses and predicted functional networks identified from the subset of 470 

transcripts had a striking similar characteristic to the overall analyses of the 682 transcript list.  

This is no surprise since the majority of transcripts 470/682 were in both the lists.   

This 470 significantly differentially expressed transcripts revealed that the commonalities in the 

regulation of both the clinically severe and marginally MCC-deficient transcriptomes.  It is 

important to keep in mind that one of few features which the two transcriptomes had in common 

is the proposed MCC deficient biochemical phenotype of elevated urinary HIVA and MCG.  One 

could therefore cautiously assume that those transcripts that had the same directional response 
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between the clinically severe and marginal MCC deficient transcriptomes when compared to the 

same controls, most probably responded to the same stimuli, which in this case is HIVA and 

MGC. 

 

Table 4.7: Functional networks and associated transcripts predicted for the 470 
significantly differentially expressed transcripts the same directional 
change between the marginally MCC-deficient transcriptome and the 
clinically severely MCC-deficient transcriptome 

Disease and function  association P-value Molecules 

Compromise cellular function 3.23E-04-1.80E-02 
BNIP3,IKBKG,PRKG1,PCSK1,ATP,NUMA1,MYD88,HTT,DIC
ER1,UBTF 

Cell-To-Cell Signalling   3.23E-04-2.55E-02 

SELL,ADAM17,ATP,PTK2B,IL1RL1,HSPA1A/HSPA1B,DICER
1,SCT,IRAK1,CST3,BAIAP2,C1QBP,MARCKS,TIMP2,MYD88
,CNR1,FERMT2, 
PVR,SERPINE2,PMP22,CBL,GJA3,HTT,PTGER2,CD151 

Inflammatory responses 4.81E-04-2.21E-02 

SELL,ADAM17,ATP,PTK2B,IL1RL1,DICER1,APRT,IRAK1,IKB
KG,NFAT5,CST3,C1QBP,TIMP2,COMMD5,PTGIR,MYD88,C
NR1,PSME2,SERPINE2,ENO1,AQP9,PRKG1,GRK6,ALDOA,
PTGER2,TNS1,CD151 

Immunological responses 4.81E-04-2.21E-02 
CFD,SELL,MYD88,IL1RL1,PSME2,TYMP,IFITM3,FOXC2,EN
O1,IKBKG,FASTK,ALDOA,EIF5A,LAP3,CD151 

Development of cardiovascular 
disease 

8.60E-04-1.86E-02 
SELL,ATP,PTK2B,TYMP,DICER1,KMT2A,TNFRSF12A,FOXC2
,BNIP3,PRKG1,ANGPTL4,HTT,TNFRSF25,MKL2,TIMP2,CD1
51 

Development and function of 
nervous system 

3.23E-04-2.55E-02 
ATP,DISC1,CNR1,TRIM2,CDK11A/CDK11B,DICER1,SERPIN
E2,FOXC2,IKBKG,PMP22,SIX1,PRKG1,CST3,BAIAP2,HTT,P
TGER2,MARCKS 

Behaviour 8.57E-04-1.80E-02 
PRKAB1,BAG1,HSPA1A/HSPA1B,CNR1,TNFRSF25,HTT,DIC
ER1 

 

When one thinks about what these 470 significantly differentially expressed transcripts tell us 

about the regulation and transcriptome of MCC-deficiency, it is important to keep in mind that all 

that the two transcriptomes analysed here had in common was the proposed MCC-deficient 

biochemical phenotype of elevated urinary HIVA and MCG.  One could therefore make a 

cautious assumption that those transcripts that had the same directional response between the 

clinically severe and marginally MCC-deficient transcriptomes when compared with the same 

controls probably responded to the same stimuli, which in this case are HIVA and MGC. 

One of the most important observations made in this comparative transcriptomic approach was 

that the similarities between the two transcriptomes were associated with compromised cellular 

function and secondary signalling responses associated with aberrant immune responses and 

pro-inflammatory cytokine signalling.  This suggests that the underlying molecular interaction 

and functional networks of the biochemical phenotype of MCC-deficiency have a great impact 

on cellular integrity and function.  The impact of the biochemical phenotype of MCC-deficiency 
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on cellular signalling could contribute to the risk of the development of secondary disease later 

in life.  This is a very important factor, especially since aberration in immune and pro-

inflammation cytokine signalling has recently been recognised as a very important role player in 

the development of age-related diseases such as neurodegenerative diseases (Lees, 1993; 

Filiou et al., 2014) and cancer (Coussens & Werb, 2002; Federico et al., 2007; Pan et al., 2013).  

There is huge potential for further investigation of the implicated immune and pro-inflammatory 

cytokine signalling factors; such investigation could have important treatment and health care 

implications for better quality of life for patients with IEM.  

4.4.5 Untargeted functional analyses and predicted gene relationships between the 212 
overlapping significantly differentially expressed transcripts that had opposite 
directional fold change for the clinically severe and marginally 3-methylcrotonyl-
CoA carboxylase-deficient transcriptomes when compared with the same controls 

The remaining 212 significantly differentially expressed transcripts that had opposite directional 

fold change for the clinically severe and marginally MCC-deficient transcriptomes when 

compared with the same controls were also inspected and are described in section 4.4.5. 

The functional analyses summary of the 212 transcripts that had opposite directional fold 

changes between transcriptomes of patients with clinically severe and marginal MCC-deficiency 

compared with the same controls, involved functional networks related to small molecule 

biochemistry (23/212, P = 8.57 x 10-4 – 3 x 10-2), carbohydrate metabolism (13/212, P = 8.57 x 

10-4 – 3.21 x 10-2), drug metabolism (6/212, P = 8.13 x 10-3 – 3.21 x 10-2) and molecular 

transport (9/212, P = 8.13 x 10-3 – 2.42 x 10-2) (Table 4.7). 

The 212 transcripts were also indicated as being involved in canonical pathways such as actin 

nucleation by ARP-WAST complex (3/56, P = 1.06 x 10-2), rac signalling (4/107, P = 1.13 x 10-

2), wnt-/catenin signalling (5/170, P = 1.26 x 10-2) and rhoGDI signalling (5/179, P = 1.55 x 10-2).  

Moreover, the list of 212 transcripts had associations with the development and function of 

physiological systems such as the digestive system (8/212 2.41 x 10-2 – 3.35 x 10-4), as well as 

embryonic development (24/212 2.41 x 10-2 – 3.35 x 10-4).   

The functional networks that were predicted from the list of 212 transcripts had a significant 

different character from the 682 and 470 transcript lists.  This list of 212 transcripts that have 

opposite directional fold changes when compared between the clinically severe and marginal 

MCC deficient transcriptomes when compared to the same controls made up a small fraction of 

the total of 682 overlapping significantly differentially expressed transcripts that overlapped 

between the two transcriptomes.  It is no surprise that the impact the transcripts with differences 

in expression were masked by the majority of transcripts that responded similarly.  The 
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functional relationship between the 212 overlapping significantly differentially expressed 

transcripts have functional relationships with the regulation of small molecule biochemistry, 

carbohydrate, drug metabolism as well as molecular transport (Table 4.8).  This observation 

was interesting since the differences between the two transcriptomes could point towards 

possible subtle differences of the metabolome that implicate in the transcriptome.  However, this 

observation is highly speculative and needs further investigation.   

 

Table 4.8: Functional networks and associated transcripts predicted for the 212 
transcripts with opposite directional change between the marginally 
MCC-deficient transcriptome and the clinically severely MCC-deficient 
transcriptome 

Disease and function  
association 

 p-value Molecules 

Small molecule 
biochemistry 

8.57E-04-3.21E-02 
SOX4,LPO,PGM3,NUDT9,SLC13A2,LALBA,HSPD1,DCTD,H
NF1A,FFAR1,ATP11B,UPB1,ADH5,TLR2,SEPP1,TPH1,CYP
1A2,PRKAA1,CD44,PAX6,SOCS7,HADHA,CYP2R1 

Carbohydrate metabolism 8.57E-04-3.21E-02 
SOX4,HDAC4,PGM3,NUDT9,LALBA,HNF1A,FFAR1,TLR2,S
EPP1,PRKAA1,CD44,PAX6,SOCS7 

Drug metabolism 8.13E-03-3.21E-02 TLR2,ADH5,CYP1A2,CD44,SLC13A2,ATP11B 

Molecular transport 8.13E-03-2.42E-02 
TLR2,RAB5A,CD44,PRKAA1,SLC13A2,LALBA,HADHA,ATP
11B,FFAR1 

 

 

The differences in transcriptional responses point toward pathways that involve axonal 

signalling and the maintenance of neuron membrane which could be translated to making sense 

why and how patients with the same biochemical phenotype present with such a wide range of 

clinically severity. 

4.4.6 Validation with independent quantitative PCR analysis 

Four transcripts, GTF2H1, GTF2H2, RAD18 and REV, were significantly differentially expressed 

for both the clinically severe and marginally MCC-deficient transcriptomes compared with the 

controls, whereas three transcripts, ATR, CDK7 and DDB1, were significantly differentially 

expressed for only the marginally MCC-deficient transcriptomes compared with the controls.  

The gene expression data of selected target transcripts were validated using independent 

qPCR and the results are summarised in Appendix C.   
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4.5 In summary 

The majority (15025 or 77 %) of significantly differentially expressed transcripts shared between 

the transcriptomes of patients with clinically severe and marginal MCC-deficiency have no 

known, or only poorly defined, gene annotation.  Only 4322 transcript IDs were well-defined with 

known gene associations and could be included in all further knowledge-based functional 

analysis (Supplementary Table 1).  With the considered limitations of small sample size and 

the few annotated transcripts that could be included in the functional analysis, the consistency 

of the findings of this comparative transcriptomic study with recent reports on MCC-deficiency 

add value to the biological significance of this study by the further characterisation and better 

understanding of the overlapping underlying molecular interaction networks and resulting 

secondary cellular signalling responses that are shared by patients affected by clinically severe 

and marginal MCC-deficiency.   

Functional networks of the 682 overlapping significantly differentially expressed transcripts 

showed association with development and function of the nervous, digestive and cardiovascular 

systems.  Further inspection showed that the underlying molecular interactions, secondary 

cellular signalling, functional networks and predicted downstream effects seems to impact 

processes involved with cellular function, maintenance and signalling.  Similarities were 

observed in lipid signalling, lipid metabolism and some inflammatory response signalling.  The 

functional networks of the 212 transcripts that showed fold changes in opposite directions for 

clinically severely MCC-deficient and marginally affected MCC-deficient transcriptomes seems 

to involve mainly small molecule biochemistry, carbohydrate metabolism, molecular transport 

and drug metabolism.  

Interestingly, the secondary cellular signalling responses of the clinically severely MCC-deficient 

transcriptome impact the cholesterol, lipid and xenobiotic metabolism differently from that of the 

marginally affected MCC-deficiency.  It was notable that the same significantly differentially 

expressed transcripts that are activated in the one group are suppressed in the other and vice 

versa.  Therefore some correlation exists between the transcriptomes of patients with clinically 

severe and marginal MCC-deficiency, but with opposite outcomes and metabolic responses.  It 

is known that MCA could originate from the L-leucine degradation pathway as well as via the 

mevalonate shunt and the super pathway of the cholesterol isoprene metabolism (Rodriguez et 

al., 2004).  We cannot exclude the idea; therefore, that the associated secondary transcriptional 

responses observed to impact cholesterol/sterol/inositol/lipid metabolic pathways could be 

important secondary cellular signalling that might contribute to the accumulation of 3-

methylcrotonyl-CoA, which gives rise to MCG.  Altered expression of the transcripts involved in 

these pathways could therefore be possible contributors responsible for accumulation of MCA 
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and MCG in marginal MCC-deficiency; however, this is speculation and the idea needs further 

analysis and testing. 

The transcriptional characteristics of the two primary associated transcripts, MCCC1 and 

MCCC2, were not a mutually shared feature between the clinically severely MCC-deficient 

(MCC-deficient) and the marginally MCC-deficient (MCC-like) transcriptomes, but rather a 

characteristic unique to the MCC-deficient transcriptome.  One could argue that the 

homozygous or compound heterozygous mutant status of the MCC loci would have a more 

prominent impact on MCC than the heterozygous mutant status would as the reason why the 

marginally MCC-deficient transcriptome was not significantly differentially expressed compared 

with the controls.  The majority of the overlapping significantly differentially expressed 

transcripts shared between the MCC-deficient and marginally MCC-deficient transcriptomes 

responded in the same direction irrespective of the primary expression of either MCCC1 and/or 

MCCC2.  In addition, the observation that the primary transcripts MCCC1 and MCCC2 were not 

mutually significantly differentially expressed in both the MCC-deficient and the marginally 

MCC-deficient groups suggests that MCCC1 and MCCC2 expression per se seems not to be 

the only factor that influences the character of the downstream target transcripts of the 

MCCC1/MCCC2 functional network.  These two observations, therefore, support the notion that 

secondary factors outside of the MCC loci do influence the MCC phenome and could contribute 

to the clinical variability observed between patients (Baumgartner et al., 2001; Baumgartner et 

al., 2004; Baumgartner, 2005; Dantas et al., 2005; Grunert et al., 2012; Morscher et al., 2012; 

Shepard et al., 2014).   

The single most noticeable feature observed to be shared by the two transcriptomes was the 

down regulation of transcripts that involve ATP production.  This aberrant ATP interactome 

seemingly impacts the leucine catabolism at MCC, the only ATP-dependent enzyme reaction of 

the leucine degradation pathway.  The functional network of the ATP interactome connects the 

leucine degradation pathway and its associated functional network with many other 

interactomes and canonical pathways, among which were the OXPHOS system, bioactive lipid 

signalling, glucose metabolism and the heat shock protein interactome. Both the clinically 

severe and marginally MCC-deficient transcriptomes point towards impaired ATP.  To 

complement the down regulated ATP interactome, impaired OXPHOS and dysregulation of 

ROS was also observed.  The overlay of the shared significantly differentially expressed 

transcripts of the clinically severely MCC-deficient and the marginally MCC-deficient 

transcriptomes predicted distinctly differential functional networks.  Even though 26 transcripts 

of the ROS interactome were significantly differentially expressed for the two transcriptomes, 

the predicted secondary signalling responses were distinct for each transcriptome.  Attenuated 

ROS production was predicted for the clinically severely MCC-deficient transcriptome, whereas 
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the transcriptome of the marginally affected MCC-deficient transcriptome suggested a chronic 

state of increased ROS production. 

The ROS interactome presented here, therefore, suggests a chronic activation of ROS for 

marginal MCC-deficiency, which is not the case for MCC-deficiency.  Such a continuation of 

chronic ROS production has a known association with the activation of pro-inflammatory 

signalling responses (Mittal et al., 2014).  Furthermore, a chronic burden of marginally increased 

ROS production and related oxidative stress has been known to be associated with the 

development of inflammatory diseases, such as cardiovascular disease, rheumatoid arthritis 

and cancer (Federico et al., 2007; Khandrika et al., 2009; Reuter et al., 2010).  Moreover, it has 

been suggested that an acute trigger of ROS production could be an advantage over chronic 

ROS production, since chronic ROS production is often not high enough to activate a resolving 

signalling response, which consequently results in unresolved ROS that keep on accumulating.  

Here, in the case of the clinically severe MCC-deficient transcriptome, ROS production is 

predicted to activate secondary cellular signalling responses that are expected to resolve the 

production of ROS.  However, actual ROS levels should be determined in follow-up analyses to 

confirm this observation, as well as to investigate the mechanism of ROS in MCC-deficiency.  It 

is therefore evident that this comparative gene expression profiling supports and further 

expands the body of evidence that ROS could be an important contributor to the heterogeneous 

clinical presentation of MCC-deficiency.   

Complementary to the aberrant ROS regulation observed within the two transcriptomes, another 

noticeable characteristic shared between the transcriptomes was the suggested aberrant 

secondary inflammatory signalling responses that implicate a chronic cellular inflammation 

state.  Chronic inflammatory responses are typical of non-communicable such as cancer 

(Coussens & Werb, 2002; Federico et al., 2007; Pan et al., 2013) and neurodegenerative (Di 

Filippo et al., 2010; Morris & Maes, 2013; Filiou et al., 2014; Morris & Berk, 2015) diseases.  

These conditions impact a far greater population group than the rare diseases and yet, similarly 

low levels of chronic inflammation typical of non-communicable (Coussens & Werb, 2002; 

Federico et al., 2007; Pan et al., 2013) and neurodegenerative disease (Di Filippo et al., 2010; 

Morris & Maes, 2013; Filiou et al., 2014; Morris & Berk, 2015), and usually presenting later in 

life, seem evident for MCC-deficiency.   
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CHAPTER FIVE 

V 

Concluding remarks  

In this final Chapter, concluding remarks and a summary of the main findings from this study 

and the implications thereof will be presented.  Also, some of the aspects that were not 

completed in the current study which still need to be addressed in future follow-up studies will 

be highlighted.  

As stated in Sections 1.8 and 1.9 of Chapter One, the aim of this study was to further 

investigate a South African family which presented with urinary HIVA and MCG.  These 

metabolites are usually indicative of possible 3-methylcrotonyl-CoA carboxylase deficiency. 

First, a standard metabolic work-up, analyses of relevant enzyme activity and in vivo loading 

tests were performed.  Then a transcriptome was generated from cultured skin fibroblasts of two 

affected males of the family and the underlying molecular interactions and functional network 

analyses were explored (Chapter Two).  Secondly, transcriptomes were generated from 

immortalised skin fibroblast cultures of well-documented clinically severe MCC-deficient patients 

as well as healthy controls (Chapter Three).  Subsequently, the three transcriptomes (from the 

South African family, the clinically severe MCC-deficient patients and controls) were compared 

to further characterise and identify similarities and differences between clinically severe and 

marginal MCC deficiency (Chapter Four).         

The aim of this study was addressed by setting the following specific objectives: 

I. To further study the cause, impact and consequences of the 3-methylcrotonyl-CoA 

carboxylase deficient biochemical phenotype in a South African family (Chapter Two).  

II. To generate and characterise the transcriptome from cultured skin fibroblasts of two 

South African patients and to investigate the secondary signalling responses and 

affected functional networks (Chapter Two). 

III. To establish and characterise a transcriptome from skin fibroblasts of clinically severe 

MCC deficient patients (Chapter Three). 

IV. To compare the transcriptomes from the clinically severe and marginally 3-

methylcrotonyl-CoA carboxylase deficient skin fibroblasts described in Chapters Two 

and Three (Chapter Four). 
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5.1 The biochemical phenotype indicative of 3-methylcrotonyl-CoA carboxylase 
deficiency in a South African family suggests an X-linked association 

The characterisation and further investigation of the first South African family known to present 

with a biochemical phenotype indicative of possible MCC-deficiency was initiated when 

NWU001 reported for metabolic screening.  As described in Chapter Two, the standard workup 

for the investigation and characterisation of a possible diagnosis of any organic aciduria was 

done and extended by performing in vivo loading tests.  The L-leucine loading test confirmed a 

constrained flux through the L-leucine pathway.  The index patient (NWU001) and his family 

were screened for abnormal urinary organic acids and acylcarnitines.  Three other males (of the 

eleven family members screened) over three generations also presented with urinary HIVA and 

MCG.  This biochemical phenotype which presented with urinary HIVA and MCG in four 

individuals of vertical descent without any indication of male to male transmission suggests a 

possible X-linked inheritance.  The apparent X-linked inheritance of urinary HIVA and MCG was 

intriguing because MCC-deficiency is an autosomal recessive inherited disease and there are 

no reports on an X-linked association.    What made the study of this family even more 

interesting was that the mothers of the male patients with the MCC deficient biochemical 

phenotype did not have the biochemical phenotype. This was surprising and unexpected since 

the literature indicates that asymptomatic MCC deficient mothers remain undetected until their 

babies present with an abnormal C5OH screen. Follow-up analyses then usually show that the 

baby is normal but the mother is the one that has the disease (Koeberl et al., 2003; Lam et al., 

2013; Lee & Hong, 2014; Kor et al., 2015).  These findings were rather unusual and should be 

further investigated.  It will be important to determine whether the daughter of NWU002 passed 

on her father's chromosome-X to her two affected sons for the chromosome-X hypothesis to 

hold up and confirm the possible X-linked association with the MCC deficient biochemical 

phenotype. If the four manifesting patients and their mothers do not share the same 

chromosome-X, it will be hard to explain the apparent X-linked association.  It is however 

important to recognise the limitation of this study in that confirmatory evidence is needed to 

validate the findings.  It is important to demonstrate that both NWU001 and NWU002 share the 

same chromosome-X and that the two boys NWU003 and NWU004 also inherited the same 

chromosome-X.      

There is only one other possible, albeit indirect, indication of a possible HuChrX link in MCC-

deficiency, namely the report wherein six of eight patients who presented with metabolites of 

MCC-deficiency were males for whom no MCC mutations could be detected (Morscher et al., 

2012). Interestingly, the incidence of another autosomal recessive disorder of the leucine 

catabolism, 3-methylglutaconic aciduria Type-I, also seems to be higher in males than in 
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females (Wortmann et al., 2012; Vockley et al., 2014).  The apparent HuChrX link in both MCC 

and MCGA-Type-I deficiencies could be coincidental, but should be further investigated.   

Enzyme activity assays on cultured skin fibroblasts established that the two male adult family 

members, NWU001 and NWU002, both had reduced MCC activity.  The open reading frames of 

the two genes (MCCC1 and MCCC2) that encode MCC were sequenced to identify the mutation 

that could explain the reduced enzyme activity and the decreased flux of L-leucine through the 

degradation pathway. However, no homozygous or compound heterozygous mutations were 

found in either of the coding regions of MCCC1 and MCCC2 of NWU001 and NWU002.  

NWU001 and NWU002 also did not share the same genetic variation in the sequenced open 

reading frames of MCCC1 and MCCC2.  This unexpected finding of no shared genetic variation 

to explain their reduced MCC activity also requires further investigation.  If the MCC locus is to 

be involved at all, it is important to know whether all four of the manifesting patients share at 

least one copy of the same MCC genes.  To be able to clarify whether the four manifesting 

patients share at least one MCCC1 or MCCC2 allele, the whole gene which includes the 

promoter, intronic and the coding regions of each of the manifesting patients should be 

sequenced in follow-up studies.   

Therefore, it is still not possible to include or exclude the possibility of MCC-deficiency in this 

South African family that presents with urinary HIVA and MCG.  At this point in time these 

patients are considered as marginal MCC deficient mainly due to their reduced MCC activity 

and complementing metabolite profile. The data presented in this thesis therefore further 

supports the notion that secondary factors other than the MCC loci contribute to the 

presentation of the biochemical phenotype which is usually indicative of MCC-deficiency 

(Baumgartner et al., 2004; Dantas et al., 2005; Grunert et al., 2012; Morscher et al., 2012; 

Shepard et al., 2014). 

5.2 Transcripts of chromosome-X that could be candidate genes to further investigate 
the apparent X-linked association with MCC-deficient patients 

As described in Chapter Two, the possible X-linked association evident from the family 

screening was further inspected following a targeted transcriptome and functional analyses 

approach, using cultured skin fibroblasts.  Interestingly, the subset of 48 HuChrX differentially 

expressed transcripts showed a significant impact on the GABA interactome.  Although GABA 

receptors and signalling are tissue-specific, the activation and suppression of some of the 

GABA receptors specific for muscle function, organ and brain health in this cultured skin 

fibroblast transcriptome could possibly underlie some of the non-specific, mild psychological and 

muscle-related symptoms experienced by the index patient, NWU001.  Aberration of GABA 

signalling pathways are well characterised for neuron cells and associated with the 
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development of psychological disease (Cherlyn et al., 2010).  Although highly speculative, it 

seems as if there might be some correlation between the clinical presentation of NWU001 and 

the aberrant GABA signalling (Chapter Two).    

Another striking and perhaps important observation that could aid in elucidating the underlying 

X-linked contribution to marginal MCC-deficiency, was the significant up regulation of the 

FAAH2 (fatty acid amide hydrolase variant 2), a transcript of the anandamide degradation 

canonical pathway.  The control of FAAH/FAAH2 expression was reported to have promising 

therapeutic value to control inflammatory-related clinical symptoms (Calder, 2014).  Induction of 

the FAAH2 transcript implies a possible activation of the hydrolase activity converting 

anandamide to arachidonic acid (AA) and ethanolamide, and thus contributes to the activation 

of the biosynthesis of pro-inflammatory bioactive lipids (Calder, 2014). The literature suggests 

that inhibition of FAAH/FAAH2 normalises cardiovascular function in hypertensive rats and 

enhanced gastrointestinal motility in mice (Bashashati et al., 2012).  Strong associations have 

been made between aberrant regulation of FAAH/FAAH2 and alcohol and substance 

dependency, as well as obesity (Naughton et al., 2013). The overexpression of FAAH/FAAH2 

also associates with sleep deprivation (Divito & Cascio, 2013) and cholesterol level 

maintenance (Kaczocha et al., 2012).  Incidentally, the index patient, NWU001, experienced a 

number of symptoms which seem to correlate with the transcriptome footprint and above-

mentioned literature.  Another reason for the specific interest in FAAH2 with regard to the 

unravelling of the underlying molecular pathomechanism of MCC-deficiency is that NWU001 

and NWU002 both had notably high blood triglyceride levels, but only slightly reduced HDL, 

normal LDL and borderline elevated cholesterol levels. This might be a coincidence, but if not, 

could be an indicator for predicting and monitoring the development of disease and should be 

further investigated.   

5.3 The clinically severe 3-methylcrotonyl-CoA carboxylase deficient skin fibroblast 
transcriptome has a footprint indicative of mitochondrial dysfunction 

For this study the first whole genome expression profile was prepared from immortalised 

cultured skin fibroblast cells of clinically severe MCC-deficient patients.  Functional 

characterisation suggested that the clinically severe MCC-deficient skin fibroblast transcriptome 

was in general agreement with the previous in vitro and in vivo clinical, biochemical and 

enzymatic studies in humans as well as the neurological studies on the cerebral cortex of young 

rats (Wajner et al., 2004; Wajner & Goodman, 2011; Moura et al., 2012; Zanatta et al., 2013).  

The MCC-deficient transcriptome presented here is the first proof from human cells and 

supports mounting evidence that MCC-deficiency causes mitochondrial dysfunction, disrupts 

energy homeostasis, decreases antioxidant defences and increases the demand for 

detoxification.   
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From this MCC-deficiency transcriptome it seems as if oxidative stress leads to complex 

secondary cellular responses to counteract it through altered expression of genes involved in 

glycolysis, TCA cycle, OXPHOS, gluconeogenesis, β-oxidation and branched-chain fatty acid 

metabolism.  This strengthens the hypothesis that oxidative stress plays a role in the 

pathogenesis and phenotypic variation of MCC-deficiency. A possible explanation for the 

variability in symptoms might therefore indeed lie in differences between affected individuals in 

their inherent ability to compensate for the oxidative stress and its consequences together with 

the presence of other intermittent external factors such as the level of any additional 

environmental, physical and emotional stress and unrelated infections or diseases that may be 

encountered (Zanatta et al., 2013).  Taking all the current evidence into account, it seems 

reasonable to presume that the chronic exposure to the primary and secondary metabolites of 

MCC-deficiency might impact adversely on the quality of life and compromise energy levels 

irrespective of whether individuals are clinically affected or asymptomatic.  Therefore, 

monitoring the oxidative stress and detoxification efficacy of MCC-deficient individuals should 

aid the development of fine-tuned personalised supplementation therapy regimes for MCC-

deficiency. 

It is however important to recognise the limitations of this study and that more experimental 

work is needed to confirm specific findings. For example, measurements of electron transport 

chain activity, antioxidant and oxidant markers such as glutathione concentrations should be 

performed to confirm any effects on bioenergetics. 

One of the major dilemmas of this study is the small sample size.  Since the amount of gained 

data is huge a small sample size experiment might be prone to bias and over-interpretation, it is 

important to handle the results with care. If the number of samples could be increased, the 

power to make the conclusions suggested in this study will also improve. Power calculations for 

the reported transcripts showed a power of greater than 60%. This provides a bit more 

confidence that even though the results presented were generated from small numbers the risk 

to make false assumptions are fairly small.   Despite this limitation, the findings of this study 

supported an already well-established body of evidence that MCC-deficiency somehow leads to 

mitochondrial dysfunction.  However, since not much is known about the regulation and 

transcriptional consequences of MCC-deficiency, the highly speculative nature of some aspects 

of the data presented are unavoidable. 
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5.4 The transcriptomes from clinically severe and marginal 3-methylcrotonyl-CoA 
carboxylase deficiency both seem to cause membrane impairment and aberrant 
pro-inflammatory cytokine signalling  

The functional analyses indicated that although the MCC-deficiency biochemical phenotype is 

considered a non-disease with little clinical impact the secondary signalling responses tell 

another story.   The clinically severe and marginal MCC-deficient skin fibroblast transcriptomes 

both had footprints of oxidative stress, partial mitochondrial dysfunction, disruption of energy 

homeostasis, inflammation, and impaired cellular maintenance and repair mechanisms (Chapter 

Two, Three and Four).   

The observations that the two MCC transcripts, MCCC1 and MCCC2, were not in the list of 

significantly differentially expressed transcripts when the clinically severe and marginally MCC-

deficient transcriptomes were compared as well as that more than 90% of the significantly 

differently expressed transcripts are still poorly annotated, makes it difficult to come to firm 

conclusions as to what factors contribute to and/or cause the apparent ROS dysregulation and 

pro-inflammatory cytokine signalling.    

The underlying molecular interactions and functional networks revealed a chronic activation of 

pro-inflammatory signalling in the marginal MCC deficient skin fibroblast transcriptome.  This 

constant unregulated state of pro-inflammatory signalling could result in a detrimental long-term 

effect since no evidence of pro-resolving inflammatory signalling was observed.  This was, 

however not the case for the clinically severe MCC-deficient transcriptome.  There ROS 

production seems to be more acute presenting with an overall higher level of ROS but not 

necessarily an activated pro-inflammatory cytokine signalling response.   

It is therefore important to consider controlling the intricate balance between ROS production 

and the regulation of pro- and anti-inflammatory metabolism in patients with a MCC-deficiency 

related biochemical phenotype.  It was evident from the results presented in Chapter Four that 

MCC-deficiency, whether clinically severe or marginally affected, had an impact on the 

mitochondria.  The regulation of ROS and aberrant secondary signalling responses suggest 

disruption of energy homeostasis typical/indicative of a pro-inflammatory cytokine status. 

Therefore, since lipid metabolism seems to play a central role in MCC-deficiency, it is advised 

that lipid-derived-immune-modulator (eicosanoids) biosynthesis metabolism should be explored 

as a possible tool to monitor patients that present with the MCC-deficiency biochemical 

phenotype.  Such a study might provide valuable information to better understand the 

relationship between ROS and pro-inflammatory signalling as well as to study the possible 
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differences in the resolving ability of patients that could then maybe explain the threshold 

differences observed in these patients.   

5.5 The long-term impact of a 3-methylcrotonyl-CoA carboxylase deficient biochemical 
phenotype should not be underestimated  

As described in Chapter One, MCC-deficiency is a controversial topic in IEM.  Some still regard 

this disorder to have clinical significance, whereas the majority consider MCC-deficiency as a 

non-disease (Sedel et al., 2007b).  The high incidence suggests that MCC-deficiency has a low 

penetrance, which is the basis for the on-going debate for whether or not to include screening 

for MCC-deficiency as part of the expanded NBS panel of disorders.  The lack of understanding 

of the pathomechanism and poor characterisation of the underlying molecular interactions 

involved with this disease and its biochemical phenotype makes it difficult to calculate risk and 

estimate the long term impact on health and clinical outcome later in life.   

In the post-genomic era, a better understanding of the importance of nutrition and optimal health 

during pregnancy is beginning to emerge.  Therefore it is of utmost importance to start to further 

investigate and understand the possible impact of the MCC deficient biochemical phenotype on 

the development of children of apparently healthy mothers who have a MCC-deficient 

biochemical phenotype.    This point has not yet been raised in the literature on MCC-

deficiency.  It is therefore important to start to document and follow-up the health status of 

babies from mothers with the MCC-deficient biochemical profile.   It will become even more 

important as we learn more about the impact of the nutritional environment and the maternal 

metabolome on the establishment of the epigenome of their offspring.  Recent literature 

suggested that short chain fatty acids can cross the placenta and have the potential to modify 

the programming of genes that associate with the development of diseases which generally 

present later in life (Licciardi et al., 2011; Ganu et al., 2012; Taylor et al., 2014).  Since 3-

hydroxyisovaleric acid and 3-methylcrotonic acid are both short chain fatty acids, it should be 

considered an important question whether or not these metabolites do impact the programming 

of genes during early development.  

 

5.6 Final comments 

It is evident that MCC-deficiency is far more complex than what was thought.  Despite the 

complexity of the functional analyses and the secondary signalling responses observed in the 

transcriptomes, interesting relationships were revealed that contribute to better insight into 

MCC-deficiency.   
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It is important to note that, as more knowledge emerges and technology evolves the largely 

unknown character of the pathomechanism of MCC-deficiency might be elucidated.  Not much 

is known about the methylated status of MCCC1 and MCCC2 as well as whether or not these 

genes might be imprinted genes.  Only recently it was suggested that CpG islands occur in both 

MCCC1 (gene:56922) and MCCC2 (gene:64087)  

(http://www.ncbi.nlm.nih.gov/epigenomics/genome/GCF_000001405.13/). This piece of 

knowledge opens up a whole new world of possibilities with regard to possible epigenetic and 

nutrient-gene interactions to consider as role-players in the MCC-deficiency phenome.  

In summary, it is clear that this dataset has potential to be mined even more.  It is however 

important to keep in mind that the current status of the data is explorative and any specific 

implications thereof must be confirmed experimentally. A vast amount of options for possible 

follow-up experiments are available and should be carefully considered.  

http://www.ncbi.nlm.nih.gov/epigenomics/genome/GCF_000001405.13/
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APPENDIX A 
A 

Cultured skin fibroblasts, urinary and blood sample details 

6.1 Skin biopsies, skin fibroblast cell cultures and immortalisation 

Five Caucasian adults NWU001, NWU002, CON001, CON002, CON003, volunteered to skin 

biopsies.  The skin biopsies were taken under controlled conditions by a registered nurse at 

GenePath, Centurion South Africa.  Primary skin fibroblast cultured were established and 

propagated where after the well-established cultured cell lines were send to the Biochemistry 

Division of the North-West University Potchefstroom campus, for further analyses.   

Two immortalised human skin fibroblast cell cultures that were established from two skin 

biopsies obtained from two confirmed clinically affected MCC deficient patients (Tsai et al., 

1989; Dantas et al., 2005) were obtained from Prof Matthias Baumgartner and Dr Terttu 

Suormala from the Children‟s hospital of Zurich.  The method used to immortalise these two cell 

lines is a routine practice at the Children‟s hospital of Zurich.  All established skin fibroblasts cell 

cultures from human skin biopsies obtained for diagnostic purposes and the referring physicians 

approved the use of the samples for our investigation of the origin of the disease are 

immortalised.  The applied method is based on the introduction of the pRNS-1 a modified SV40 

plasmid (Litzkas et al., 1984) to the established cell line performing electroporation using the 

Bio-Rad, Gene Pulser II (Litzkas et al., 1984; Coelho et al., 2008).  The same method was 

applied to immortalised the established skin fibroblast cell lines from NWU001, NWU002, 

CON001, CON002, CON003.  A detailed summary of all the cell lines studied throughout this 

study is given in Table 6.1.  The MCCA001 and MCCA002 immortalised skin fibroblast cell lines 

were obtained from Prof. Dr Matthias Baumgartner and Dr Terttu Suormala from the Children‟s 

Hospital of Zurich.  The group identifier indicates the biological group the specific cell line was 

assigned to.  The attribute, “MCCA” refers to those cell lines assigned to the MCC deficient 

group whereas “CON” refers to the control group and NWU the marginally MCC deficient South 

African group.  Each biological replicates are indicated by a three digit number.  The suffix “T” or 

“P” distinguishes between immortalised or primary cell lines.   

 

 

 



224 

Table 6.1: Details of the cultured skin fibroblast cell lines 

Cell line 
name 
used 

Gender 
Group 

Identifier 

Biological 
Replicate 

nr  

Cell 

type 
identifier*  

Cell line 
name 
used 

Array ID 

CON001P Male CON 001 P CONTROL CON001PA 
CON002P Female CON 002 P CONTROL CON002PA 
NWU001P Male NWU 001 P MCC-like NWU001PA 
NWU002P Male NWU 002 P MCC-like NWU002PA 
MCCA001T Male MCCA 001 T MCCA 

Deficient 
MCCA001TA 

MCCA002T Female MCCA 002 T MCCA 
deficient 

MCCA002TA 
CON001T Male CON 001 T CONTROL CONα001TA 
CON002T Female CON 002 T CONTROL CON002TA 
NWU001T Male NWU 001 T MCC-like NWU001TA 
NWU002T Male NWU 002 T MCC-like NWU002TA 
MCCA001T Male MCCA 001 T MCCA 

deficient 
MCCA001TD 

MCCA002T Female MCCA 002 T MCCA 
deficient 

MCCA002TD 
MCCA001T Male MCCA 001 T MCCA 

deficient 
MCCA001TDLEU 

MCCA002T Female MCCA 002 T MCCA 
deficient 

MCCA002TDLEU 
* P indicates primary cell lines and T indicates immortalised cell lines 

6.2 Urinary samples 

Collected urinary and blood samples from volunteer participants were received and a unique 

laboratory number was assigned to each of the samples and labelled accordingly.  The 

participant‟s details and relation to the study are summarised in Table 7.2. 

The in vivo L-leucine and 3-hydroxy-3-methylbutyrate loading experiments were performed as 

described in Chapter Two.  The index patient (NWU001), his sibling (NWU002), and seven 

controls (age 24–64 years) participated in the leucine loading experiment.  The participants 

each received 100 mg leucine (Sigma-Aldrich) per kg body mass (Galjaard, 1980) in orange 

juice and six samples were collected from each participant at specific time intervals baseline, 

time 0 (T0), 30 min (T1), 1 hour (T2), 3 hours (T3), 5 hours (T4) and 7 hours (T5).  The urinary 

samples that were collected were assigned unique laboratory numbers and summarised in 

Table 7.3.  The in vivo 3-hydroxy-3-methylbutyrate loading experiment the index patient 

(NWU001), his sibling (NWU002), and five controls (age 24–64 years) participated.  The 

participants each received 2g HMB (Warrenchem) in orange juice (Galjaard, 1980).  Urinary 

samples were collected from all participants at baseline time 0 (T0), 30 min (T1), 1 hour (T2), 3 

hours (T3), 5 hours (T4) and 7 hours (T5) after loading.  The urinary samples that were 

collected were assigned unique laboratory numbers and summarised in Table 7.4  
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Table 6.2  Participants details and relation to the study 

Sample 
Name 

Unique 
laboratory 

number 

Date of birth 

(DOB) 

Generation  

Code * 

Group 
Identifierα 

Disease 
group 

NWU001 02200701 1954-01-14 IIa Family MCC-like 
NWU002 07291007 1950-12-23 IIb Family MCC-like 
NWU003 05030708 2004 IVb Family MCC-like 
NWU004 06030708 2006 IVc Family MCC-like 
NWU005 01270509 1925-02-15 Ia 

 

Family MCC-like 
NWU006 02270509 

 

1928-09-26 Ib Family MCC-like 
NWU007 01070212 1974-03-21 IIIc Family MCC-like 
NWU008 06020412 1976-03-19 IIId Family MCC-like 
NWU009 03020412 2002 IVa Family MCC-like 
NWU010 04020412 

 

2008 IVd (Twin1) Family MCC-like 
NWU011 05020412 2008 IVe (Twin 2) Family MCC-like 
CON001 06020708 1946-02-13 - Control Control 
CON002 05020708 1982-08-20 - Control Control 
CON003 - 1983-01-14 - Control Control 
CON004 02020708 1955-11-12 - Control Control 
CON005 08020708 1982-11-07 - Control Control 
CON006 07020708 1969-09-15 - Control Control 
CON007 07110208 1969-06-08 - Control Control 
CON008 15110208 1985-03-14 - Control Control 

* I = First generation, II = second generation, III = Third generation, IV = Forth generation; a = first person 
in the generation, b = the second person in the generation, c = third person in the generation etc. 

 

 

Table 6.3: Sample numbers of the collected urinary samples collected during the in 
vivo L-leucine loading test 

Sample Name Unique number 

 T0 T1 T2 T3 T4 T5 

NWU001 13110208 22110208 31110208 41110208 55110208 64110208 

NWU002 12110208 21110208 30110208 40110208 54110208 63110208 

CON001 08110208 17110208 26110208 36110208 50110208 59110208 

CON002 14110208 23110208 32110208 42110208 59110208 65110208 

CON004 11110208 20110208 29110208 39110208 53110208 62110208 

CON005 09110208 18110208 27110208 37110208 51110208 60110208 

CON006 10110208 28110208 19110208 38110208 52110208 61110208 

CON007 07110208 16110208 25110208 35110208 49110208 58110208 

CON008 15110208 24110208 33110208 43110208 57110208 66110208 



226 

 

Table 6.4: Unique numbers assigned to each sample collected during in vivo 3-
hydroxy-3-methylbutyrate loading test 

Sample 
Name 

Unique number 

 T0 T1 T2 T3 T4 T5 

NWU001 04020708 11020708 18020708 28020708 37020708 49020708 
NWU002 03020708 10020708 17020708 27020708 36020708 48020708 
CON001 06020708 13020708 19020708 29020708 38020708 50020708 
CON002 05020708 12020708 20020708 30020708 39020708 51020708 
CON004 02020708 09020708 19020708 29020708 35020708 47020708 
CON005 08020708 15020708 22020708 32020708 41020708 53020708 
CON006 07020708 14020708 21020708 31020708 40020708 52020708 
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APPENDIX B 
B 

Quality assessment  

7.1 Introduction 

“Junk–in-junk-out”, is a general rule of thumb applicable to any bioinformatics dependent 

experiment. Therefore, critical evaluation and quality assessment is one of the most important 

steps of any “OMIC” based experiment.  Applying good and thorough quality control procedures 

are important to obtain unbiased interpretable data.  This section gives a brief overview of the 

overall quality control measures undertaken throughout this study.  The overall quality control 

assessment was done as a whole and included all array hybridisations in one assessment.  By 

doing this ensures that the same probe summarization model is uniformly applied across all the 

arrays in the study (Affymetrix, 2007).  This section summarises the most important quality 

assessment measures that were undertaken to ensure good quality output data. All arrays were 

prepared and quality controlled at the Centre of Proteomic and Genomic Research (CPGR), 

Cape Town, Affymetrix service provider in South Africa.  A simplified workflow followed to 

prepare samples for hybridisation to the Affymetrix GeneChip® human Exon arrays 

(HuExST1.0) and data generation is given in Figure 7.1.   

 

 

 

 

 

 

 
 
 
 
Figure 7.1: A simplified outline to demonstrate 
the workflow from sample preparation to data mining and interpretation  
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7.2 Affymetrix GeneChip® Human Exon ST1.0 (HuExST1.0) arrays  

Affymetrix GeneChip® Human Exon ST1.0 (HuExST1.0) arrays were chosen for hybridisation 

based on the feature of obtaining information regarding whole transcript expression (Gene-

level) as well as individual exon expression (Exon-level) from a single experiment (Affymetrix, 

2005; Affymetrix, 2008).  Also, the HuExST1.0 arrays provide the most comprehensive 

coverage of the annotated genome as well as predicted content for novel discovery.  This is an 

important advantage of the HuExST1.0 arrays since the current study has a facet of discovery 

and understanding the underlying molecular interactions that occur with a disease with an as 

yet unknown origin.  The HuExST1.0 arrays have more than 5.5 million features on each array 

that include supported and predicted transcripts.   

The gene-level HuExST1.0 array summarizes approximately 40 probes form across the length 

of the gene into a single expression level data point that represents all transcripts derived from 

each gene.  A more dense coverage of the transcript offers a more sensitive measurement of 

gene expression and more statistically robust results than first generation 3‟ based approaches. 

At exon level, approximately four probes per exon provide the option to measure the expression 

of individual exons as well as to detect alternative splicing.  The alternative splicing and isoform 

variation are nowadays recognised to affects susceptibility to and severity of a large number of 

human diseases and seemingly account for the disparity between the hundreds of thousands of 

proteins that arise from the relatively low number of protein coding genes.   

This study focused only on the gene-level analyses although these HuExST1.0 arrays also 

provide the possibility to explore splice variants.  Alternative splicing was not in the scope of this 

thesis and thus not included.  Figure 7.2 demonstrates the probe arrangement of a transcript as 

an example of the gene-level and the exon-level designs for each transcript.   

 

 

Figure 7.2: Affymetrix GeneChip® HuExST1.0 gene level design 
This Figure depicts the comparison of probe distribution across any specific transcript between different 
arrays.  Taken from:  Affymetrix GeneChip HuExST1.0 design. 
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7.3 Total RNA isolation and quality control  

To guarantee good quality total RNA and ensure compatibility with the Affymetrix® GeneChip® 

system, Affymetrix® recommended using the RNeasy® mini kit from Qiagen® for total RNA 

isolation.  

Total RNA was isolated directly from the each 25 cm2 flask of monolayer cells according to the 

manufacturer‟s protocol with no additional on-column DNase treatment applied.  The isolated 

total RNA was assessed to ensure good quality and integrity using the NanoDrop® ND-1000 

spectrophotometer (Inqaba, South Arica).  All 14 samples were analysed and the results are 

given in Table 7.1. 

 

Table 7.1: NanoDrop® Spectrophotometric analyses of all samples hybridised to 
Affymetrix HuExST1.0 arrays  

Sample ID 260/280 260/230 
Concentration 

ng/ul 
Yield Ug in 

50 ul 
RIN 

CON001TA 2.02 1.86 387.42 19.4 10.0 

CON002TA 2.06 1.90 233.59 11.7 9.5 

NWU001TA 2.02 1.26 130.55 6.5 8.8 

NWU002TA 2.05 1.72 348.25 17.4 10.0 

MCCA001TA 2.05 1.06 850.24 42.5 10.0 

MCCA002TA 2.05 1.69 606.92 30.3 9.8 

MCCA001TD 1.98 1.90 451.83 22.6 10.0 

MCCA002TD 2.01 2.15 352.77 17.6 9.2 

MCCA001TDLEU 1.99 2.21 412.75 20.6 10.0 

MCCA002TDLEU 2.01 2.17 283.48 14.2 9.9 

CON001PA 2.05 2.03 1012.39 50.6 9.9 

CON002PA 2.05 1.92 1468.80 73.4 10.0 

NWU001PA 2.05 2.05 1018.28 50.9 9.5 

NWU002PA 2.04 2.18 1504.52 75.2 9.5 

 

All 14 samples passed the NanoDrop® quality assessment with the minimum requirements of a 

260:280 ratio of 1.8 and a yield of more than 2 µg total RNA.  Each sample was further 

assessed and inspected to ensure good RNA integrity before shipment.  The samples were 

assessed using the Eukaryote Total RNA Nano assay, RNA 6000 Nano Chips that was ran on 

the Agilent 2100 Bioanalyzer (Anatech, South Africa).  The RNA integrity of each sample are 

summarised and depicted in Figure 7.3 and the spectrophotometer results is given in Table 7.1.   
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All samples passed quality assessment when intact bands corresponding to the two ribosomal 

units 28S and 18S rRNA subunits were observed.  Little or in most cases no degradation of the 

total RNA samples was observed.  All 14 samples had a 28S:18S rRNA subunit ratio of 2.  Also 

all 14 samples had RNA integrity (RIN) of more than 8.  The general accepted quality control 

cut-off for array-based analyses is RIN>7.  An aliquot of 3 µg from each of the 14 samples was 

prepared and send to CPGR for further analyses.   

  

Figure 7.3: Agilent Bioanalyzer electropherogram summary of all total RNA samples 
hybridised to Affymetrix GeneChip HuExST1.0 arrays. 
The Agilent Bioanalyzer electropherograms depicted the RNA integrity of A) CON001TA, B) CON002TA, 
C) NWU001TA, D) NWU002TA, E) MCCA001TA, F) MCCA002TA G) MCCA001TD H) MCCA002TD, I) 
MCCA001TDLEU, J) MCCA002TDLEU, K) CON001PA L) CON002PA M) NWU001PA and, N) 
NWU002PA. 
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7.4 Affymetrix HuExST1.0 arrays preparation outline and quality control checkpoints 

A simplified outline of the HuExST1.0 array preparation workflow is given in Figure 7.4.  
Samples were subjected to a ribosomal RNA reduction step before cDNA synthesis, followed by 

the first cycle in vitro transcription and sense-strand DNA synthesis. The sense-strand DNA was 

fragmented; end labelled and finally hybridised to HuExST1.0 arrays where after the hybridised 

arrays were washed, stained and scanned.  The preparation workflow further includes several 

quality control checkpoints.   

The first QC checkpoint assesses the quality of the sample upon arrival.  The second quality 

check is done by assessing the total reduction of ribosomal RNA.  The third quality check 

involves the quantification of the first strand cDNA to ensure that an adequate amount of first 

strand cDNA proceeds to the next step.  The samples were also assessed to ensure optimal 

fragmentation (Figure 7.4). 

 

 

Figure 7.4: HuExST1.0 array preparation workflow and quality control checkpoints 
Numbers 1,2,3,4 and, 5 indicate the five critical quality control checkpoints within the array preparation 
workflow. 

 

The quality control report received from CPGR summarised the quality assessment of the cRNA 

and cDNA yields and is given in Table 7.2 and Table 7.3 respectively.  All samples passed the 

quality assessment and were fragmented, labelled, hybridised, washed, stained and scanned. 

For each of the samples, a data output file (.CEL) was generated.  According to CPGR quality 
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assurance policy, all data files were analysed and check for any discrepancies before it is 

released to the customer for further analyses.     

 

Table 7.2: cRNA concentration and yields 

Sample ID 260/280 260/230 
Concentration 

ng/ul 
Yield ug 

CON001TA 2.13 2.15 999.46 47.97 

CON002TA 2.13 2.11 985.85 47.32 

NWU001TA 1.97 1.75 3315.15 39.78 

NWU002TA 2.11 1.66 1061.76 12.74 

MCCA001TA 2.06 2.07 1345.71 16.55 

MCCA002TA 2.08 1.88 1006.79 12.38 

MCCA001TD 2.08 1.97 801.81 9.94 

MCCA002TD 2.06 2.01 1381 17.00 

MCCA001TDLEU 2.06 1.4 909.54 11.28 

MCCA002TDLEU 2.08 1.00 840.27 10.34 

CON001PA 2.08 1.04 787.63 9.69 

CON002PA 2.05 1.99 774.47 9.53 

NWU001PA 2.07 1.53 1904.2 23.42 

NWU002PA 2.06 1.14 837.52 10.39 

 

Table 7.3: cDNA synthesis sense strand 

Sample ID 260/280 260/230 
Concentration 

ng/ul 
Yield ug 

CON001TA 1.98 2.28 291.97 8.18 

CON002TA 1.98 2.24 281.54 7.88 

NWU001TA 2.01 2.31 302.82 8.48 

NWU002TA 1.99 2.25 222.95 6.24 

MCCA001TA 2.03 2.20 240.09 6.43 

MCCA002TA 2.02 2.18 212.93 5.71 

MCCA001TD 2.00 2.21 189.21 5.47 

MCCA002TD 2.03 2.22 217.12 5.82 

MCCA001TDLEU 2.00 2.16 207.37 5.56 

MCCA002TDLEU 2.03 2.19 287.31 7.70 

CON001PA 2.00 2.07 182.65 5.04 

CON002PA 2.03 2.12 203.58 5.46 

NWU001PA 2.01 2.16 223.59 5.99 

NWU002PA 2.03 2.23 239.92 6.43 
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7.5 Data quality assessment from HuExST1.0 array hybridisations 

For each of the 14 samples, a signal intensity data files (.CEL) was received from CPGR.  The 

quality of the arrays was assessed using Expression Console (Version 1.1) and Partek® 

Genomic Suite software (Version 6.1, Copyright, Partek Inc. St. Louis, MO, USA).   

The quality assessment procedure entails computing summary statistics for each array included 

in the study.  The gene-level of the summary statistics across the arrays was assessed.  All 14 

arrays in the study were included in one quality control analyses.  The quality control analyses 

was done using the gene-core-level probe sets and not the extended or full probe sets.  The 

extended and full probe sets will increase the variability due to the higher expected percentage 

of unexpressed content in these categories.  To each of the 14 arrays /.CEL files, a unique 

number was assigned to simplify the graph and picture labelling process imbedded within the 

software (Table 7.4).    

Table 7.4: Assigned number to the according hybridised sample and HuExST1.0 
array description 

HuExST1.0 array number assigned Sample ID HuExST1.0 array descriptor 

1 CON001PA CON001PA.CEL 

2 CON001TA CON001TA.CEL 

3 CON002PA CON002PA.CEL 

4 CON002TA CON002TA.CEL 

5 MCCA001TA MCCA001TA.CEL 

6 MCCA001TD MCCA001TD.CEL 

7 MCCA001TDLEU MCCA001TDLEU.CEL 

8 MCCA002TA MCCA002TA.CEL 

9 MCCA002TD MCCA002TD.CEL 

10 MCCA002TDLEU MCCA002TDLEU.CEL 

11 NWU001PA NWU001PA.CEL 

12 NWU001TA NWU001TA.CEL 

13 NWU002PA NWU002PA.CEL 

14 NWU002TA NWU002TA.CEL 

 

The quality control workflow for assessing data quality consists of three sections 1) raw data 

QC, 2) data pre-processing and 3) evaluation of the pre-processed data.  Raw data QC relies 

on organized plots that indicate the 1) sample quality, 2) hybridisation quality, 3) signal 

comparability and biases, as well as 4) array correlations.  Pre-processing includes the 1) 

background correction and 2) intensities normalization following by the evaluation thereof.  Pre-

process QC metrics consists of three sections; 1) sample, 2) hybridisation and 3) labelling 

metrics 
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7.5.1 Raw data quality control of the sample quality  

The Affymetrix®
 Expression Console™

 software (version 1.4) was used for quality control and 

normalisation of raw data.  All 14 arrays / data files were analysed in one run assessing total 

array quality.  Raw data QC rely on organized plots that indicate the sample quality, 

hybridisation quality, signal comparability and biases, as well as array correlations.   

7.5.1.1 Sample quality  

3’/5’ ratios β-Actin and GAPDH  

The total RNA quality is of utmost importance for generating good quality gene expression data.  

Both, β-actin and GAPDH are considered as long genes and universally expressed among most 

cell types.  ACTB and GAPDH are used as quality control measure of degraded RNA samples.   

Three probe-sets designed on the 3‟, the middle and the 5‟ regions of each of the transcripts 

indicate the transcript integrity.  One expects the 5‟ end probed intensities to be globally lower 

than the 3‟ end probes since RNA degradation occurs in the 5‟-3‟ direction.  Too degraded RNA 

samples will have a very high slope 5‟ to 3‟ whereas good quality samples from human tissues 

will not exceed a 3‟/5‟ ratio of 3 for ACTB and 1.25 for GAPDH.  The RNA degradation plot 

represents the average intensity of each probe across all probe-sets from 5‟ to 3‟ ends.  

7.5.1.2 Hybridisation quality  

Poly-A spiked in controls (BAC-Poly-A) 

The sample preparation and labelling controls from B.subtilis genes (DAP, THR, PHE, and 

LYS), are spiked in at the beginning of the chip preparation pipeline.  The GeneChip® Poly-A 

RNA Control Kit (P/N 900433) contains the following four exogenous, premixed control spikes: 

Lys: AFFX-r2-Bs-lys (1:100,000), Phe: AFFX-r2-Bs-phe (1:50,000), Thr: AFFX-r2-Bs-thr 

(1:25,000), Dap: AFFX-r2-Bs-dap (1:6,667).   

These Bac-Poly-A unlabelled control spikes are used to assess the overall success of the target 

preparation steps.  The detection of these controls is dependent on the labelling reaction that 

labels the biological sample.  To verify that there was no bias during the transcription between 

the highly expressed genes and low expressed genes, the intensity of the spiked controls are 

assessed (Figure 7.5).  The poly-A controls should be called present at a decreasing intensity 

(Lys<Phe<Thr<DAP) to verify that there was no bias during the transcription between highly 

expressed genes and low expressed genes.   
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Figure 7.5: Line graph of the labelling spikes of DAP, Thr, Phe and Lys across all 
arrays 
1), CON001PA.CEL,  2) CON001TA.CEL, 3) CON002PA.CEL, 4) CON002TA.CEL, 5) MCCA001TA.CEL, 
6) MCCA001TD.CEL, 7) MCCA001TDLEU.CEL, 8) MCCA002TA.CEL, 9) MCCA002TD.CEL, 10) 
MCCA002TDLEU.CEL, 11) NWU001PA.CEL, 12) NWU001TA.CEL, 13) NWU002PA.CEL, 14) 
NWU002TA.CEL. 

 

Spike-in hybridisation controls (Labelling controls) 

The purpose of hybridisation quality control is to determine whether the distribution of various 

quality metrics associated with individual hybridisations in a group display any distinct outliers.  

Affymetrix arrays include spiked-in hybridisation controls with different concentrations, from 

lowest to the highest AFFX-BioB, AFFX-BioC, AFFX-BioD and AFFX-CreX.  These four targets 

are spiked in before the labelling step.  The intensity pattern for these controls should show the 

increase in target concentrations, other patterns would be a sign of bad hybridisation.   

The lowest control AFFX-BioB is also an indicator for sensitivity.  If this control is not present, 

then the array sensitivity should be questioned.    

All the HuExST1.0 arrays showed AFFX-BioB to be present as the lowest concentration of the 

spiked in targets followed by AFFX-BioC, AFFX-BioD and AFFX-CreX as the highest (Figure 
7.6).  This result indicates that all the arrays analysed passed this quality checkpoint. 
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Figure 7.6: Line graph representing the hybridisation control concentrations across all 
arrays 
Each line represents the log2 expression pattern of the corresponding hybridisation control across all 
arrays.  From the top, purple represents AFFX-Cre-X, Green represents AFFX-BioDn, Blue represents 
AFFX-BioC and red represents AFFX-BioB.  1), CON001PA.CEL,  2) CON001TA.CEL, 3) 
CON002PA.CEL, 4) CON002TA.CEL, 5) MCCA001TA.CEL, 6) MCCA001TD.CEL, 7) 
MCCA001TDLEU.CEL, 8) MCCA002TA.CEL, 9) MCCA002TD.CEL, 10) MCCA002TDLEU.CEL, 11) 
NWU001PA.CEL, 12) NWU001TA.CEL, 13) NWU002PA.CEL, 14) NWU002TA.CEL. 

 

7.5.1.3 Signal comparability and biases 

Background intensity 

The main objective for this analysis is to define the background intensities across all arrays.  

This average, minimum and maximum background should be comparable between arrays.  

Arrays with significant higher of lower background value indicates bad quality.  The perfect 

match (PM) mean QC metrics is a measurement that shows how dim or bright an array is.  All 

arrays should roughly have similar PM means (Figure 7.7).     
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Figure 7.7: Perfect match (PM) mean of all the HuExST1.0 arrays 
Line graph representation of the PM means across all arrays 1), CON001PA.CEL,  2) CON001TA.CEL, 
3) CON002PA.CEL, 4) CON002TA.CEL, 5) MCCA001TA.CEL, 6) MCCA001TD.CEL, 7) 
MCCA001TDLEU.CEL, 8) MCCA002TA.CEL, 9) MCCA002TD.CEL, 10) MCCA002TDLEU.CEL, 11) 
NWU001PA.CEL, 12) NWU001TA.CEL, 13) NWU002PA.CEL, 14) NWU002TA.CEL. 
 

The median absolute deviation (MAD) residual mean is another quality control metrics that 

could be used to examine how well the individual sample compares with all the other samples in 

the experiment.  This calculation is based on a model that is created during signal estimation.  

This model is based on trends of each probe across the whole experiment and can predict how 

a probe will respond.  The residual is then the difference between the predicted and actual 

signal values.  The MAD residual mean value represents how well the individual sample fits the 

model of the experiment (Figure 7.8). 
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A       B 

C       D 

Figure 7.8: Median absolute deviation (MAD) residual mean of all probe sets across all 
the HuExST1.0 arrays 
Line graph representation of the median absolute deviation (MAD) residual mean of A) all probe sets 
across all arrays, B) BAC spiked in controls, C) poly-A spiked in controls, D) positive controls 1), 
CON001PA.CEL,  2) CON001TA.CEL, 3) CON002PA.CEL, 4) CON002TA.CEL, 5) MCCA001TA.CEL, 6) 
MCCA001TD.CEL, 7) MCCA001TDLEU.CEL, 8) MCCA002TA.CEL, 9) MCCA002TD.CEL, 10) 
MCCA002TDLEU.CEL, 11) NWU001PA.CEL, 12) NWU001TA.CEL, 13) NWU002PA.CEL, 14) 
NWU002TA.CEL. 
 
 

Positive and Negative control distribution 

Affymetrix arrays contain border elements which are positioned on the outer edge of the array.  

These border elements are used for grid setting and controls for signal intensity.  The intensities 

of all border elements are collected.  The elements with intensity greater than 1.2 times the 

mean border element intensity are assumed to be positive controls and those less than 0.8 are 

considered negative controls.  The border elements with signal intensity between 1.2 and 0.8 

are not used in further calculations.  Good quality arrays presents with different intensity ranges 

of positive and negative control as well as negative controls across all hybridisations have 

similar distributions (Figure 7.9). 
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Figure 7.9: Line graph representing the positive and negative controls distribution 
across all arrays 
1), CON001PA.CEL,  2) CON001TA.CEL, 3) CON002PA.CEL, 4) CON002TA.CEL, 5) MCCA001TA.CEL, 
6) MCCA001TD.CEL, 7) MCCA001TDLEU.CEL, 8) MCCA002TA.CEL, 9) MCCA002TD.CEL, 10) 
MCCA002TDLEU.CEL, 11) NWU001PA.CEL, 12) NWU001TA.CEL, 13) NWU002PA.CEL, 14) 
NWU002TA.CEL. 

 

Boxplots and density histograms to compare signal intensities and identify biases 
between arrays  

The nature of the distribution of .CEL intensities tends to be highly skewed, therefore 

transforming the dataset to a log2 scale helps to normalise the distribution.  Both boxplots and 

density histograms of the log2 intensity distribution are plotted for between array comparisons.  

The box area of the boxplot indicates the 25th and 75th percentiles of the distribution with the line 

inside the box indicative of the level of the median (Figure 7.10).  The whisker stretched beyond 

the box and typically indicates outliers.  The importance of the boxplot is to visualise how the 

location and spread of the main body of the log2 CEL intensities distribution compare amongst 

all arrays. The same log2 intensity distributions can also be summarised by means of a 

histogram.  In general, the distributions of raw log intensities are not expected to be identical but 

still not totally different while the distributions of normalized log intensities are expected to be 

more comparable if not identical.  
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Signal distribution probe-sets homogeneity: NUSE plots 

The normalized unscaled standard error (NUSE) is the individual probe error fitting the probe 

level model.  The NUSE values are standardized at the probe set level across the arrays: 

median values for each probe set are set to one.  Globally higher spread of NUSE distribution in 

one array compared to the other arrays may be a sign of low quality.  

 

 

Figure 7.10: Normalized unscaled standard error (NUSE) boxplots 
1), CON001PA.CEL,  2) CON001TA.CEL, 3) CON002PA.CEL, 4) CON002TA.CEL, 5) MCCA001TA.CEL, 
6) MCCA001TD.CEL, 7) MCCA001TDLEU.CEL, 8) MCCA002TA.CEL, 9) MCCA002TD.CEL, 10) 
MCCA002TDLEU.CEL, 11) NWU001PA.CEL, 12) NWU001TA.CEL, 13) NWU002PA.CEL, 14) 
NWU002TA.CEL. 

 

Relative log expression (RLE) 

The relative log expression (RLE) values are computed by calculating for each probe set the 

ration between the expression of a probe set and the median expression of this probe set 

across all arrays in the experiment.  It is assumed that most probe sets are not changed across 

the arrays so it is expected that these ratios are around zero on a log scale (Figure 4.11).  The 

boxplots presenting the distribution of these log-rations should then be centred near zero and 

have similar spread.  
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Figure 7.11: Relative log expression signal of all arrays 
1), CON001PA.CEL,  2) CON001TA.CEL, 3) CON002PA.CEL, 4) CON002TA.CEL, 5) MCCA001TA.CEL, 
6) MCCA001TD.CEL, 7) MCCA001TDLEU.CEL, 8) MCCA002TA.CEL, 9) MCCA002TD.CEL, 10) 
MCCA002TDLEU.CEL, 11) NWU001PA.CEL, 12) NWU001TA.CEL, 13) NWU002PA.CEL, 14) 
NWU002TA.CEL. 

 

Signal distribution intensity dependent biases using Multiple Array plots 

Characteristic of CEL intensity data is the large magnitude of feature specific effects.  Therefore, 

multiple array (MA) feature level summary plots provide a visual pairwise comparison of log2 

intensity of each array to a reference array or between two specific arrays and thus intensity 

dependent biases can be identify.  The MA plots are in essence scatterplots that visualize the 

statistical results on the significance and amount of changes in all the tested variables between 

two different groups of a factor.  MA plots provide a visual display that corrects for feature-

specific effects and facilitates making comparative assessments of cell intensity distributions 

that are sensitive to the technical variability which we want to detect.  The X-axis represents the 

original mean of the variable it is on log2 scale; the Y-axis represents the fold change of the test 

variable under the two conditions also on log2 scale.  MA plots should be flat narrow and 

centred at zero (Figure 7.12).   



242 

1         2            3

4         5             6

7         8             9

10         11             12

13         14                                   15

16         17            18

19         20            21

 

 



243 

22       23         24 

25       26           27

28         29              30

31        32            33

34         35           36

37         38                                          39

40       41           42

 



244 

43        44           45

46           47           48

49         50            51

52        53           54

55           56           57

58          59             60

61          62             63

 



245 

64       65          66 

67        68            69      

70        71            72      

73        74            75 

76        77            78

79       80            81

82         83            84

 



246 

85        86             87

88 

 

Figure 7.12: Multi array plots of all fourteen HuExST1.0 arrays  
1) CON001PA to CON001TA; 2) CON001PA to CON002PA; 3) CON001PA to CON002TA; 4) 
CON001PA to MCCA001TA; 5) CON001PA to MCCA001TD; 6) CON001PA to MCCA001TDLEU; 7) 
CON001PA to MCCA002TA; 8) CON001PA to MCCA002TD; 9) CON001PA to MCCA002TDLEU; 10) 
CON001PA toNWU001PA; 11) CON001PA to NWU001TA; 12) NWU002PA; 13) CON001PA to 
NWU002TA; CON001TA to CON002PA; 14) CON001TA to CON002TA; 15) CON001TA to MCCA001TA; 
16) CON001TA to MCCA001TD; 17) CON001TA to MCCA001TDLEU; 18) CON001TA to MCCA002TA; 
19) CON001TA to MCCCA002TD; 20) CON001TA to MCCA002TDLEU; CON001TA to NWU001PA; 21) 
CON001TA to NWU001TA; 22) CON001TA to NWU002PA; 23) CON001TA to NWU002TA; 24) 
CON002PA to CON002TA; CON002PA to MCCA001TA; 25) CON002PA to MCCA001TD; 26) 
CON002PA to MCCA001TDLEU; 27) CON002PA to MCCA002TA; 28) CON002PA to MCCA002TD; 29) 
CON002PA to MCCA2TDLEU; 30) CON002PA to NWU001PA; 31) CON002PA to NWU001TA; 32) 
CON002PA to NWU002PA; 33) CON002PA to NWU002TA; 34) CON002TA to MCCA001TA; 35) 
CON002TA to MCCA001TD; 36) CON002TA to MCCA001TDLEU; 37) CON002TA to MCCA002TA; 38) 
CON002TA to MCCA002TD; 39) CON002TA to MCCA002TDLEU; 40) CON002TA to NWU001PA; 41) 
CON002TA to NWU001TA; 42) CON002TA to NWU002PA; 43) CON002TA to NWU002TA; 44) 
MCCA001TA to MCCA001TD; 45) MCCA001TA to MCCA001TDLEU; 46) MCCA001TA to MCCA002TA; 
47) MCCA001TA to MCCA002TD; 48) MCCA001TA to MCCA002TDLEU; 49) MCCA001TA to 
NWU001PA; 50) MCCA001TA to NWU001TA; 51) MCCA001TA to NWU002PA; 52) MCCA001TA to 
NWU002TA; 53) MCCA001TD to MCCA001TDLEU; 54) MCCA001TD to MCCA002TA; 55) MCCA001TD 
to MCCA002TDLEU; 56) MCCA001TD to NWU001PA; 57) MCCA001TD to NWU001TA; 58) 
MCCA001TD to NWU002TA; 59) MCCA001TD to NWU002PA; 60) MCCA001TDLEU to 
MCCA002DLEU; 61) MCCA001TDLEU to MCCA002TA; 62) MCCA001TDLEU to MCCA002TD; 63) 
MCCA001TDLEU to NWU001PA; 64) MCCA001TDLEU to NWU001TA; 65) MCCA001TDLEU to 
NWU002PA; 66) MCCA001TDLEU to NWU002TA; 67) MCCA002TA to MCCA002TD; 68) MCCA002TA 
to MCCA002TDLEU; 69) MCCA002TA to NWU001PA; 70) MCCA002TA to NWU001TA; 71) 
MCCA002TA to NWU002PA; 72) MCCA002TA to NWU002TA; 73) MCCA002TA to MCCA002TDLEU; 
74) MCCA002TA to NWU001PA; 75) MCCA002TA to NWU001TA; 76) MCCA002TA to NWU002PA; 77) 
MCCA002TA to NWU002TA; 78) MCCA2TDLEU to NWU001PA; 79) MCCA2TDLEU to NWU001TA; 80) 
MCCA002TDLEU to NWU002PA; 81) MCCA002TDLEU to NWU002TA; 82) NWU001PA to NWU001TA; 
83) NWU001PA to NWU002PA; 84) NWU001PA to NWU002TA; 85) NWU001TA to NWU002PA; 86) 
NWU001TA to NWU002TA; 87) NWU001TA to NWU002TA; 88) NWU002PA to NWU002TA. 

 

Alternatively to the MA plots, boxplots of M values provide a summary of MA plots which ignores 

the relationship between relative log intensity and mean log intensity but facilitate the 

comparative assessments of the distribution M values among many chips.   
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7.5.1.4 Array correlations 

Pearson and Spearman correlation coefficient 

A correlation coefficient is computed for each pair of arrays in the dataset and is presented 

qualitatively on a colour matrix.  The minimal value of this coefficient gives a good idea of the 

dataset homogeneity.  Low coefficients indicate important differences between array intensities.  

The Pearson correlation coefficient describes the linear relationship between two variables.  

The relationship between two variables is described by their correlation. Two standard statistical 

measures of linear correlation (Pearson‟s and Spearman) are provided in the Expression 

Console software. These are used to compare the signal estimates or detection p-values 

between two arrays. To simplify the interpretation of this data, the correlation values are 

presented as a heat map (Figure 7.13, Figure 7.14, Figure 7.15 and Figure 7.16).   

 

 

Figure 7.13: Pearson’s Correlation (Signal) of all arrays in the study 
Signal agreement is evaluated using the Pearson‟s correlation coefficient (r2) value to compare the signal 
values in two CHP files. The heat map contains a pairwise comparison of the signal values from all the 
selected CHP files, where the r2 values have been converted into a pseudocolor scale. 
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Figure 7.14: Pearson’s Correlation (Detection P-Value) 
P-value agreement is evaluated using the Pearson‟s correlation coefficient (r2) to compare the p-values 
from two CHP files. The resulting heat map contains a pairwise comparison of the detection p-values from 
all of the selected CHP files, where the r2 values have been converted into a pseudocolor scale. 
 

 

Figure 7.15: Spearman Rank Correlation (Signal) 
This is the Spearman rank correlation of the signal values between two CHP files. The heat map contains 
a pairwise comparison of the signal values from all the selected CHP files, where the Spearman r2 values 
have been converted into a pseudocolor scale. 
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Figure 7.16: Spearman Rank Correlation (Detection P-Value) 
This is the Spearman rank correlation of the p-values between two CHP files. P-values are only available 
in MAS5 CHP files and Exon Arrays analysed at the exon level. The heat map contains a pairwise  
comparison of the detection p-values from all the selected CHP files, where the Spearman r2 values have 
been converted into a pseudocolor scale. 

 

Principle component analyses (PCA) 

Unsupervised principal component analyses (PCA) PCA is an example of exploratory data 

analyses and is useful for identifying outliers and major effects in the data.  The data are 

projected on several axes, ordered by decreasing significance with the first principle explaining 

the most of the variations of expression.  The PCA of all the arrays show the natural distribution 

of arrays in relation to each other.  In this study the 14 arrays or samples grouped into three 

natural clusters.  Figures 7.17, 7.18, and 7.19 depict the PCA of the 14 arrays or samples.     
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Figure 7.17: Principle component analyses of all the HuExST1.0 arrays analysed 
coloured according to disease  
Each point represents the summary of the data generated from a single sample.  The dots are coloured 
by the “Disease” attribute.  Green indicates the MCC-like samples, Blue represents the MCC deficient 
samples and Red represents the controls. 

 

Figure 7.18: Principle component analyses of all the HuExST1.0 arrays analysed 
coloured according to cell type  
Each point represents the summary of the data generated from a single sample.  The dots are coloured 
by the “cell type” attribute.  Blue represents the primary cultured skin fibroblasts and Red represents 
immortalised skin fibroblast cell cultures. 
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Figure 7.19: Principle component analyses of all the HuExST1.0 arrays analysed 
coloured according to symptoms 
Each point represents the summary of the data generated from a single sample.  The dots are coloured 
by the “symptoms” attribute.  Green indicates the clinically severe MCC deficient cases, Blue represents 
the cases with clinically severe MCC-deficiency associated metabolites but no symptoms, Red represents 
the cases with clinically severe MCC-deficiency associated metabolites and mild symptoms and the purple 
represent the controls with no MCC-deficiency related metabolites or symptoms. 

 

Hierarchical clustering 

Hierarchical clustering was also used to group the arrays or samples together to form clusters 

based in the similarities shared between the transcripts in the clusters.  At first, each array or 

sample is considered a cluster.  In hierarchical clustering the two most similar samples are 

combined and continue to combine until all objects/features in this case, transcripts, in the same 

cluster are analysed.  Hierarchical clustering produces a tree called a dendogram that shows 

the hierarchy of the clusters.  The clustering of arrays or samples can be performed according 

to different algorithms.  The arrays of this study were clustered according to the Elucidean 

average linkage method.  The average linkage algorithm is based on the calculated average 

distance between all pairs of objects in the first to different clusters is used as the measure of 

distance between the two clusters.  The Next cluster is combined and then a fourth, a five and 

will continue till all the samples have been clustered together.  The distance between the first 

and the second cluster are given 1.  The next cluster (1/2) and 3 are combined with  distance of 

1.5 (the distance from 3 to 2 plus the distant from 3 to 1 divided by 2). The relationship between 

the total numbers of arrays in the study was inspected by hierarchical cluster analyses using 

average Elucidean linkage.  The average Elucidean linkage and or the relationship between the 
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relatedness of the 14 arrays or samples analysed in this study are depicted in Figure 7.20.  

Three main clusters are visible from the hierarchical clustering analyses of the 14 arrays in this 

study.  The first cluster consists of MCCA001TD and MCCA001TDLEU which are the closest 

related to each other followed by MCCA001TA and then MCCA002D, MCCA002TA and 

MCCA002TDLEU.  The second cluster of samples includes CON002PA, CON001PA, 

NWU001PA and NWU002PA and the third cluster consists of CON002TA, CON001TA, 

NWU001TA and NWU002TA.   

 

 

Figure 7.20: Hierarchical cluster analyses of all the arrays in the study 
The dendogram is coloured according to “disease” blue represents MCC deficient, green indicates the 
MCC-like (NWU) and the red indicates the controls.      
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Source of variation 

The source of variation plot is a bar chart that shows the variation contributed by effects across 

all test variables also known as response variables in the ANOVA model.  The X-axis of the plot 

represents the factors or interactions in the ANOVA model and the Y-axis represents the F ratio 

of the factors or interactions.  The F ratio is ANOVA language for signal to noise ratio.  The 

average F ratio is the average signal to noise ratio of all the computed variables for each factor. 

 

7.6 Affymetrix GeneChip® HuExST1.0 array analyses using Partek genomic suite 

Data analyses were done using Partek® GS software (Version6.1, Copyright, Partek Inc. St. 

Louis, MO, USA) as recommended by Affymetrix as best compatible downstream analyses 

software. Intensity files (.CEL) of arrays that passed QC were imported to Partek GS.  

Categorical attributes were assigned to each array (see sample information (Table 7.5).   
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Table 7.5: Sample information file 

Filename Disease Cell type Medium and leucine Individual Symptoms 

CON001PA.CEL Control Primary Amniochrome [8mM] CON001P NONE 

CON001TA.CEL Control Immortal Amniochrome [8mM] CON001T NONE 

CON002PA.CEL Control Primary Amniochrome [8mM] CON002P NONE 

CON002TA.CEL Control Immortal Amniochrome [8mM] CON002T NONE 

MCCA001TA.CEL MCCA deficient Immortal Amniochrome [8mM] MCCA001T MCC severe 

MCCA001TD.CEL MCCA deficient Immortal DMEM [4mM] MCCA001T MCC severe 

MCCA001TDLEU.CEL MCCA deficient Immortal DMEM [24mM] MCCA001T MCC severe 

MCCA002TA.CEL MCCA deficient Immortal Amniochrome [8mM] MCCA002T MCC severe 

MCCA002TD.CEL MCCA deficient Immortal DMEM [4mM] MCCA002T MCC severe 

MCCA002TDLEU.CEL MCCA deficient Immortal DMEM [24mM] MCCA002T MCC severe 

NWU001PA.CEL MCC-like Primary Amniochrome [8mM] NWU001P MCC Mild 

NWU001TA.CEL MCC-like Immortal Amniochrome [8mM] NWU001T MCC Mild 

NWU002PA.CEL MCC-like Primary Amniochrome [8mM] NWU002P MCC none 

NWU002TA.CEL MCC-like Immortal Amniochrome [8mM] NWU002T MCC none 
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.... Continue Sample information file 

Filename Chip Type Scan Date Scan Time Hours from Midnight 

CON001PA.CEL HuEx-1_0-st-v2 01/21/09 18:56:07 18.9353 

CON001TA.CEL HuEx-1_0-st-v2 02/23/2011 11:43:27 11.7242 

CON002PA.CEL HuEx-1_0-st-v2 01/21/09 16:17:31 16.2919 

CON002TA.CEL HuEx-1_0-st-v2 02/23/2011 10:43:17 10.7214 

MCCA001TA.CEL HuEx-1_0-st-v2 01/21/09 17:55:53 17.9314 

MCCA001TD.CEL HuEx-1_0-st-v2 01/21/09 20:26:44 20.4456 

MCCA001TDLEU.CEL HuEx-1_0-st-v2 01/21/09 19:56:57 19.9492 

MCCA002TA.CEL HuEx-1_0-st-v2 01/21/09 19:26:54 19.4483 

MCCA002TD.CEL HuEx-1_0-st-v2 01/21/09 18:26:07 18.4353 

MCCA002TDLEU.CEL HuEx-1_0-st-v2 01/21/09 15:47:29 15.7914 

NWU001PA.CEL HuEx-1_0-st-v2 01/21/09 17:17:14 17.2872 

NWU001TA.CEL HuEx-1_0-st-v2 02/23/2011 11:13:14 11.2206 

NWU002PA.CEL HuEx-1_0-st-v2 01/21/09 16:47:16 16.7878 

NWU002TA.CEL HuEx-1_0-st-v2 03/30/2010 10:38:55 10.6486 
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.... Continue Sample information file 

Filename 
Raw 
Median Raw Mean 

Raw Trimmed 
Mean Raw Norm 

Raw Std. 
Dev. 

Raw 
Skewness Raw Kurtosis Raw CV (%%) 

CON001PA.CEL 109 354.947 171.3 2.30E+06 919.916 8.52381 109.309 259.17 

CON001TA.CEL 105 410.079 167.93 2.96E+06 1201.03 8.37897 99.0022 292.878 

CON002PA.CEL 126 444.148 206.16 2.89E+06 1157.17 7.87539 91.8586 260.536 

CON002TA.CEL 91 337.631 141.811 2.54E+06 1037.37 9.93597 142.384 307.25 

MCCA001TA.CEL 164 561.094 279.595 3.19E+06 1249.58 5.9278 51.3106 222.703 

MCCA001TD.CEL 178 577.473 296.131 3.17E+06 1233.18 5.55181 43.9151 213.548 

MCCA001TDLEU.CEL 196 670.978 340.394 3.71E+06 1442.76 5.89581 63.9459 215.024 

MCCA002TA.CEL 152 473.808 244.725 2.70E+06 1055.58 6.61648 66.6468 222.786 

MCCA002TD.CEL 157 642.362 291.151 3.94E+06 1564.98 7.97584 150.048 243.63 

MCCA002TDLEU.CEL 152 610.582 276.569 3.71E+06 1468 6.09942 55.1734 240.426 

NWU001PA.CEL 85 283.719 130.112 2.01E+06 813.993 9.82844 140.9 286.901 

NWU001TA.CEL 100 395.644 160.091 2.96E+06 1208.16 9.13116 117.869 305.366 

NWU002PA.CEL 131 390.23 197.58 2.42E+06 961.226 8.2621 100.995 246.323 

NWU002TA.CEL 96 389.623 155.102 2.86E+06 1165.17 8.62108 105.836 299.05 
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.... Continue Sample information file 

Filename 
Log(Raw) 
Median 

Log(Raw) 
Mean 

Log(Raw) Trimmed 
Mean 

Log(Raw) 
Norm 

Log(Raw) 
Std. Dev. 

Log(Raw) 
Skewness 

Log(Raw) 
Kurtosis 

Log(Raw) CV 
(%%) 

CON001PA.CEL 6.76818 7.11011 6.92793 17043.3 1.70757 0.91651 0.49015 24.0161 

CON001TA.CEL 6.71425 7.10252 6.88681 17066.3 1.77996 1.06396 0.876236 25.0609 

CON002PA.CEL 6.97728 7.32072 7.13771 17570.4 1.79862 0.859928 0.321941 24.5689 

CON002TA.CEL 6.50779 6.91389 6.69576 16590.5 1.69238 1.15529 1.18087 24.4779 

MCCA001TA.CEL 7.35755 7.65724 7.49898 18381.8 1.88805 0.67307 -0.161086 24.6571 

MCCA001TD.CEL 7.47573 7.76134 7.6129 18598.6 1.85338 0.654371 -0.161407 23.8796 

MCCA001TDLEU.CEL 7.61471 7.91529 7.76316 18977.5 1.90849 0.635049 -0.25537 24.1114 

MCCA002TA.CEL 7.24793 7.54038 7.38808 18058.7 1.7813 0.711327 -0.00843949 23.6235 

MCCA002TD.CEL 7.29462 7.66797 7.48058 18460.8 1.9839 0.743254 -0.112684 25.8726 

MCCA002TDLEU.CEL 7.24793 7.61673 7.43151 18332.5 1.96209 0.754053 -0.0563157 25.7603 

NWU001PA.CEL 6.40939 6.80169 6.59512 16299.4 1.62511 1.13208 1.10381 23.8927 

NWU001TA.CEL 6.64386 7.04511 6.82662 16929.6 1.76773 1.09513 0.981169 25.0915 

NWU002PA.CEL 7.03342 7.32668 7.16573 17516.8 1.67377 0.850305 0.434191 22.8449 

NWU002TA.CEL 6.58496 7.0081 6.77435 16847.6 1.77063 1.14168 1.01911 25.2655 
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Quality control metrics include normalization using robust-multi array (RMA) background 

correction and quantile normalisation parameters.  The probe set summarisation was done by 

transforming the data to the log2 scale and median polish.  The Affymetrix® full-meta probe set 

(HuEx1-0-st-v2.na32.hg19) was applied for annotation.  The „full‟ meta-probe set represents 

262 000 transcript clusters (17 800 Reference sequence transcript clusters and 111 1200 

clusters of cDNA-based annotations as well as 133 000 cluster of ab-initio gene predictions 

(Affymetrix, 2008).   

After intensity files were successfully imported and passed the workflow QC threshold, were the 

data matrix assessed by means of unsupervised principle component analyses.  Gene level and 

exon level analyses are the two options to choose from next, followed with ANOVA which filter 

the data matrix and identify the significant differential expressed IDs between groups specified 

within the sample information Table done earlier. Differential expressed transcripts were 

considered to be significant if P  0.05 with multiple corrections using the Benjamini and 

Hochberg false discovery rate (FDR) multi correction.  Figure 7.21 shows a simplified outline of 

the data analyses workflow applied using Partek GS software.   

 

 

Figure 7.21: Outline of the basic array workflow followed using Partek Genomic Suite 
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7.7 Functional analyses using Ingenuity Pathway analyses 

Ingenuity pathway analyses (IPA) software was used to analyse the functional relationship 

between the significantly differentially expressed transcripts.  Transcript lists were compiled and 

analysed (Figure 2.22). 

 

 

Figure 7.22: Outline of functional analyses workflow using Ingenuity pathway analyses 
 

The significantly differentially expressed transcript lists that were generated in Partek GS were 

imported as .txt tab delimited files.  In IPA the datasheets were uploaded as flexible format and 

the annotation and molecule association was done according to the associated Gene symbol of 

each transcript.  The gene symbol column was also selected as the ID of the observation that 

was defined as P values and Fold Change (FC).  All direct as well as indirect relationships 

between genes in the list were included in the analyses.   

 

7.8 Quality assessment of arrays analysed in Chapter Two using Partek genomic suite 
(Marginally 3-methylcrotonyl-CoA carboxylase deficient vs. Control primary skin 
fibroblasts).   

The quality assessment of the arrays that were analysed to generate the data presented in 

Chapter Two is given here.  The results are depicted and briefly discussed in this section.   

Isolated total RNA passed the quality assessment with a minimum requirement of RNA integrity 

(RIN) of 8 and 28S:18S ratio of 1.9.  In total four arrays, single hybridisations of the two 

biological replicates of the marginally MCC deficient patients identified as MCC-like and two 

biological replicates as controls were prepared.   
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The post QC metrics for these four arrays are summarised in Table 7.6.  The data from all 

arrays were normally distributed.  The histogram is depicted in Figure 7.23 

 

Table 7.6:  Quality control metrics summary marginally 3-methylcrotonyl-CoA 
carboxylase deficient  vs Control primary skin fibroblasts (Chapter Two) 

.CEL_files CON001PA.CEL CON002PA.CEL NWU001PA.CEL NWU002PA.CEL 

AFFX-BioB-avg 9.09595 9.0951 9.0622 8.54683 
AFFX-BioC-avg 10.0578 9.99991 9.98306 9.67617 

AFFX-BioDn-avg 12.1048 12.1139 11.7811 11.5339 

AFFX-CreX-avg 13.0645 13.1204 12.7748 12.6132 

AFFX-Bs-lys-avg 3.78542 4.02629 4.297 3.94381 

AFFX-Bs-phe-avg 4.48542 4.22255 4.57544 4.28944 

AFFX-Bs-thr-avg 5.79138 5.70258 5.75508 5.51123 

AFFX-Bs-dap-avg 3.89283 3.88986 4.13365 3.85106 

pm_mean 354.947 444.148 283.719 390.23 

mm_mean 397.048 480.464 310.506 388.38 
all_probeset_mad_resi
dual_mean 0.243198 0.237232 0.277738 0.265935 

bac_spike_mad_residu
al_mean 0.118886 0.144073 0.124866 0.197178 

polya_spike_mad_resid
ual_mean 0.436031 0.35297 0.383665 0.417778 

pos_control_mad_resid
ual_mean 0.097835 0.110785 0.102533 0.189456 

all_probeset_rle_mean 0.272147 0.263206 0.319232 0.302606 

bac_spike_rle_mean 0.10308 0.114952 0.0777925 0.393959 

polya_spike_rle_mean 0.145287 0.142404 0.254416 0.141617 

pos_control_rle_mean 0.161487 0.173345 0.201134 0.338188 

pos_vs_neg_auc 0.893735 0.886891 0.887672 0.856472 
nuse_median 1 1 1 1 

 
 

The arrays or samples were inspected for their relationship to each other and to identify their 

natural similarity.  A PCA was done and the two arrays (NWU001PA and NWU002PA) for MCC-

like are naturally separated from the controls (CON001PA and CON002PA).  Evidently, the PCA 

shows that 100 % of the variation observed in this comparison can be explained by the first 

principle component (PC1) (Figure 7.24).  The source of variance was inspected and is 

depicted in Figure 7.25.            
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Figure 7.23: Signal intensity distribution histogram  
The four lines represents the distribution of probes of each of the four arrays.  The blue lines represent 
MCC-like (NWU001PA and NWU002PA) and the red represent control (CON001PA and CON002PA).   

 

 
Figure 7.24: Principle component analyses of the four arrays analysed.   
Attribute Disease describes the two groups compared, blue dots represents the two biological replicates 
representing attribute “MCC-like” and the two red dots indicate the attribute Control 
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Figure 7.25: Sources of variation observed within the dataset represented 
 

 

7.9 Quality assessment of arrays analysed in Chapter Three using Partek genomic 
suite 

The quality assessment of the arrays that were analysed to generate the data presented in 

Chapter Three is given here.  The results are depicted and briefly discussed in this section.   

Isolated total RNA passed the quality assessment with a minimum requirement of RNA integrity 

(RIN) of 8 and 28S:18S ratio of 1.9.  In total six arrays, of the two biological replicates of the 

clinically severe MCC deficient patients identified as MCC deficient and single hybridisations 

two biological replicates as controls were prepared.  The post QC metrics for these four arrays 

are summarised in Table 7.7.  The data from all arrays were normally distributed.  The 

histogram is depicted in Figure 7.26.   

The arrays or samples were inspected for their relationship to each other and to identify their 

natural similarity and separation.  A PCA was done and the two control arrays (CON001TA and 

CON002TA) naturally separated from the six MCC deficient arrays (MCCA001TA, 

MCCA001TD, MCCA001TDLEU, MCCA002TA, MCCA002TD and MCCA002TDLEU).  

Evidently, the PCA shows that 63.5 % of the variation observed in this comparison can be 

explained by the first principle component (PC1) (Figure 7.27).  The source of variance was 

inspected and is depicted in Figure 7.28.            
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Figure 7.26: Signal intensity distribution histogram  
The eight lines represents the distribution of probes of each of the four arrays.  The blue lines represent 
MCC deficient (MCCA001TA, MCCA001TD, MCCA001TDLEU, MCCA002TA, MCCA002TD, 
MCCA002TDLEU) and the red represent control (CON001TA and CON002TA).   

 

The source of variance was inspected and is depicted in Figure 7.28.            
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Table 7.7:  Quality control metrics summary clinically severe 3-methylcrotonyl-CoA carboxylase deficient vs Control immortalised 
skin fibroblasts cell cultures (Chapter Three) 

cel_files 
CON001TA.
CEL 

CON002TA.
CEL 

MCCA001TA.
CEL 

MCCA001TD.
CEL 

MCCA001TDLE
U.CEL 

MCCA002T
A.CEL 

MCCA002T
D.CEL 

MCCA002TDL
EU.CEL 

Disease Control Control 
MCCA 
deficient 

MCCA 
deficient 

MCCA 
deficient 

MCCA 
deficient 

MCCA 
deficient 

MCCA 
deficient 

AFFX-BioB-avg 9.2576 9.62872 9.24158 8.82112 8.78721 9.14827 9.18006 9.35352 

AFFX-BioC-avg 10.2319 10.6366 10.1486 9.81776 9.80251 10.1421 9.96075 10.0947 

AFFX-BioDn-avg 12.1224 12.3104 12.3078 11.6533 11.8425 11.9661 12.0568 12.215 

AFFX-CreX-avg 13.2049 13.3117 13.4939 13.0848 13.1797 13.1602 13.1838 13.3032 

AFFX-Bs-lys-avg 8.21643 8.04133 4.67454 8.3802 8.31687 4.75821 8.23347 8.78872 

AFFX-Bs-phe-avg 9.42957 9.33443 5.16325 9.81504 9.96921 5.31992 9.68994 10.1288 

AFFX-Bs-thr-avg 9.78323 9.64846 6.17592 10.2819 10.3112 5.88874 10.1925 10.5455 

AFFX-Bs-dap-avg 10.6027 10.3734 4.5822 11.3609 11.4899 4.81144 11.3125 11.572 

pm_mean 410.079 337.631 561.094 577.473 670.978 473.808 642.362 610.582 

mm_mean 573.223 492.127 721.861 775.675 899.849 568.247 833.886 768.566 

all_probeset_mad_residual_mean 0.353798 0.395637 0.257694 0.23814 0.235438 0.290529 0.242677 0.317549 

bac_spike_mad_residual_mean 0.134338 0.1598 0.129963 0.171616 0.168226 0.239435 0.092156 0.149592 

polya_spike_mad_residual_mean 0.191928 0.259057 1.3766 0.164567 0.161514 1.46821 0.170324 0.249918 

pos_control_mad_residual_mean 0.128717 0.14699 0.10844 0.095738 0.10539 0.199856 0.093043 0.185875 

all_probeset_rle_mean 0.467791 0.499971 0.322718 0.287408 0.280175 0.350829 0.29571 0.380356 

bac_spike_rle_mean 0.054736 0.286336 0.109138 0.361249 0.31281 0.111433 0.111241 0.079229 

polya_spike_rle_mean 0.316386 0.45695 4.65738 0.158121 0.21546 4.61178 0.162814 0.452378 

pos_control_rle_mean 0.519179 0.481262 0.287153 0.189684 0.210285 0.432607 0.187106 0.260479 

pos_vs_neg_auc 0.904424 0.894508 0.897639 0.902951 0.899696 0.876396 0.911766 0.909441 

nuse_median 1.00331 1.0194 1 1 1 1 1 1 
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Figure 7.27: Principle component analyses of the eight arrays analysed.   
The attribute disease describe the two array clusters.  The one cluster consists of the two control arrays 
and the second cluster contains the six clinically severe MCC-deficient arrays.  The attribute “media and 
[Leu]” describe the three different cell culturing conditions that was applied during the experiment.  Red 
indicates Amniochrome II, Blue indicates DMEM with a Leucine concentration of 24 mM and green 
indicates DMEM with a Leucine concentration of 4 mM.   

 

 

Figure 7.28: Sources of variation observed within the dataset represented 
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7.10 Quality assessment of arrays analysed in Chapter eight using Partek genomic suite 

The quality assessment of the arrays that were analysed to generate the data presented in 

Chapter Three is given here.  The results are depicted and briefly discussed in this section.   

Isolated total RNA passed the quality assessment with a minimum requirement of RNA integrity 

(RIN) of 8 and 28S:18S ratio of 1.9.  In total ten arrays, triplicate hybridisations of the two 

biological replicates of the clinically severe MCC deficient patients identified as MCC deficient 

and single hybridisations of the two biological replicates of the marginally MCC deficient 

patients, presented as MCC-like as well as single hybridisations of the two controls were 

prepared.  The post QC metrics for these ten arrays are summarised in Table 7.8.  The data 

from all arrays were normally distributed.  The histogram is depicted in Figure 7.29.   

The arrays or samples were inspected for their relationship to each other and to identify their 

natural similarity and separation.  A PCA was done and the two control arrays (CON001TA and 

CON002TA) naturally separated from the six MCC deficient arrays (MCCA001TA, 

MCCA001TD, MCCA001TDLEU, MCCA002TA, MCCA002TD and MCCA002TDLEU). A less 

clear distinction between the controls and the MCC-like arrays can be observed (Figure 7.30).  
The source of variance was inspected and is depicted in Figure 7.31.            

 

 

Figure 7.29: Signal intensity distribution histogram  
The ten lines represents the distribution of probes of each of the ten arrays.  The red represent control 
(CON001TA and CON002TA), blue lines represent MCC deficient (MCCA001TA, MCCA001TD, 
MCCA001TDLEU, MCCA002TA, MCCA002TD, MCCA002TDLEU) and the green lines represent MCC-
like (NWU001TA and NWU002TA).   
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Table 7.8:  Quality control metrics summary of the marginally MCC deficient vs clinically severe MCC deficient vs Control 
immortalised skin fibroblasts cell cultures (Chapter Four) 

cel_files CON001TA.CEL CON002TA.CEL NWU001TA.CEL NWU002TA.CEL 

Disease Control Control MCC-like MCC-like 

AFFX-BioB-avg 9.2576 9.62872 9.67852 9.37284 

AFFX-BioC-avg 10.2319 10.6366 10.5559 10.4004 

AFFX-BioDn-avg 12.1224 12.3104 12.5538 12.1257 

AFFX-CreX-avg 13.2049 13.3117 13.4556 13.1886 

AFFX-Bs-lys-avg 8.21643 8.04133 8.47944 9.17279 

AFFX-Bs-phe-avg 9.42957 9.33443 9.88932 10.3698 

AFFX-Bs-thr-avg 9.78323 9.64846 10.0228 10.5399 

AFFX-Bs-dap-avg 10.6027 10.3734 10.9114 11.3019 

pm_mean 410.079 337.631 395.644 389.623 

mm_mean 573.223 492.127 563.759 597.036 

all_probeset_mad_residual_mean 0.353798 0.395637 0.384456 0.356428 

bac_spike_mad_residual_mean 0.134338 0.1598 0.204706 0.156374 

polya_spike_mad_residual_mean 0.191928 0.259057 0.169165 0.213005 

pos_control_mad_residual_mean 0.128717 0.14699 0.115358 0.122655 

all_probeset_rle_mean 0.467791 0.499971 0.502452 0.466485 

bac_spike_rle_mean 0.054736 0.286336 0.371067 0.121268 

polya_spike_rle_mean 0.316386 0.45695 0.146538 0.539728 

pos_control_rle_mean 0.519179 0.481262 0.480004 0.386229 

pos_vs_neg_auc 0.904424 0.894508 0.894298 0.902438 

nuse_median 1.00331 1.0194 1.01327 1.00503 
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.... Continue 

cel_files MCCA001TA.CEL MCCA001TD.CEL MCCA001TDLEU.CEL MCCA002TA.CEL MCCA002TD.CEL MCCA002TDLEU.CEL 

Disease MCCA deficient MCCA deficient MCCA deficient MCCA deficient MCCA deficient MCCA deficient 

AFFX-BioB-avg 9.24158 8.82112 8.78721 9.14827 9.18006 9.35352 

AFFX-BioC-avg 10.1486 9.81776 9.80251 10.1421 9.96075 10.0947 

AFFX-BioDn-avg 12.3078 11.6533 11.8425 11.9661 12.0568 12.215 

AFFX-CreX-avg 13.4939 13.0848 13.1797 13.1602 13.1838 13.3032 

AFFX-Bs-lys-avg 4.67454 8.3802 8.31687 4.75821 8.23347 8.78872 

AFFX-Bs-phe-avg 5.16325 9.81504 9.96921 5.31992 9.68994 10.1288 

AFFX-Bs-thr-avg 6.17592 10.2819 10.3112 5.88874 10.1925 10.5455 

AFFX-Bs-dap-avg 4.5822 11.3609 11.4899 4.81144 11.3125 11.572 

pm_mean 561.094 577.473 670.978 473.808 642.362 610.582 

mm_mean 721.861 775.675 899.849 568.247 833.886 768.566 

all_probeset_mad_residual_mean 0.257694 0.23814 0.235438 0.290529 0.242677 0.317549 

bac_spike_mad_residual_mean 0.129963 0.171616 0.168226 0.239435 0.092156 0.149592 

polya_spike_mad_residual_mean 1.3766 0.164567 0.161514 1.46821 0.170324 0.249918 

pos_control_mad_residual_mean 0.10844 0.095738 0.10539 0.199856 0.093043 0.185875 

all_probeset_rle_mean 0.322718 0.287408 0.280175 0.350829 0.29571 0.380356 

bac_spike_rle_mean 0.109138 0.361249 0.31281 0.111433 0.111241 0.079229 

polya_spike_rle_mean 4.65738 0.158121 0.21546 4.61178 0.162814 0.452378 

pos_control_rle_mean 0.287153 0.189684 0.210285 0.432607 0.187106 0.260479 

pos_vs_neg_auc 0.897639 0.902951 0.899696 0.876396 0.911766 0.909441 

nuse_median 1 1 1 1 1 1 
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Figure 7.30: Principle component analyses of the ten arrays analysed.   
The attribute disease describe the three array clusters.  The one cluster consists of the two control arrays 
and the second cluster contains the two MCC-like arrays and the third cluster consist of six MCC deficient 
arrays.   

 

 

Figure 7.31: Sources of variation observed within the dataset represented. 
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APPENDIX C 
C 

Quantitative Real-Time PCR gene expression analysis for validating 

the expression data obtained from the HuExST1.0 arrays 

Independent quantitative PCR (qPCR) analysis was performed to confirm the gene expression 

results obtained from the of HuExST1.0 array experiment.  The same good quality total RNA 

preparation, prepared from each of the fourteen samples was used for both HuExST1.0 array 

hybridisation and qPCR validation analysis.   

 

8.1 Methods 

The materials used and methods applied was done as recommended by the manufacturer.  

Deviations from the prescribed protocols or the use of reagents other than the recommended 

materials are described wherever applicable. 

8.1.1 Experimental design and gene selection 

The qPCR experiment was designed to include all samples that were analysed with HuExST1.0 

arrays.  This validation experiment aim to confirm the gene expression profiles generated and 

studied in this study.  A best guess of significantly differentially expressed transcripts with 

possible key functions within the functional networks were selected for qPCR analysis.   

Candidate genes associated with the mitochondrion, leucine catabolism and DNA damage and 

repair signalling pathways were selected for independent qPCR validation experiments.  The 

same approach and study design that was followed for the whole genome expression profiling 

experiment using HuExST1.0 arrays was applied for the qPCR experiment.  The qPCR 

experiments that were planned and performed within this study involved direct comparisons 

between multiple groups.  Each comparison aimed to address specific research questions as 

explained in the respective Chapters of this thesis.  The whole genome expression profiling and 

qPCR experimental design are depicted in Figure 8.1.  
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Figure 8.1: Whole genome expression and qPCR experimental design 
Ten skin fibroblast cell lines were cultured for total RNA isolation.  Fourteen samples were prepared for total RNA isolation and hybridisation to the Affymetrix 
HuExST1.0 arrays as well as qPCR validations.  Four cell lines NWU001P NWU002P CON001P and CON002P were primary skin fibroblasts and six cell lines 
(NWU001T, NWU002T, MCCA001T, MCCA002T, CON001T and CON002T.  The comparison between NWU001PA, NWU002PA and CON001PA and 
CON002PA were discussed in Chapter Two.  The comparison between MCCA001T, MCCA002T and CON001T and CON002T were discussed in Chapter 
Three.  The comparison between NWU001T, NWU002T and MCCA001T, MCCA002T and, CON001T, CON002T were discussed in Chapter Four.
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8.1.2 qPCR chemistry selection 

TaqMan® probe based and Sybr green based RT2 profiler PCR arrays were selected for qPCR 

validation experiments.  The TaqMan® probe based gene expression assays are the golden 

standard for validating microarray based gene expression data.  The TaqMan® gene expression 

assays consists of a primer pair and a TaqMan® probe labelled with a FAM™ on the 5‟-end and a 

minor groove binder (MGB) non-fluorescent quencher (NFQ) on the 3‟-end 

(http://www.appliedbiosystems.com).   

Sybr green detection is a popular approach used in qPCR gene expression analysis with RT-

PCR.  It relies on the preferential binding of SYBR green dye to double-stranded DNA, resulting 

in strong fluorescence emission signals with the signal intensity proportional to the amount of 

double-stranded DNA present.  The Sybr green based RT2 profiler PCR arrays provide the 

option for pathway focused gene expression analysis.  The RT2 primer assay design algorithm 

and strict manufacturing and quality control procedures ensure reliability of the PCR arrays 

(http://www.sabiosciences.com).  

8.1.3 TaqMan® custom plate gene selection  

Fourteen target (IVD, MCCC1, MCCC2, AUH, HMGCL, HMGCR, HADHA, NDUFS2, ACOX2, 

AWAT2, UXT, COX7B, NDUFB3 and MBLAC2) and two reference genes (18S and HPRT1) 

were selected from the significantly differentially expressed transcripts identified across all 

comparisons and all samples.  The six samples and 16 well targeted genes were selected for 

the custom plate design.  Two samples in triplicate were analysed within one run.  The details of 

the assays are listed in Table 8.1, and Table 8.2 summarises the custom plate design. 

 

Table 8.1: TaqMan®  custom plate design 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 18S HPRT1 18S HPRT1 18S HPRT1 18S HPRT1 18S HPRT1 18S HPRT1 

B IVD MCCC1 IVD MCCC1 IVD MCCC1 IVD MCCC1 IVD MCCC1 IVD MCCC1 

C MCCC2 AUH MCCC2 AUH MCCC2 AUH MCCC2 AUH MCCC2 AUH MCCC2 AUH 

D HMGCR HMGCL HMGCR HMGCL HMGCR HMGCL HMGCR HMGCL HMGCR HMGCL HMGCR HMGCL 

E HADHA NDUFS2 HADHA NDUFS2 HADHA NDUFS2 HADHA NDUFS2 HADHA NDUFS2 HADHA NDUFS2 

F ACOX2 AWAT2 ACOX2 AWAT2 ACOX2 AWAT2 ACOX2 AWAT2 ACOX2 AWAT2 ACOX2 AWAT2 

G UXT COX7B UXT COX7B UXT COX7B UXT COX7B UXT COX7B UXT COX7B 

H NDUFB3 MBLAC2 NDUFB3 MBLAC2 NDUFB3 MBLAC2 NDUFB3 MBLAC2 NDUFB3 MBLAC2 NDUFB3 MBLAC2 

 

http://www.appliedbiosystems.com/
http://www.sabiosciences.com/
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Table 8.2: Selected transcripts for qPCR validation and associated TaqMan® assays  

Gene symbol Assay nr Description 

Reference genes 

18S* Hs99999901_s1 Eukaryotic 18S rRNA 

HPRT1* Hs02800695_m1 hypoxanthine phosphoribosyltransferase 1 

Target genes 

IVD Hs01064832_m1 isovaleryl-CoA dehydrogenase 

MCCC1 Hs00220127_m1 methylcrotonoyl-CoA carboxylase 1 (alpha) 

MCCC2 Hs01075819_m1 methylcrotonoyl-CoA carboxylase 2 (beta) 

AUH Hs00156044_m1 AU RNA binding protein/enoyl-CoA hydratase 

HMGCR Hs00168352_m1 3-hydroxy-3-methylglutaryl-CoA reductase 

HMGCL Hs00609311_m1 3-hydroxymethyl-3-methylglutaryl-CoA lyase 

HADHA Hs00426191_m1 
hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-
CoA hydratase (trifunctional protein), alpha subunit 

NDUFS2 Hs00190020_m1 
NADH dehydrogenase (ubiquinone) Fe-S protein 2, 49kDa (NADH-
coenzyme Q reductase) 

ACOX2 Hs00185873_m1 acyl-CoA oxidase 2, branched chain 

AWAT2 Hs01040631_m1 acyl-CoA wax alcohol acyltransferase 2 

UXT Hs00188238_m1 ubiquitously-expressed, prefoldin-like chaperone 

COX7B Hs00371307_m1 cytochrome c oxidase subunit VIIb 

NDUFB3 Hs00427185_m1 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 3, 12kDa 

MBLAC2 Hs00736566_m1 metallo-beta-lactamase domain containing 2 

 

8.1.4 DNA damage signalling pathway RT2 profiler PCR arrays  

The DNA damage signalling pathway PCR array (PAHS-29A) included genes associated with 

apoptosis, cell cycle arrest, cell cycle checkpoint, damaged DNA binding, Base-excision repair, 

mismatch repair as well as other genes related to the DNA repair pathways.  Table 8.3 

represents the plate design of the PAHS-29A array.  The description and related details are 

listed in Table 8.4.   

Genes associated with apoptosis signalling pathway include: ABL1, BRCA1, CIDEA, GADD45A, 

GADD45G, GML, IP6K3, PCBP4, AIFM1 (PDCD8), PPP1R15A, RAD21, TP53, TP73.  The cell 

cycle related genes are CHEK1, CHEK2, DDIT3 (CHOP), GADD45A, GML, GTSE1, HUS1, 

MAP2K6, MAPK12, PCBP4, PPP1R15A, RAD17, RAD9A, SESN1, ZAK associate with cell 

cycle arrest and ATR, BRCA1, FANCG, NBN (NBS1), RAD1, RBBP8, SMC1A (SMC1L1), TP53 
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related to cell cycle checkpoint.  The DNA Repair signalling pathways included are base-

excision repair (APEX1, MBD4, MPG, MUTYH, NTHL1, OGG1, UNG), double-strand break 

repair (CIB1, FEN1, XRCC6 (G22P1), XRCC6BP1 (KUB3), MRE11A, NBN (NBS1), PRKDC, 

RAD21, RAD50) and mismatch repair (ABL1, ANKRD17, EXO1, MLH1, MLH3, MSH2, MSH3, 

MUTYH, N4BP2, PMS1, PMS2, PMS2P3 (PMS2L9), TP73, TREX1).  Other genes related to 

DNA repair include, ATM, ATRX, BTG2, CCNH, CDK7, CRY1, ERCC2 (XPD), GTF2H1, 

GTF2H2, IGHMBP2, LIG1, MNAT1, PCNA, RPA1, SUMO1. Genes associated with damaged 

DNA binding (ANKRD17, BRCA1, DDB1, DMC1, ERCC1, FANCG, FEN1, MPG, MSH2, MSH3, 

N4BP2, NBN (NBS1), OGG1, PMS2P3 (PMS2L9), PNKP, RAD1, RAD18, RAD51, RAD51B, 

REV1 (REV1L), SEMA4A, XPA, XPC, XRCC1, XRCC2, XRCC3) are also included in this array. 

Table 8.3: DNA damage and repair array PAHS-029A-24 plate design 

 
1 2 3 4 5 6 7 8 9 10 11 12 

A ABL1 ANKRD17 APEX1 ATM ATR ATRX BRCA1 BTG2 CCNH CDK7 CHEK1 CHEK2 

B CIB1 CIDEA CRY1 DDB1 DDIT3 DMC1 ERCC1 ERCC2 EXO1 FANCG FEN1 XRCC6 

C GADD45A GADD45G GML GTF2H1 GTF2H2 GTSE1 HUS1 IGHMBP2 IP6K3 XRCC6BP1 LIG1 MAP2K6 

D MAPK12 MBD4 MLH1 MLH3 MNAT1 MPG MRE11A MSH2 MSH3 MUTYH N4BP2 NBN 

E NTHL1 OGG1 PCBP4 PCNA AIFM1 PMS1 PMS2 PMS2P3 PNKP PPP1R15A PRKDC RAD1 

F RAD17 RAD18 RAD21 RAD50 RAD51 RAD51B RAD9A RBBP8 REV1 RPA1 SEMA4A SESN1 

G SMC1A SUMO1 TP53 TP73 TREX1 UNG XPA XPC XRCC1 XRCC2 XRCC3 ZAK 

H B2M HPRT1 RPL13A GAPDH ACTB HGDC RTC RTC RTC PPC PPC PPC 

 

 

Table 8.4: Genes included in the DNA damage and repair (PAHS-029A-24) array  

Gene symbol UniGene RefSeq Description Synonyms 
ABL1 Hs.431048 NM_005157 C-abl oncogene 1, non-

receptor tyrosine kinase 
ABL, JTK7, bcr, abl, c-
ABL, c-ABL1, p150, v-
abl 

ANKRD17 Hs.743705 NM_198889 Ankyrin repeat domain 17 GTAR, NY-BR-16 

APEX1 Hs.73722 NM_080649 APEX nuclease (multifunctional 
DNA repair enzyme) 1 

APE, APE1, APEN, 
APEX, APX, HAP1, 
REF1 

ATM Hs.367437 NM_000051 Ataxia telangiectasia mutated AT1, ATA, ATC, ATD, 
ATDC, ATE, TEL1, 
TELO1 

ATR Hs.271791 NM_001184 Ataxia telangiectasia and Rad3 
related 

FCTCS, FRP1, MEC1, 
SCKL, SCKL1 

ATRX Hs.653797 NM_000489 Alpha thalassemia/mental 
retardation syndrome X-linked 

ATR2, JMS, MRXHF1, 
RAD54, RAD54L, 
SFM1, SHS, XH2, XNP, 
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ZNF-HX 

BRCA1 Hs.194143 NM_007294 Breast cancer 1, early onset BRCAI, BRCC1, 
BROVCA1, IRIS, 
PNCA4, PPP1R53, 
PSCP, RNF53 

BTG2 Hs.519162 NM_006763 BTG family, member 2 PC3, TIS21 

CCNH Hs.292524 NM_001239 Cyclin H CAK, p34, p37 

CDK7 Hs.184298 NM_001799 Cyclin-dependent kinase 7 CAK1, CDKN7, HCAK, 
MO15, STK1, 
p39MO15 

CHEK1 Hs.595920 NM_001274 CHK1 checkpoint homolog (S. 
pombe) 

CHK1 

CHEK2 Hs.505297 NM_007194 CHK2 checkpoint homolog (S. 
pombe) 

CDS1, CHK2, HuCds1, 
LFS2, PP1425, RAD53, 
hCds1 

CIB1 Hs.715556 NM_006384 Calcium and integrin binding 1 
(calmyrin) 

CIB, CIBP, KIP1, 
PRKDCIP, SIP2-28 

CIDEA Hs.249129 NM_001279 Cell death-inducing DFFA-like 
effector a 

CIDE-A 

CRY1 Hs.151573 NM_004075 Cryptochrome 1 (photolyase-
like) 

PHLL1 

DDB1 Hs.290758 NM_001923 Damage-specific DNA binding 
protein 1, 127kDa 

DDBA, UV-DDB1, 
XAP1, XPCE, XPE, XPE-
BF 

DDIT3 Hs.505777 NM_004083 DNA-damage-inducible 
transcript 3 

CEBPZ, CHOP, CHOP-
10, CHOP10, 
GADD153 

DMC1 Hs.339396 NM_007068 DMC1 dosage suppressor of 
mck1 homolog, meiosis-
specific homologous 
recombination (yeast) 

DMC1H, LIM15, 
dJ199H16.1 

ERCC1 Hs.435981 NM_001983 Excision repair cross-
complementing rodent repair 
deficiency, complementation 
group 1 (includes overlapping 
antisense sequence) 

COFS4, RAD10, UV20 

ERCC2 Hs.487294 NM_000400 Excision repair cross-
complementing rodent repair 
deficiency, complementation 
group 2 

COFS2, EM9, TTD, XPD 

EXO1 Hs.498248 NM_130398 Exonuclease 1 HEX1, hExoI 

FANCG Hs.591084 NM_004629 Fanconi anemia, 
complementation group G 

FAG, XRCC9 

FEN1 Hs.409065 NM_004111 Flap structure-specific FEN-1, MF1, RAD2 
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endonuclease 1 

XRCC6 Hs.730702 NM_001469 X-ray repair complementing 
defective repair in Chinese 
hamster cells 6 

CTC75, CTCBF, G22P1, 
KU70, ML8, TLAA 

GADD45A Hs.80409 NM_001924 Growth arrest and DNA-
damage-inducible, alpha 

DDIT1, GADD45 

GADD45G Hs.9701 NM_006705 Growth arrest and DNA-
damage-inducible, gamma 

CR6, DDIT2, 
GADD45gamma, 
GRP17 

GML Hs.661218 NM_002066 Glycosylphosphatidylinositol 
anchored molecule like protein 

LY6DL 

GTF2H1 Hs.577202 NM_005316 General transcription factor 
IIH, polypeptide 1, 62kDa 

BTF2, P62, TFB1, TFIIH 

GTF2H2 Hs.607501 NM_001515 General transcription factor 
IIH, polypeptide 2, 44kDa 

BTF2, BTF2P44, T-
BTF2P44, TFIIH, p44 

GTSE1 Hs.439524 NM_016426 G-2 and S-phase expressed 1 B99 

HUS1 Hs.152983 NM_004507 HUS1 checkpoint homolog (S. 
pombe) 

hHUS1 

IGHMBP2 Hs.503048 NM_002180 Immunoglobulin mu binding 
protein 2 

CATF1, HCSA, HMN6, 
SMARD1, SMUBP2, 
ZFAND7 

IP6K3 Hs.17253 NM_054111 Inositol hexakisphosphate 
kinase 3 

IHPK3, INSP6K3 

XRCC6BP1 Hs.61188 NM_033276 XRCC6 binding protein 1 KUB3 

LIG1 Hs.1770 NM_000234 Ligase I, DNA, ATP-dependent - 

MAP2K6 Hs.463978 NM_002758 Mitogen-activated protein 
kinase 6 

MAPKK6, MEK6, 
MKK6, PRKMK6, 
SAPKK-3, SAPKK3 

MAPK12 Hs.432642 NM_002969 Mitogen-activated protein 
kinase 12 

ERK3, ERK6, 
P38GAMMA, 
PRKM12, SAPK-3, 
SAPK3 

MBD4 Hs.35947 NM_003925 Methyl-CpG binding domain 
protein 4 

MED1 

MLH1 Hs.195364 NM_000249 MutL homolog 1, colon cancer, 
nonpolyposis type 2 (E. coli) 

COCA2, FCC2, HNPCC, 
HNPCC2, hMLH1 

MLH3 Hs.436650 NM_014381 MutL homolog 3 (E. coli) HNPCC7 

MNAT1 Hs.509523 NM_002431 Menage a trois homolog 1, 
cyclin H assembly factor 
(Xenopus laevis) 

CAP35, MAT1, RNF66, 
TFB3 

MPG Hs.459596 NM_002434 N-methylpurine-DNA 
glycosylase 

AAG, ADPG, APNG, 
CRA36.1, MDG, Mid1, 
PIG11, PIG16, anpg 
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MRE11A Hs.192649 NM_005590 MRE11 meiotic recombination 
11 homolog A (S. cerevisiae) 

ATLD, HNGS1, MRE11, 
MRE11B 

MSH2 Hs.597656 NM_000251 MutS homolog 2, colon cancer, 
nonpolyposis type 1 (E. coli) 

COCA1, FCC1, HNPCC, 
HNPCC1, LCFS2 

MSH3 Hs.648635 NM_002439 MutS homolog 3 (E. coli) DUP, MRP1 

MUTYH Hs.271353 NM_012222 MutY homolog (E. coli) CYP2C, MYH 

N4BP2 Hs.391463 NM_018177 Nedd4 binding protein 2 B3BP 

NBN Hs.492208 NM_002485 Nibrin AT-V1, AT-V2, ATV, 
NBS, NBS1, P95 

NTHL1 Hs.66196 NM_002528 Nth endonuclease III-like 1 (E. 
coli) 

NTH1, OCTS3 

OGG1 Hs.380271 NM_002542 8-oxoguanine DNA glycosylase HMMH, HOGG1, 
MUTM, OGH1 

PCBP4 Hs.20930 NM_020418 Poly(rC) binding protein 4 CBP, LIP4, MCG10 

PCNA Hs.744934 NM_182649 Proliferating cell nuclear 
antigen 

- 

AIFM1 Hs.424932 NM_004208 Apoptosis-inducing factor, 
mitochondrion-associated, 1 

AIF, CMTX4, COWCK, 
COXPD6, PDCD8 

PMS1 Hs.111749 NM_000534 PMS1 postmeiotic segregation 
increased 1 (S. cerevisiae) 

HNPCC3, PMSL1, 
hPMS1 

PMS2 Hs.632637 NM_000535 PMS2 postmeiotic segregation 
increased 2 (S. cerevisiae) 

HNPCC4, PMS2CL, 
PMSL2 

PMS2P3 Hs.661055 NR_028059 Postmeiotic segregation 
increased 2 pseudogene 3 

PMS2L3, PMS2L9, 
PMS5, PMSR3 

PNKP Hs.78016 NM_007254 Polynucleotide kinase 3'-
phosphatase 

EIEE10, MCSZ, PNK 

PPP1R15A Hs.631593 NM_014330 Protein phosphatase 1, 
regulatory (inhibitor) subunit 
15A 

GADD34 

PRKDC Hs.491682 NM_006904 Protein kinase, DNA-activated, 
catalytic polypeptide 

DNA-PKcs, DNAPK, 
DNPK1, HYRC, HYRC1, 
XRCC7, p350 

RAD1 Hs.38114 NM_002853 RAD1 homolog (S. pombe) HRAD1, REC1 

RAD17 Hs.16184 NM_002873 RAD17 homolog (S. pombe) CCYC, HRAD17, R24L, 
RAD17SP, RAD24 

RAD18 Hs.375684 NM_020165 RAD18 homolog (S. cerevisiae) RNF73 

RAD21 Hs.81848 NM_006265 RAD21 homolog (S. pombe) CDLS4, HR21, 
HRAD21, MCD1, 
NXP1, SCC1, hHR21 

RAD50 Hs.633509 NM_005732 RAD50 homolog (S. cerevisiae) NBSLD, RAD502, 
hRad50 

RAD51 Hs.631709 NM_002875 RAD51 homolog (S. cerevisiae) BRCC5, HRAD51, 
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HsRad51, HsT16930, 
MRMV2, RAD51A, 
RECA 

RAD51B Hs.172587 NM_133509 RAD51 homolog B (S. 
cerevisiae) 

R51H2, RAD51L1, 
REC2 

RAD9A Hs.655354 NM_004584 RAD9 homolog A (S. pombe) RAD9 

RBBP8 Hs.546282 NM_002894 Retinoblastoma binding 
protein 8 

COM1, CTIP, JWDS, 
RIM, SAE2, SCKL2 

REV1 Hs.443077 NM_016316 REV1 homolog (S. cerevisiae) REV1L 

RPA1 Hs.461925 NM_002945 Replication protein A1, 70kDa HSSB, MST075, 
REPA1, RF-A, RP-A, 
RPA70 

SEMA4A Hs.408846 NM_022367 Sema domain, immunoglobulin 
domain (Ig), transmembrane 
domain (TM) and short 
cytoplasmic domain, 
(semaphorin) 4A 

CORD10, RP35, 
SEMAB, SEMB 

SESN1 Hs.591336 NM_014454 Sestrin 1 PA26, SEST1 

SMC1A Hs.211602 NM_006306 Structural maintenance of 
chromosomes 1A 

CDLS2, DXS423E, 
SB1.8, SMC1, SMC1L1, 
SMC1alpha, SMCB 

SUMO1 Hs.81424 NM_003352 SMT3 suppressor of mif two 3 
homolog 1 (S. cerevisiae) 

DAP1, GMP1, OFC10, 
PIC1, SENP2, SMT3, 
SMT3C, SMT3H3, 
UBL1 

TP53 Hs.740601 NM_000546 Tumor protein p53 BCC7, LFS1, P53, 
TRP53 

TP73 Hs.192132 NM_005427 Tumor protein p73 P73 

TREX1 Hs.713742 NM_016381 Three prime repair 
exonuclease 1 

AGS1, CRV, DRN3, 
HERNS 

UNG Hs.191334 NM_003362 Uracil-DNA glycosylase DGU, HIGM4, HIGM5, 
UDG, UNG1, UNG15, 
UNG2 

XPA Hs.654364 NM_000380 Xeroderma pigmentosum, 
complementation group A 

XP1, XPAC 

XPC Hs.739296 NM_004628 Xeroderma pigmentosum, 
complementation group C 

RAD4, XP3, XPCC 

XRCC1 Hs.98493 NM_006297 X-ray repair complementing 
defective repair in Chinese 
hamster cells 1 

RCC 

XRCC2 Hs.647093 NM_005431 X-ray repair complementing 
defective repair in Chinese 
hamster cells 2 

- 

XRCC3 Hs.733412 NM_005432 X-ray repair complementing CMM6 
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defective repair in Chinese 
hamster cells 3 

ZAK Hs.444451 NM_016653 Sterile alpha motif and leucine 
zipper containing kinase AZK 

AZK, MLK7, MLT, 
MLTK, MRK, mlklak, 
pk 

B2M Hs.534255 NM_004048 Beta-2-microglobulin - 

HPRT1 Hs.412707 NM_000194 Hypoxanthine 
phosphoribosyltransferase 1 

HGPRT, HPRT 

RPL13A Hs.523185 NM_012423 Ribosomal protein L13a L13A, TSTA1 

GAPDH Hs.544577 NM_002046 Glyceraldehyde-3-phosphate 
dehydrogenase 

G3PD, GAPD 

ACTB Hs.520640 NM_001101 Actin, beta BRWS1, PS1TP5BP1 

 

8.1.5 Complementary DNA synthesis  

Complementary DNA (cDNA) was synthesized from total RNA using cloned AMV reverse 

transcriptase (Invitrogen).  A reaction of 20µl for each of the templates was prepared.  Each 20 

µl reaction mixture consisted of 1 µg total RNA, 10 µM oligo dT (23mer), 1 mM dNTPs, 1x cDNA 

buffer, 5 mM DTT, 40U RNase inhibitor and 15U cloned AMV-RT.  The total RNA and oligo dT 

were incubated for 2 min at 65°C, where after the reactions were flash cooled on icy water for 5 

min.  To each RNA primer mixture reaction, 10 µl mastermix, consisting of RNase inhibitor, 

buffer, AMV reverse transcriptase prepared and put on ice, was added.  The total reaction was 

mixed gently and incubated overnight at 37 °C.  The cDNA synthesis reaction was terminated at 

85°C for 5 min.  The cDNA samples were diluted to 100 ng/ul working stocks.   

8.1.6 qPCR array plate preparation and instrument settings 

8.1.6.1 TagMan® custom plate arrays 

A set of 16 wells were allocated to a sample, the experiment was performed in triplicate.  For 

each cDNA sample, a total volume of 560 µl TaqMan® gene expression master mix (2x), water 

and cDNA were prepared.  The sample specific mastermix consisted of 280 µl TaqMan® Gene 

expression master mix (Life Technologies) and 280 µl diluted cDNA (100ng/ul).  To each of the 

16 wells 20 µl of the sample specific qPCR master mix were added.  Each plate was covered 

with micro plate film gently mixed, briefly centrifuged and immediately analysed.  Each qPCR 

reaction contained 100 ng cDNA.  The ABI 7500 instrument (Applied Biosystems) was used for 

analyses.  The instrument settings were set according to the recommendations described in the 

TaqMan® array plates User Guide. 
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8.1.6.2 RT2 profiler pathway PCR arrays 

Power Sybr green PCR master mix (Life Technologies) were used in combination with the RT2 

profiler pathway PCR arrays (SABiosciences) for amplification.  Each of the 96 wells of the plate 

contained lyophilised primer sets, specific for each gene.  Each plate represented one replicate 

of one sample.  Duplicate plates for each plate were analysed  A reaction mixture for each 

sample were prepared mixture consisting of 270 µl cDNA (100ng/ul) and 270 µl Power Sybr 

green PCR mastermix (2x).  A total of 20 µl was added to each of the 96-wells.  Each plate was 

covered with micro plate film gently mixed, briefly centrifuged and immediately analysed.  Each 

qPCR reaction contained 100 ng cDNA.  The ABI 7500 instrument (Applied Biosystems) was 

used for analyses.  The instrument settings were set according to the recommended settings 

described in the RT2 Profiler PCR Array Handbook 11/2011. 

8.1.7 qPCR data analyses using the 2-∆∆CT method 

Relative quantification of PCR relates to the relative difference between PCR signals of a 

transcript in two groups, treated and untreated.  The 2-∆∆CT method is a convenient way to 

analyse the relative changes in gene expression form real time quantitative PCR experiments 

(Livak et al., 1995; Livak & Schmittgen, 2001).  The data analysis steps using the 2-∆∆CT method 

from Livak and Schmittingen (2001) are summarised in Figure 8.2.   

 

(1) CT Mean = CT1 + CT2 + ... CTn / n 

(2) ∆CT = CT (Target gene Mean) - CT (Reference Mean) 

(3) ∆∆ CT = ∆CT (Test group) - ∆CT (Control group) 

(4) Fold change = 2-∆∆CT 

 

Figure 8.2: 2-∆∆CT Method  
The first step (1) is to calculate a mean value for each target and target gene across all replicates.  Next 
(2), all target genes analysed within the same sample needs to be normalized.  This is done by 
subtracting the CT mean of the reference gene mean from the CT mean of the target gene of interest.  
The differences between these two CT values are referred to as the ∆CT of the target gene.  Next (3), the 
differences between two time points or two samples are determined.  This is done by subtracting the 
calculated ∆CT of the target gene from the control group from the calculated ∆CT of the target gene from 
the test group.  The fold change of a particular target gene between two groups is then calculated with 2-

∆∆CT (4). 
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8.2 Results 

The total list of 98 transcripts which comprised of the 81 genes included in the DNA damage 

and repair PCR array plate as well as the eight targeted selected genes were overlaid with each 

of the significantly differentially expressed transcript lists obtained from the HuExST1.0 array 

experiments.  The qPCR gene candidate list (list one) was overlaid with list two the significantly 

differentially expressed transcript list compiled from the MCC-like transcriptome as presented in 

Chapter Two.  Eight transcripts – ACOX2, AWAT2, CHEK1, HADHA, HMGCL, IGHMBP2, 

NDUFS2 and UXT – overlapped between the two lists (Figure 8.3). 

 

 

Figure 8.3: Venn diagram to indicate the overlap of the significantly differentially 
expressed transcripts from the HuExST1.0 array experiments and the total list of 
possible gene candicates for qPCR analyses  
1 represents the total list of qPCR candidate genes, 2 is the significantly differentially expressed 
transcripts between MCC-like and Control (P), 3  is the significantly differentially expressed transcripts 
between MCCA and Control; 4  is the significantly differentially expressed transcripts between MCC-like, 
MCCA and Control 

 

The qPCR gene candidate list (list one) was overlaid with list two the significantly differentially 

expressed transcript list compiled from the MCC-deficient transcriptome as presented in 

Chapter Three.  Twenty one transcripts – APEX1, ATR, CCNH, COX7B, GTF2H1, GTF2H2, 

HADHA, HUS1, IVD, MBLAC2, MCCC1, MCCC2, MUTYH, OGG1, PCNA, PMS2, PMS2P3, 

RAD50, RAD51, UNG and UXT – overlapped between the two lists (Figure 8.3). 
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The qPCR gene candidate list (list one) was overlaid with list two the significantly differentially 

expressed transcript list compiled from the two way ANOVA done for the comparison MCC-like 

vs MCC-deficiency vs control as presented in Chapter Four.  Twenty seven transcripts – 

APEX1, ATR, CDK7, CIDEA, CCNH, COX7B, DDB1, GTF2H1, GTF2H2, HADHA, HUS1, IVD, 

MBLAC2, MCCC1, MCCC2, MUTYH, NDUFB3, NDUFS2, PCNA, PMS2, PMS2P3, RAD18, 

RAD50, RAD51, REV1, UNG and UXT – overlapped between the two lists (Figure 8.3).  The 

results from the qPCR analyses have been performed and will be presented in the following 

sections.    

8.2.1 Chapter Two:  MCC-like vs Control cultured primary skin fibroblast cell lines 

In Chapter Two the comparison between the differentially expression between the marginal 

MCC-deficient cultured skin fibroblasts and controls was investigated.  The independent qPCR 

validation experiments analyses were performed by analysing the gene expression of the 

selected genes in triplicate in the following samples NWU001PA, NWU002PA, CON001PA and 

CON002PA samples.  Table 8.5 and Table 8.6 summarise the mean CT, the ∆ CT as well as the 

standard deviations of the mean CT obtained from the analyses comparing MCC-like and Control 

transcriptomes.  The calculated fold-change were summarised in Table 8.7. 

 

Table 8.5: ∆CT calculated for control and MCC-like with the mean of the reference 
genes, amplified with the TaqMan® array plates 

  Control  MCC-like 

  CT mean (n=2) CT stdev (n=2) ∆ CT CT mean (n=2) CT stdev (n=2) ∆ CT 

MCCC1 35.22 0.65 0.52 36.37 0.28 1.74 

AUH 36.73 1.09 1.70 37.67 0.25 3.04 

HMGCL 35.98 0.66 1.18 36.85 0.28 2.22 

NDUFS2 35.89 0.76 1.19 36.17 0.52 1.54 

AWAT2 50.00 0.00 - 50.00 0.00 - 

COX7B 32.70 1.34 2.43 33.39 0.60 1.24 

MBLAC2 44.68 4.20 8.76 46.82 4.93 5.84 

IVD 37.64 0.85 3.07 38.17 0.67 3.54 

MCCC2 40.88 0.84 7.40 41.40 0.34 6.77 

HMGCR 45.37 5.11 5.73 45.40 5.09 6.18 

HADHA 34.67 0.85 0.10 35.83 0.29 1.20 

ACOX2 36.51 0.79 1.74 37.90 0.66 3.27 

UXT 31.60 1.01 3.27 32.44 0.50 2.19 

NDUFB3 37.58 1.21 2.68 38.34 0.83 3.71 

18 S 31.16 0.49 - 31.34 1.53 - 

HPRT1 37.25 0.99 - 37.92 0.75 - 

Ref_Mean 34.21 0.74 - 34.63 1.14 - 
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Table 8.6:  ∆CT calculated for control and MCC-like with the mean of the reference 
genes, amplified with RT2 profiler array plates 

  Control  MCC-like  

  CT mean (n=4) CT stdev (n=4) ∆ CT CT mean (n=4) CT stdev (n=4) ∆CT 

ABL1 25.72 0.95 1.31 26.75 0.34 1.46 

ANKRD17 29.98 0.43 5.57 30.55 0.39 5.26 

APEX1 26.38 0.56 1.97 27.12 0.21 1.84 

ATM 31.14 0.68 6.73 31.94 1.31 6.66 

ATR 30.01 0.84 5.60 30.36 0.41 5.07 

ATRX 31.43 1.20 7.02 32.35 0.54 7.06 

BRCA1 31.69 0.99 7.28 32.80 1.46 7.51 

BTG2 31.60 0.99 7.19 32.60 1.18 7.31 

CCNH 27.67 0.77 3.26 28.67 1.06 3.39 

CDK7 28.47 0.58 4.06 29.58 1.20 4.30 

CHEK1 30.86 0.69 6.44 32.08 0.80 6.80 

CHEK2 30.53 0.62 6.12 32.20 1.38 6.92 

CIB1 26.23 0.70 1.82 26.95 0.52 1.67 

CIDEA 32.02 1.33 7.61 32.59 1.48 7.31 

CRY1 31.47 0.75 7.06 32.40 1.67 7.11 

DDB1 27.30 0.61 2.89 28.00 0.48 2.72 

DDIT3 26.49 0.36 2.07 26.50 0.53 1.22 

DMC1 31.63 1.18 7.22 33.09 1.53 7.81 

ERCC1 28.25 0.41 3.84 28.91 0.28 3.63 

ERCC2 27.96 0.64 3.55 28.25 0.60 2.97 

EXO1 30.60 0.65 6.19 32.10 0.82 6.82 

FANCG 29.45 0.83 5.04 30.28 0.51 5.00 

FEN1 30.51 0.96 6.10 31.48 0.71 6.20 

XRCC6 24.55 0.60 0.13 25.34 0.47 0.06 

GADD45A 29.31 0.57 4.90 29.52 0.76 4.24 

GADD45G 31.60 1.34 7.18 32.00 0.78 6.72 

GML 31.69 1.09 7.28 31.94 1.86 6.66 

GTF2H1 27.65 0.87 3.23 28.35 0.46 3.07 

GTF2H2 28.35 0.94 3.94 28.72 0.18 3.44 

GTSE1 32.67 0.68 8.26 33.51 0.65 8.23 

HUS1 31.76 1.02 7.35 32.34 0.83 7.06 

IGHMBP2 29.70 0.78 5.29 30.26 0.40 4.98 

IP6K3 31.34 1.15 6.93 32.10 1.17 6.82 

XRCC6BP1 31.75 1.07 7.33 32.11 1.10 6.83 

LIG1 30.96 1.08 6.55 31.80 0.51 6.52 

MAP2K6 31.47 0.65 7.06 31.79 1.29 6.51 

MAPK12 30.11 0.92 5.70 30.83 0.27 5.54 

MBD4 28.39 0.62 3.98 29.35 0.38 4.07 

MLH1 28.43 0.68 4.02 28.96 0.28 3.68 

MLH3 30.05 1.10 5.64 30.52 0.33 5.24 

MNAT1 28.90 0.64 4.49 29.37 0.31 4.09 
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MPG 25.01 0.63 0.60 26.48 0.67 1.20 

MRE11A 31.12 0.46 6.71 32.47 1.23 7.18 

MSH2 29.35 0.83 4.93 30.38 0.59 5.09 

MSH3 28.58 0.60 4.16 29.76 0.27 4.48 

MUTYH 30.97 0.70 6.56 31.82 1.52 6.53 

N4BP2 31.05 1.03 6.64 31.91 0.97 6.63 

NBN 33.22 1.23 8.81 33.88 0.72 8.60 

NTHL1 29.29 0.93 4.88 30.01 0.36 4.73 

OGG1 30.72 0.58 6.31 31.41 1.06 6.13 

PCBP4 31.69 0.86 7.28 32.52 0.89 7.23 

PCNA 28.11 0.69 3.69 28.93 0.44 3.65 

AIFM1 28.86 0.88 4.45 29.56 0.58 4.28 

PMS1 31.10 1.10 6.69 31.59 1.10 6.31 

PMS2 29.71 0.72 5.29 30.18 0.33 4.89 

PMS2P3 30.27 0.75 5.86 30.90 0.30 5.62 

PNKP 30.39 0.55 5.98 30.81 0.90 5.53 

PPP1R15A 29.23 1.01 4.82 29.69 0.62 4.40 

PRKDC 29.38 1.13 4.97 29.53 0.45 4.25 

RAD1 29.07 0.75 4.66 30.12 0.88 4.83 

RAD17 28.58 0.88 4.17 29.52 0.78 4.23 

RAD18 29.22 0.78 4.80 29.72 0.97 4.44 

RAD21 28.91 0.46 4.50 29.85 0.63 4.56 

RAD50 31.82 1.28 7.41 32.25 1.15 6.97 

RAD51 31.49 1.14 7.08 32.12 0.97 6.84 

RAD51B 32.06 1.19 7.64 32.28 1.58 7.00 

RAD9A 27.91 0.13 3.49 29.53 0.63 4.25 

RBBP8 29.03 0.69 4.62 29.94 0.45 4.66 

REV1 29.45 0.74 5.04 30.28 0.38 4.99 

RPA1 28.48 0.71 4.07 29.40 0.37 4.12 

SEMA4A 30.94 0.92 6.52 31.97 1.09 6.68 

SESN1 33.07 0.96 8.66 33.74 1.33 8.46 

SMC1A 31.08 1.07 6.67 32.26 0.95 6.98 

SUMO1 30.30 1.25 5.88 30.23 0.33 4.94 

TP53 29.78 0.80 5.37 30.04 0.50 4.76 

TP73 30.81 0.46 6.40 31.47 1.38 6.19 

TREX1 28.49 0.58 4.08 29.70 0.44 4.42 

UNG 27.51 0.75 3.10 28.46 0.16 3.18 

XPA 29.27 0.48 4.85 29.68 0.23 4.10 

XPC 26.31 0.70 1.90 26.86 0.64 1.58 

XRCC1 28.15 0.64 3.74 29.18 0.36 3.90 

XRCC2 31.83 0.77 7.42 32.90 1.15 7.62 

XRCC3 31.46 0.87 7.05 31.99 1.52 6.71 

ZAK 30.48 0.54 6.07 30.76 0.66 5.47 

B2M 22.97 0.82 - 24.11 0.38 - 

HPRT1 29.03 1.06 - 29.75 1.06 - 

RPL13A 21.98 0.65 - 23.21 0.70 - 
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ACTB 23.66 0.82 - 24.06 0.29 - 

Ref_Mean 24.41 0.84 - 25.28 0.61 - 

 

Table 8.7:  The P-value, calculated ∆∆ CT and fold change for the MCC-like vs 
Control comparison 

MCC-like vs Control (P) with TaqMan® probe based assays 

 P-Value ∆∆ CT  2^(-∆∆ CT) Fold Change 
 

MCCC1 0.10 1.2 0.43 -2.33 # 

AUH 0.23 1.3 0.39 -2.54 # 

HMGCL 0.15 1.0 0.49 -2.05 # 

NDUFS2 0.65 0.4 0.78 -1.28 # 

AWAT2 - - - -   

COX7B 0.47 1.2 0.44 -2.29 # 

MBLAC2 0.65 -2.9 7.56 7.56 # 

IVD 0.49 0.5 0.72 -1.38 # 

MCCC2 0.80 -0.6 1.55 1.55 # 

HMGCR 0.99 0.5 0.73 -1.37 # 

HADHA 0.13 1.3 0.41 -2.47 # 

ACOX2 0.15 1.5 0.35 -2.90 # 

UXT 0.30 1.1 0.48 -2.10 # 

NDUFB3 0.28 1.0 0.49 -2.04 # 

MCC-like vs Control (P) with the RT2 profiler array plates 

 P-Value ∆∆Ct 2^(-ddCt) Fold Change   

ABL1 0.09 0.15 0.90 -1.11 # 

ANKRD17 0.14 -0.31 1.24 1.24 # 

APEX1 0.09 -0.13 1.09 1.09 # 

ATM 0.33 -0.07 1.05 1.05 # 

ATR 0.54 -0.52 1.44 1.44 # 

ATRX 0.22 0.04 0.97 -1.03 # 

BRCA1 0.26 0.23 0.85 -1.17 # 

BTG2 0.25 0.12 0.92 -1.09 # 

CCNH 0.18 0.13 0.91 -1.10 # 

CDK7 0.15 0.23 0.85 -1.18 # 

CHEK1 0.08 0.36 0.78 -1.28 # 

CHEK2 0.11 0.80 0.58 -1.74 # 

CIB1 0.15 -0.15 1.11 1.11 # 

CIDEA 0.59 -0.30 1.23 1.23 # 

CRY1 0.35 0.05 0.96 -1.04 # 

DDB1 0.12 -0.17 1.12 1.12 # 

DDIT3 0.97 -0.86 1.81 1.81 # 

DMC1 0.26 0.59 0.66 -1.51 # 

ERCC1 0.04 -0.21 1.16 1.16 # 

ERCC2 0.54 -0.58 1.50 1.50 # 
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EXO1 0.05 0.63 0.65 -1.55 # 

FANCG 0.14 -0.03 1.02 1.02 # 

FEN1 0.15 0.10 0.93 -1.07 # 

XRCC6 0.08 -0.08 1.05 1.05 # 

GADD45A 0.66 -0.65 1.57 1.57 # 

GADD45G 0.67 -0.47 1.38 1.38 # 

GML 0.83 -0.62 1.53 1.53 # 

GTF2H1 0.20 -0.17 1.12 1.12 # 

GTF2H2 0.47 -0.50 1.42 1.42 # 

GTSE1 0.12 -0.03 1.02 1.02 # 

HUS1 0.41 -0.29 1.22 1.22 # 

IGHMBP2 0.25 -0.32 1.25 1.25 # 

IP6K3 0.43 -0.11 1.08 1.08 # 

XRCC6BP1 0.65 -0.51 1.42 1.42 # 

LIG1 0.21 -0.03 1.02 1.02 # 

MAP2K6 0.68 -0.55 1.47 1.47 # 

MAPK12 0.19 -0.16 1.11 1.11 # 

MBD4 0.04 0.09 0.94 -1.07 # 

MLH1 0.20 -0.34 1.27 1.27 # 

MLH3 0.44 -0.40 1.32 1.32 # 

MNAT1 0.24 -0.40 1.32 1.32 # 

MPG 0.02 0.60 0.66 -1.52 # 

MRE11A 0.09 0.48 0.72 -1.39 # 

MSH2 0.09 0.16 0.89 -1.12 # 

MSH3 0.01 0.31 0.81 -1.24 # 

MUTYH 0.37 -0.03 1.02 1.02 # 

N4BP2 0.27 -0.01 1.01 1.01 # 

NBN 0.47 -0.21 1.16 1.16 # 

NTHL1 0.19 -0.15 1.11 1.11 # 

OGG1 0.30 -0.18 1.13 1.13 # 

PCBP4 0.27 -0.04 1.03 1.03 # 

PCNA 0.09 -0.05 1.03 1.03 # 

AIFM1 0.23 -0.17 1.13 1.13 # 

PMS1 0.56 -0.39 1.31 1.31 # 

PMS2 0.28 -0.40 1.32 1.32 # 

PMS2P3 0.17 -0.24 1.18 1.18 # 

PNKP 0.45 -0.45 1.36 1.36 # 

PPP1R15A 0.47 -0.42 1.33 1.33 # 

PRKDC 0.81 -0.72 1.65 1.65 # 

RAD1 0.12 0.18 0.88 -1.13 # 

RAD17 0.16 0.06 0.96 -1.04 # 

RAD18 0.45 -0.37 1.29 1.29 # 

RAD21 0.08 0.07 0.96 -1.05 # 

RAD50 0.67 -0.44 1.36 1.36 # 

RAD51 0.47 -0.24 1.18 1.18 # 

RAD51B 0.83 -0.65 1.57 1.57 # 
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RAD9A 0.01 0.75 0.59 -1.68 # 

RBBP8 0.07 0.04 0.97 -1.03 # 

REV1 0.09 -0.04 1.03 1.03 # 

RPA1 0.06 0.04 0.97 -1.03 # 

SEMA4A 0.28 0.16 0.90 -1.12 # 

SESN1 0.44 -0.20 1.15 1.15 # 

SMC1A 0.15 0.31 0.81 -1.24 # 

SUMO1 0.92 -0.94 1.92 1.92 # 

TP53 0.60 -0.61 1.52 1.52 # 

TP73 0.41 -0.22 1.16 1.16 # 

TREX1 0.03 0.34 0.79 -1.27 # 

UNG 0.05 0.08 0.95 -1.06 # 

XPA 0.17 -0.46 1.37 1.37 # 

XPC 0.29 -0.32 1.25 1.25 # 

XRCC1 0.03 0.16 0.89 -1.12 # 

XRCC2 0.25 0.20 0.87 -1.15 # 

XRCC3 0.57 -0.34 1.27 1.27 # 

ZAK 0.54 -0.59 1.51 1.51 # 

 

The results obtained from the HuExST1.0 array gene expression experiment was cross checked 

with independent qPCR analysis.  Eight of the selected gene candidates in the qPCR validation 

experiment overlapped with the total list of significantly differentially expressed transcripts.   Six 

of the candidate genes - ACOX2, AWAT2, HADHA, HMGCL, NDUFS2 and UXT using TaqMan® 

hydrolysis probe chemistry gene expression assays and two genes CHEK1 and IGHMBP2 were 

included in the DNA damage and repair PCR array that were also used.   

 

Table 8.8: qPCR Validation summary for MCC-like vs Controls 

 

qPCR 

 

HuExST1.0 

 Gene Symbols P Value Fold Change 

 

P Value Fold Change 

 ACOX2 1.46E-01 -2.90   1.65E-02 -1.34   

AWAT2 0.00E+00 1.00   4.02E-02 1.27   

CHEK1 8.10E-02 -1.28   4.52E-02 -1.38   

HADHA 1.29E-01 -2.47   4.17E-02 -1.39   

HMGCL 1.46E-01 -2.05   1.99E-02 -1.13   

IGHMBP2 2.52E-01 1.25   2.44E-02 1.20   

NDUFS2 6.49E-01 -1.28   4.83E-02 -1.22   

UXT 2.99E-01 -2.10   1.46E-02 -1.06   
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The fold change of the eight significantly differentially expressed transcripts from the 

HuExST1.0 array experiment was compared to the fold change obtained with the independent 

qPCR analyses.  The data from triplicate experiments were analysed and the expression ratios 

of genes between the two groups (MCC-like and Controls) were calculated using the 2-ΔΔCt 

method (Livak et al., 1995; Livak & Schmittgen, 2001).  The expression profiles of these two 

independent datasets confirmed one another.  Table 8.8 and Figure 8.4 summarise and 

compare the results from the two experiments.    

 

 

Figure 8.4: qPCR Validation summary for MCC-like vs Controls 
qPCR validation of six differentially expressed genes detected with Affymetrix HuExST1.0 arrays in the 
transcriptome of MCC-like human skin fibroblasts. In the bar chart comparison red bars reflects the fold 
change values obtained from HuExST1.0 array hybridisations and blue bars the series of fold change 
values generated through qPCR analyses. 

 

The fold changes of the selected candidate genes compared well with the results from the 

HuExST1.0 arrays.  The differences between the absolute values of the two data sets is due to 

the nature of the two experimental approaches relying on different probe sets, design and 

methods (Morey et al., 2006; Git et al., 2010). 

8.2.2 Chapter Three and Four:  MCC-like vs MCC deficient vs Control immortalised 
cultured skin fibroblast cell lines 

Chapter Three of this study aimed to establish a whole genome expression profile of MCC 

deficient immortalised fibroblasts as model for the study of MCCA deficiency.  The analyses 

performed in Chapter Three included the MCCA001TA, MCCA001TD, MCCA001TDLEU, 

MCCA002TA, MCCA002TD, MCCA002TDLEU, CON001TA and CON002TA samples.   
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In Chapter Three the comparison between the differentially expression between the clinically 

severe MCC-deficient cultured skin fibroblasts and controls was investigated.  The independent 

qPCR validation experiments analyses were performed by analysing the gene expression of the 

selected genes in triplicate in the following samples; MCCA001TA, MCCA001TD, 

MCCA001TDLEU, MCCA002TA, MCCA002TD, MCCA002TDLEU, CON001TA and 

CON002TA.  In Chapter Four the significantly differentially expressed transcripts for MCC 

deficient and MCC-like were identified in association with the controls.  The analysis to establish 

the transcript list for the MCC deficient included the MCCA001TA, MCCA001TD, 

MCCA001TDLEU, MCCA002TA, MCCA002TD, MCCA002TDLEU, CON001TA and 

CON002TA.  The analysis to establish the MCC-like transcript list included the NWU001TA, 

NWU002TA, CON00TA and CON002TA samples.  Each resulting transcript list, MCC deficient 

and MCC-like, was further analysed as described in Chapter Four. Table 8.9 and Table 8.10 

summarise the mean CT, the ∆ CT as well as the standard deviations of the mean CT obtained 

from the analyses comparing MCC-like to the MCC-deficient transcriptome when normalised to 

the same Control transcriptome.   

 

Table 8.9: ∆CT calculated for Control-T, MCC deficient-T and MCC-like-T with the 
mean of the reference genes amplified with the TaqMan® array plates  

  Control T   MCC deficient T   MCC-like T   

  
CT mean 
(n=6) 

CT stdev 
(n=6) 

∆ CT 
CT mean 
(n=6) 

CT stdev 
(n=6) 

∆ CT 
CT mean 
(n=6) 

CT stdev 
(n=6) 

∆ CT 

MCCC1 38.09 1.16 3.21 39.86 1.20 4.74 38.60 0.74 3.77 

AUH 39.19 1.62 4.30 38.83 1.05 3.71 40.16 0.88 5.33 

HMGCL 39.55 1.38 4.67 38.20 0.73 3.08 40.22 0.70 5.38 

NDUFS2 38.84 2.09 3.95 37.78 0.67 2.67 39.83 0.46 5.00 

AWAT2 50.00 0.00 - 50.00 0.00 - 50.00 0.00 - 

COX7B 35.33 1.93 0.45 33.70 1.64 -1.42 34.64 0.81 -0.20 

MBLAC2 45.16 4.46 7.05 46.28 4.28 6.53 50.00 0.00 - 

IVD 42.60 4.18 6.23 39.87 1.19 4.76 46.60 3.73 8.36 

MCCC2 41.44 2.56 6.56 40.73 1.03 5.61 44.53 2.89 8.60 

HMGCR 43.11 3.48 6.85 41.98 2.25 6.37 46.06 4.33 7.29 

HADHA 38.28 1.61 3.40 36.96 1.20 1.85 38.60 0.28 3.77 

ACOX2 45.57 4.86 6.25 41.07 0.79 5.95 50.00 0.00 - 

UXT 34.38 1.98 -0.50 33.28 1.54 -1.83 33.96 0.83 -0.88 

NDUFB3 39.46 2.01 4.58 37.63 1.34 2.52 38.64 0.69 3.81 

18 S 32.69 1.34 - 33.12 1.60 - 30.64 1.64 - 

HPRT1 37.08 2.13 - 37.11 0.72 - 39.04 0.72 - 

Ref_Mean 34.88 1.74 - 35.11 1.16 - 34.84 1.18 - 
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Table 8.10:  ∆Ct calculated for Control-T, MCC deficient-T and MCC-like-T samples 
with the mean of the reference genes amplified with RT2 profiler array 
plates 

  Control T   MCC deficient T   MCC-like T   

  
CT mean 
(n=4) 

CT stdev 
(n=4) 

∆ CT 
CT mean 
(n=4) 

CT stdev 
(n=4) 

∆ CT 
CT mean 
(n=4) 

CT stdev 
(n=4) 

∆ CT 

ABL1 28.87 2.11 2.62 27.26 0.66 1.784 28.17 1.48 1.43 

ANKRD17 30.96 1.27 4.71 31.01 0.66 5.537 29.90 1.94 3.16 

APEX1 28.05 2.54 1.80 27.62 0.57 2.145 28.20 1.62 1.45 

ATM 31.84 1.81 5.60 31.89 0.54 6.419 29.46 2.06 2.72 

ATR 31.23 1.89 4.98 30.24 0.50 4.769 30.54 2.03 3.80 

ATRX 32.43 1.34 6.19 31.95 0.43 6.472 30.47 1.90 3.72 

BRCA1 31.17 2.43 4.93 30.38 0.66 4.908 29.82 2.26 3.08 

BTG2 30.70 1.73 4.46 31.82 0.73 6.347 29.21 2.10 2.47 

CCNH 28.77 2.28 2.52 27.88 0.80 2.408 28.31 1.66 1.56 

CDK7 30.35 1.78 4.10 28.71 0.71 3.236 29.71 2.05 2.97 

CHEK1 31.17 2.34 4.93 30.26 0.71 4.782 29.63 1.72 2.89 

CHEK2 30.97 1.66 4.72 31.36 0.49 5.884 30.02 1.95 3.27 

CIB1 28.87 2.67 2.62 26.98 0.76 1.505 27.89 1.33 1.15 

CIDEA 32.05 2.63 5.80 31.90 0.51 6.422 29.59 2.27 2.84 

CRY1 31.94 2.88 5.70 31.34 0.60 5.864 29.85 1.54 3.10 

DDB1 29.91 2.34 3.66 29.04 0.57 3.565 28.84 1.94 2.09 

DDIT3 29.67 2.00 3.42 27.12 0.55 1.645 28.41 1.42 1.66 

DMC1 31.24 2.02 4.99 31.17 0.52 5.693 29.78 1.26 3.04 

ERCC1 30.55 2.55 4.30 28.97 0.71 3.500 29.17 1.64 2.42 

ERCC2 30.80 2.64 4.55 28.47 0.55 2.995 28.86 2.30 2.11 

EXO1 29.71 1.63 3.46 27.92 0.70 2.442 28.14 1.37 1.39 

FANCG 28.55 1.49 2.30 27.73 0.60 2.255 28.57 1.42 1.83 

FEN1 30.60 2.52 4.35 30.55 0.85 5.072 28.67 2.23 1.93 

XRCC6 25.90 2.08 -0.35 23.94 0.64 -1.538 25.62 0.39 -1.12 

GADD45A 30.57 2.50 4.32 30.45 0.60 4.973 29.54 1.63 2.80 

GADD45G 31.16 2.30 4.91 31.47 0.86 5.993 30.57 4.25 3.82 

GML 30.73 1.60 4.48 31.62 0.83 6.148 29.18 2.10 2.44 

GTF2H1 29.45 2.27 3.20 29.00 0.99 3.522 28.48 1.65 1.73 

GTF2H2 28.64 1.73 2.39 28.12 0.48 2.647 27.23 1.55 0.49 

GTSE1 30.40 2.01 4.16 28.47 0.65 2.998 29.79 0.76 3.05 

HUS1 31.66 2.62 5.41 32.34 0.55 6.868 30.23 1.43 3.49 

IGHMBP2 30.81 2.21 4.56 29.80 0.74 4.326 29.11 2.18 2.37 

IP6K3 31.40 1.88 5.15 31.27 0.29 5.796 29.43 2.17 2.68 

XRCC6BP1 31.16 2.11 4.92 30.64 0.61 5.167 29.46 1.85 2.71 

LIG1 30.85 1.60 4.60 29.76 0.85 4.284 29.46 1.72 2.71 

MAP2K6 31.04 1.79 4.79 32.42 0.56 6.941 29.71 1.98 2.96 

MAPK12 31.65 2.81 5.40 30.70 0.52 5.220 29.65 1.49 2.90 

MBD4 29.07 2.27 2.83 28.67 0.88 3.190 28.77 1.92 2.03 

MLH1 29.28 2.15 3.03 28.05 0.80 2.574 28.75 1.58 2.00 
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MLH3 30.84 2.01 4.59 30.35 0.62 4.875 29.31 2.04 2.57 

MNAT1 29.44 2.02 3.19 28.43 0.64 2.957 28.82 1.77 2.08 

MPG 28.05 2.08 1.80 26.93 0.63 1.458 27.80 1.37 1.06 

MRE11A 31.57 1.88 5.33 31.82 0.62 6.344 29.15 1.72 2.40 

MSH2 28.95 2.17 2.70 27.76 0.53 2.288 28.69 1.48 1.94 

MSH3 30.54 2.29 4.29 29.38 0.41 3.900 29.26 1.79 2.52 

MUTYH 31.04 2.07 4.79 30.73 0.79 5.252 28.99 1.92 2.25 

N4BP2 31.55 1.93 5.30 31.34 0.51 5.869 29.25 1.95 2.50 

NBN 33.97 1.34 7.72 34.41 0.75 8.933 32.99 2.72 6.25 

NTHL1 29.08 1.93 2.83 29.59 0.63 4.118 28.93 1.85 2.19 

OGG1 31.42 2.67 5.17 30.73 0.55 5.254 29.02 1.96 2.28 

PCBP4 31.86 1.76 5.61 32.61 0.06 7.135 30.75 2.07 4.00 

PCNA 27.57 2.11 1.32 26.90 0.66 1.424 27.90 1.38 1.156 

AIFM1 30.29 2.42 4.04 28.60 0.67 3.121 29.50 1.70 2.75 

PMS1 30.96 2.31 4.71 31.12 0.59 5.642 29.11 1.59 2.37 

PMS2 29.86 2.23 3.61 30.16 0.82 4.687 27.97 2.12 1.22 

PMS2P3 31.15 2.13 4.90 31.19 0.53 5.711 29.54 2.15 2.80 

PNKP 32.16 1.97 5.92 30.67 0.32 5.195 28.96 1.86 2.21 

PPP1R15A 30.26 2.07 4.01 29.93 0.42 4.456 28.75 2.05 2.01 

PRKDC 29.66 2.66 3.41 29.61 0.33 4.137 28.81 1.64 2.06 

RAD1 30.50 2.32 4.25 30.09 0.53 4.614 29.29 1.85 2.55 

RAD17 29.85 1.94 3.60 28.45 0.54 2.973 28.96 1.68 2.22 

RAD18 28.72 0.82 2.47 28.68 0.19 3.205 28.51 1.46 1.77 

RAD21 29.83 2.21 3.59 29.68 0.44 4.201 29.10 2.15 2.35 

RAD50 30.72 2.32 4.48 32.33 0.52 6.858 29.67 2.34 2.93 

RAD51 31.28 2.15 5.03 31.09 0.83 5.615 28.98 2.07 2.24 

RAD51B 30.57 1.54 4.32 31.80 0.43 6.321 29.17 1.76 2.42 

RAD9A 29.20 1.73 2.96 28.24 0.37 2.766 28.37 1.71 1.62 

RBBP8 28.29 2.09 2.04 27.18 0.70 1.703 27.89 1.21 1.14 

REV1 29.94 1.65 3.69 30.40 0.77 4.925 29.17 2.02 2.43 

RPA1 29.19 2.15 2.94 28.18 0.90 2.702 28.45 1.64 1.71 

SEMA4A 30.86 2.25 4.61 32.11 0.85 6.630 29.55 2.50 2.805 

SESN1 32.85 1.74 6.60 34.76 0.19 9.286 32.41 2.28 5.663 

SMC1A 30.56 1.48 4.32 30.99 0.78 5.516 30.08 2.12 3.335 

SUMO1 30.17 2.34 3.93 30.10 0.78 4.628 28.96 1.95 2.21 

TP53 30.33 2.31 4.09 30.53 0.10 5.052 29.53 2.06 2.78 

TP73 30.72 2.68 4.47 32.14 0.80 6.661 29.33 2.44 2.59 

TREX1 30.81 2.49 4.56 29.32 0.77 3.842 28.90 2.07 2.16 

UNG 27.98 2.25 1.74 26.85 0.76 1.371 27.61 1.14 0.86 

XPA 29.95 2.16 3.71 29.85 0.68 4.376 29.15 2.10 2.41 

XPC 29.32 1.88 3.08 27.74 0.45 2.265 28.35 1.52 1.61 

XRCC1 29.34 2.48 3.04 27.58 0.66 2.107 28.41 1.59 1.66 

XRCC2 32.46 1.10 6.21 32.96 0.93 7.483 30.26 2.05 3.52 

XRCC3 31.30 2.07 5.05 31.45 0.66 5.979 29.39 2.29 2.65 

ZAK 31.41 2.01 5.16 31.12 0.54 5.648 29.91 2.04 3.17 

B2M 25.52 1.92 - 24.37 0.76 - 26.24 0.47 - 
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HPRT1 28.81 1.88 - 27.93 0.67 - 29.29 1.13 - 

RPL13A 26.38 2.10 - 24.77 0.73 - 25.85 0.94 - 

ACTB 24.28 2.40 - 24.83 0.74 - 25.60 0.36 - 

Ref_Mean 26.25 2.08 - 25.48 0.73 - 26.75 0.72 - 

 

The calculated fold-change between MCC-deficiency and controls were summarised in Table 
8.11.  The calculated fold-change between MCC-like and controls were summarised in Table 
8.12 and Table 8.13 summarise the calculated fold-change between MCC-like vs MCC-

deficiency transcriptome  

Table 8.11: The significance, calculated ∆∆ Ct and fold change for the MCC deficient 
vs Control (T) comparison 

MCC-deficiency vs Control (T) with TaqMan® probe based assays 

MCCA deficient vs Control (T)  

 P-Value ∆∆ CT  2^(-∆∆ CT) Fold Change   

MCCC1 0.01 1.25 0.42 -2.89 # 

AUH 0.07 1.34 2.53 1.50 # 

HMGCL - 2.02 4.06 3.00 # 

NDUFS2 0.05 2.05 4.14 2.43 # 

AWAT2 0.61       # 

COX7B 0.02 0.94 1.92 3.64 # 

MBLAC2 0.33 3.72 13.14 1.43 # 

IVD 0.37 6.73 105.80 2.78 # 

MCCC2 0.04 3.81 13.99 1.92 # 

HMGCR 0.00 4.08 16.95 1.39 # 

HADHA 0.17 1.64 3.12 2.92 # 

ACOX2 0.02 8.93 489.23 1.23 # 

UXT - 0.68 1.60 2.50 # 

NDUFB3 - 1.01 2.02 4.17 # 

MCC-deficiency vs Control (T) with the RT2 profiler array plates 

 P-Value ∆∆ CT  2^(-∆∆ CT) Fold Change   

ABL1 0.20 -0.91 1.89 1.79 # 

ANKRD17 0.94 1.11 0.46 -1.77 # 

APEX1 0.75 -0.57 1.49 -1.27 # 

ATM 0.96 2.43 0.19 -1.77 # 

ATR 0.35 -0.30 1.23   # 

ATRX 0.52 1.48 0.36 -1.22 # 

BRCA1 0.55 0.56 0.68 -0.99 # 

BTG2 0.29 2.61 0.16 -3.71 # 

CCNH 0.49 -0.42 1.34 -0.92 # 

CDK7 0.14 -1.00 2.00 1.82 # 

CHEK1 0.48 0.62 0.65 -0.91 # 

CHEK2 0.67 1.34 0.40 -2.24 # 
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CIB1 0.30 -0.91 1.88 2.17 # 

CIDEA 0.92 2.31 0.20 -1.54 # 

CRY1 0.70 1.49 0.36 -1.12 # 

DDB1 0.50 0.20 0.87 1.07 # 

DDIT3 0.05 -1.29 2.44 3.42 # 

DMC1 0.95 1.38 0.38 -1.63 # 

ERCC1 0.28 -0.19 1.14 1.74 # 

ERCC2 0.13 -0.39 1.31 2.94 # 

EXO1 0.14 -0.22 1.17 2.02 # 

FANCG 0.35 -0.84 1.79 1.03 # 

FEN1 0.97 1.87 0.27 -1.65 # 

XRCC6 0.12 -1.69 3.22 2.29 # 

GADD45A 0.93 0.91 0.53 -1.57 # 

GADD45G 0.81 0.90 0.54 -2.12 # 

GML 0.37 2.44 0.18 -3.18 # 

GTF2H1 0.73 0.52 0.70 -1.25 # 

GTF2H2 0.59 0.89 0.54 -1.19 # 

GTSE1 0.12 -1.32 2.49 2.23 # 

HUS1 0.62 2.11 0.23 -2.75 # 

IGHMBP2 0.42 0.69 0.62 1.18 # 

IP6K3 0.90 1.84 0.28 -1.57 # 

XRCC6BP1 0.70 1.18 0.44 -1.19 # 

LIG1 0.29 0.30 0.81 1.24 # 

MAP2K6 0.20 2.71 0.15 -4.44 # 

MAPK12 0.53 1.05 0.48 -0.88 # 

MBD4 0.75 -0.11 1.08 -1.29 # 

MLH1 0.33 -0.70 1.63 1.37 # 

MLH3 0.66 1.04 0.49 -1.22 # 

MNAT1 0.38 -0.39 1.31 1.17 # 

MPG 0.35 -0.87 1.83 1.27 # 

MRE11A 0.81 2.67 0.16 -2.03 # 

MSH2 0.33 -0.92 1.90 1.33 # 

MSH3 0.36 0.11 0.93 1.31 # 

MUTYH 0.82 1.74 0.30 -1.38 # 

N4BP2 0.87 2.10 0.23 -1.48 # 

NBN 0.68 1.41 0.38 -2.32 # 

NTHL1 0.63 0.66 0.63 -2.44 # 

OGG1 0.68 1.71 0.31 -1.06 # 

PCBP4 0.42 1.86 0.28 -2.87 # 

PCNA 0.57 -1.00 2.00 -1.07 # 

AIFM1 0.23 -0.90 1.87 1.89 # 

PMS1 0.90 2.01 0.25 -1.91 # 

PMS2 0.81 2.19 0.22 -2.11 # 

PMS2P3 0.97 1.64 0.32 -1.75 # 

PNKP 0.18 1.71 0.31 1.65 # 

PPP1R15A 0.77 1.18 0.44 -1.36 # 
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PRKDC 0.97 0.80 0.57 -1.66 # 

RAD1 0.74 0.80 0.58 -1.29 # 

RAD17 0.21 -0.51 1.43 1.55 # 

RAD18 0.93 0.17 0.89 -1.66 # 

RAD21 0.89 0.58 0.67 -1.53 # 

RAD50 0.22 2.66 0.16 -5.21 # 

RAD51 0.88 2.11 0.23 -1.50 # 

RAD51B 0.18 2.63 0.16 -3.99 # 

RAD9A 0.32 -0.13 1.09 1.14 # 

RBBP8 0.35 -0.71 1.64 1.26 # 

REV1 0.63 1.23 0.43 -2.36 # 

RPA1 0.42 -0.27 1.21 1.18 # 

SEMA4A 0.35 2.55 0.17 -4.06 # 

SESN1 0.07 2.35 0.20 -6.42 # 

SMC1A 0.63 0.91 0.53 -2.30 # 

SUMO1 0.96 1.14 0.45 -1.63 # 

TP53 0.87 1.00 0.50 -1.95 # 

TP73 0.43 2.80 0.14 -4.56 # 

TREX1 0.30 0.42 0.75 1.64 # 

UNG 0.38 -0.76 1.69 1.29 # 

XPA 0.93 0.70 0.62   # 

XPC 0.15 -0.61 1.53 1.75 # 

XRCC1 0.22 -0.83 1.77 1.98 # 

XRCC2 0.54 2.69 0.15 -2.42 # 

XRCC3 0.89 2.06 0.24 -1.90 # 

ZAK 0.79 1.21 0.43 -1.40 # 

 

Table 8.12  The significance, calculated ∆∆ Ct and fold change for the MCC-like vs 
control (T) comparison 

MCC-like vs control (T) with TaqMan® probe based assays 

 P-Value ∆∆ CT  2^(-∆∆ CT) Fold Change   

MCCC1 0.40 0.56 0.68 -1.47 # 

AUH 0.23 1.03 0.49 -2.04 # 

HMGCL 0.33 0.71 0.61 -1.64 # 

NDUFS2 0.28 1.04 0.48 -2.06 # 

AWAT2 - 0.05 0.97 -1.03 # 

COX7B 0.44 0.65 1.56 1.56 # 

MBLAC2 0.02 8.12 0.00 -277.75 # 

IVD 0.11 2.13 0.23 -4.37 # 

MCCC2 0.08 2.05 0.24 -4.14 # 

HMGCR 0.22 0.45 0.73 -1.36 # 

HADHA 0.64 0.37 0.77 -1.29 # 

ACOX2 0.05 8.91 0.00 -482.54 # 

UXT 0.64 0.37 1.29 -0.77 # 

NDUFB3 0.37 0.77 1.70 -0.59 # 
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MCC-like vs Control (T) with the RT2 profiler array plates 

 P-Value ∆∆ CT  2^(-∆∆ CT) Fold Change   

ABL1 0.65 -1.19 2.29 2.29 # 

ANKRD17 0.47 -1.55 2.94 2.94 # 

APEX1 0.94 -0.35 1.28 1.28 # 

ATM 0.16 -2.88 7.35 7.35 # 

ATR 0.66 -1.18 2.27 2.27 # 

ATRX 0.17 -2.46 5.51 5.51 # 

BRCA1 0.49 -1.85 3.61 3.61 # 

BTG2 0.40 -1.99 3.98 3.98 # 

CCNH 0.78 -0.96 1.95 1.95 # 

CDK7 0.68 -1.13 2.19 2.19 # 

CHEK1 0.38 -2.04 4.11 4.11 # 

CHEK2 0.52 -1.45 2.73 2.73 # 

CIB1 0.59 -1.47 2.78 2.78 # 

CIDEA 0.25 -2.95 7.74 7.74 # 

CRY1 0.31 -2.59 6.03 6.03 # 

DDB1 0.55 -1.56 2.96 2.96 # 

DDIT3 0.40 -1.76 3.38 3.38 # 

DMC1 0.35 -1.95 3.87 3.87 # 

ERCC1 0.46 -1.88 3.67 3.67 # 

ERCC2 0.36 -2.44 5.41 5.41 # 

EXO1 0.24 -2.07 4.19 4.19 # 

FANCG 0.98 -0.47 1.39 1.39 # 

FEN1 0.34 -2.42 5.36 5.36 # 

XRCC6 0.83 -0.78 1.72 1.72 # 

GADD45A 0.57 -1.52 2.87 2.87 # 

GADD45G 0.88 -1.08 2.12 2.12 # 

GML 0.37 -2.04 4.11 4.11 # 

GTF2H1 0.56 -1.46 2.76 2.76 # 

GTF2H2 0.32 -1.90 3.74 3.74 # 

GTSE1 0.64 -1.11 2.16 2.16 # 

HUS1 0.46 -1.92 3.79 3.79 # 

IGHMBP2 0.36 -2.19 4.57 4.57 # 

IP6K3 0.26 -2.46 5.51 5.51 # 

XRCC6BP1 0.32 -2.20 4.61 4.61 # 

LIG1 0.36 -1.88 3.69 3.69 # 

MAP2K6 0.44 -1.83 3.56 3.56 # 

MAPK12 0.32 -2.50 5.66 5.66 # 

MBD4 0.87 -0.80 1.74 1.74 # 

MLH1 0.74 -1.03 2.04 2.04 # 

MLH3 0.37 -2.03 4.07 4.07 # 

MNAT1 0.69 -1.11 2.16 2.16 # 

MPG 0.87 -0.74 1.67 1.67 # 

MRE11A 0.14 -2.93 7.60 7.60 # 
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MSH2 0.86 -0.76 1.70 1.70 # 

MSH3 0.46 -1.77 3.41 3.41 # 

MUTYH 0.24 -2.55 5.84 5.84 # 

N4BP2 0.18 -2.80 6.96 6.96 # 

NBN 0.97 -1.47 2.78 2.78 # 

NTHL1 0.93 -0.65 1.56 1.56 # 

OGG1 0.25 -2.89 7.43 7.43 # 

PCBP4 0.52 -1.61 3.06 3.06 # 

PCNA 0.82 -0.17 1.12 1.12 # 

AIFM1 0.65 -1.29 2.44 2.44 # 

PMS1 0.29 -2.35 5.09 5.09 # 

PMS2 0.31 -2.39 5.24 5.24 # 

PMS2P3 0.37 -2.11 4.30 4.30 # 

PNKP 0.11 -3.70 13.00 13.00 # 

PPP1R15A 0.38 -2.01 4.01 4.01 # 

PRKDC 0.65 -1.35 2.55 2.55 # 

RAD1 0.49 -1.70 3.25 3.25 # 

RAD17 0.55 -1.39 2.62 2.62 # 

RAD18 0.82 -0.70 1.63 1.63 # 

RAD21 0.68 -1.23 2.35 2.35 # 

RAD50 0.61 -1.55 2.93 2.93 # 

RAD51 0.22 -2.79 6.94 6.94 # 

RAD51B 0.36 -1.90 3.74 3.74 # 

RAD9A 0.55 -1.33 2.52 2.52 # 

RBBP8 0.78 -0.89 1.86 1.86 # 

REV1 0.60 -1.26 2.40 2.40 # 

RPA1 0.64 -1.24 2.36 2.36 # 

SEMA4A 0.54 -1.81 3.50 3.50 # 

SESN1 0.80 -0.94 1.92 1.92 # 

SMC1A 0.73 -0.98 1.97 1.97 # 

SUMO1 0.50 -1.71 3.28 3.28 # 

TP53 0.65 -1.30 2.47 2.47 # 

TP73 0.54 -1.88 3.69 3.69 # 

TREX1 0.33 -2.40 5.29 5.29 # 

UNG 0.80 -0.87 1.83 1.83 # 

XPA 0.67 -1.30 2.46 2.46 # 

XPC 0.50 -1.47 2.77 2.77 # 

XRCC1 0.61 -1.43 2.70 2.70 # 

XRCC2 0.18 -2.69 6.45 6.45 # 

XRCC3 0.30 -2.41 5.30 5.30 # 

ZAK 0.38 -1.99 3.98 3.98 # 
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Table 8.13: The significance, calculated ∆∆ Ct and fold change for the MCC-like vs 
MCC deficient (T) comparison 

MCC-like vs MCCA with TaqMan® probe based assays 

 P-Value ∆∆ CT  2^(-∆∆ CT) Fold Change   

MCCC1 0.83 0.97 1.97 1.97 # 

AUH 0.37 1.61 0.33 -3.06 # 

HMGCL 0.28 2.30 0.20 -4.92 # 

NDUFS2 0.27 2.33 0.20 -5.01 # 

AWAT2 0.63 0.28 0.83 -1.21 # 

COX7B 0.41 1.22 0.43 -2.33 # 

MBLAC2 0.18 8.64 0.00 -398.13 # 

IVD 0.03 3.60 0.08 -12.12 # 

MCCC2 0.14 2.99 0.13 -7.94 # 

HMGCR 0.14 0.93 0.53 -1.90 # 

HADHA 0.32 1.92 0.26 -3.78 # 

ACOX2 0.01 9.21 0.00 -592.68 # 

UXT 0.46 0.95 0.52 -1.94 # 

NDUFB3 0.41 1.29 0.41 -2.45 # 

MCC-like vs MCCA (T) with the RT2 profiler array plates 

 P-Value ∆∆ CT  2^(-∆∆ CT) Fold Change   

ABL1 0.20 -0.36 1.28 1.28 # 

ANKRD17 0.94 -2.38 5.21 5.21 # 

APEX1 0.75 -0.70 1.62 1.62 # 

ATM 0.96 -3.70 13.01 13.01 # 

ATR 0.35 -0.97 1.96 1.96 # 

ATRX 0.52 -2.75 6.71 6.71 # 

BRCA1 0.55 -1.83 3.56 3.56 # 

BTG2 0.29 -3.88 14.73 14.73 # 

CCNH 0.49 -0.85 1.80 1.80 # 

CDK7 0.14 -0.27 1.20 1.20 # 

CHEK1 0.48 -1.89 3.72 3.72 # 

CHEK2 0.67 -2.61 6.11 6.11 # 

CIB1 0.30 -0.36 1.28 1.28 # 

CIDEA 0.92 -3.58 11.94 11.94 # 

CRY1 0.70 -2.76 6.78 6.78 # 

DDB1 0.50 -1.47 2.77 2.77 # 

DDIT3 0.05 0.02 0.99 -1.01 # 

DMC1 0.95 -2.66 6.30 6.30 # 

ERCC1 0.28 -1.08 2.11 2.11 # 

ERCC2 0.13 -0.88 1.84 1.84 # 

EXO1 0.14 -1.05 2.07 2.07 # 

FANCG 0.35 -0.43 1.35 1.35 # 

FEN1 0.97 -3.15 8.85 8.85 # 

XRCC6 0.12 0.41 0.75 -1.33 # 

GADD45A 0.93 -2.18 4.52 4.52 # 

GADD45G 0.81 -2.17 4.50 4.50 # 



298 

GML 0.37 -3.71 13.08 13.08 # 

GTF2H1 0.73 -1.79 3.46 3.46 # 

GTF2H2 0.59 -2.16 4.47 4.47 # 

GTSE1 0.12 0.05 0.97 -1.03 # 

HUS1 0.62 -3.38 10.40 10.40 # 

IGHMBP2 0.42 -1.96 3.89 3.89 # 

IP6K3 0.90 -3.11 8.65 8.65 # 

XRCC6BP1 0.70 -2.45 5.48 5.48 # 

LIG1 0.29 -1.57 2.97 2.97 # 

MAP2K6 0.20 -3.98 15.79 15.79 # 

MAPK12 0.53 -2.32 4.99 4.99 # 

MBD4 0.75 -1.16 2.24 2.24 # 

MLH1 0.33 -0.57 1.48 1.48 # 

MLH3 0.66 -2.31 4.95 4.95 # 

MNAT1 0.38 -0.88 1.84 1.84 # 

MPG 0.35 -0.40 1.32 1.32 # 

MRE11A 0.81 -3.94 15.39 15.39 # 

MSH2 0.33 -0.35 1.27 1.27 # 

MSH3 0.36 -1.38 2.61 2.61 # 

MUTYH 0.82 -3.01 8.04 8.04 # 

N4BP2 0.87 -3.37 10.32 10.32 # 

NBN 0.68 -2.69 6.43 6.43 # 

NTHL1 0.63 -1.93 3.81 3.81 # 

OGG1 0.68 -2.98 7.87 7.87 # 

PCBP4 0.42 -3.13 8.76 8.76 # 

PCNA 0.57 -0.27 1.20 1.20 # 

AIFM1 0.23 -0.37 1.29 1.29 # 

PMS1 0.90 -3.28 9.69 9.69 # 

PMS2 0.81 -3.47 11.05 11.05 # 

PMS2P3 0.97 -2.92 7.55 7.55 # 

PNKP 0.18 -2.98 7.89 7.89 # 

PPP1R15A 0.77 -2.45 5.46 5.46 # 

PRKDC 0.97 -2.08 4.22 4.22 # 

RAD1 0.74 -2.07 4.19 4.19 # 

RAD17 0.21 -0.76 1.69 1.69 # 

RAD18 0.93 -1.44 2.71 2.71 # 

RAD21 0.89 -1.85 3.60 3.60 # 

RAD50 0.22 -3.93 15.24 15.24 # 

RAD51 0.88 -3.38 10.40 10.40 # 

RAD51B 0.18 -3.90 14.94 14.94 # 

RAD9A 0.32 -1.14 2.21 2.21 # 

RBBP8 0.35 -0.56 1.47 1.47 # 

REV1 0.63 -2.50 5.66 5.66 # 

RPA1 0.42 -1.00 2.00 2.00 # 

SEMA4A 0.35 -3.83 14.17 14.17 # 

SESN1 0.07 -3.62 12.32 12.32 # 
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SMC1A 0.63 -2.18 4.54 4.54 # 

SUMO1 0.96 -2.42 5.33 5.33 # 

TP53 0.87 -2.27 4.82 4.82 # 

TP73 0.43 -4.07 16.83 16.83 # 

TREX1 0.30 -1.69 3.22 3.22 # 

UNG 0.38 -0.51 1.42 1.42 # 

XPA 0.93 -1.97 3.92 3.92 # 

XPC 0.15 -0.66 1.58 1.58 # 

XRCC1 0.22 -0.44 1.36 1.36 # 

XRCC2 0.54 -3.96 15.61 15.61 # 

XRCC3 0.89 -3.33 10.08 10.08 # 

ZAK 0.79 -2.48 5.59 5.59 # 

 

The HuExST1.0 array gene expression data was validated with independent qPCR analysis of 

21 selected significantly differentially expressed transcripts, using TaqMan® hydrolysis probe 

chemistry gene expression assays as well as the DNA damage and repair PCR array.   

The fold change of the 21 selected differentially expressed transcripts from the HuExST1.0 

array experiment was compared to the fold change obtained with the independent qPCR 

analyses.  The data from triplicate experiments were analysed and the expression ratios of 

genes between the two groups (MCC-deficiency and Controls) were calculated using the 2-ΔΔCt 

method (Livak et al., 1995; Livak & Schmittgen, 2001).  Table 8.14 summarise and compare the 

fold-changes of the 21 selected genes for the comparison MCC-deficiency vs control as 

presented in Chapter Three.  The fold-changes of thirteen (APEX1, GTF2H1, GTF2H2, HUS1, 

MCCC1, MCCC2, MUTYH, OGG1, PCNA, PMS2, PMS2P3, RAD50, and RAD51) of the 21 

selected candidate genes compared well with the results from the HuExST1.0 arrays whereas 

the remaining eight selected candidate genes did not have the same directional fold-change.  

The differences between the absolute values of the two data sets is due to the nature of the two 

experimental approaches relying on different probe sets, design and methods (Morey et al., 

2006; Git et al., 2010). 

In Chapter Four, the MCC-like transcriptome was compared to the MCC-deficient 

transcriptome correcting for the effect of the control transcriptome.  The qPCR analyses were 

performed by comparing the MCC-like and MCC-deficient gene expression profile to the Control 

transcriptome as well comparing the MCC-like gene expression profile directly with the MCC-

deficient gene expression profile.  Fourteen of the 28 transcripts that were also analysed with 

qPCR had fold-changes comparable to what was determined using the HuExST1.0 arrays for 

the comparison between the MCC-deficient and the control transcriptomes.  The remaining 14 

transcripts did not have the same directional fold-change between qPCR and HuExST1.0 arrays 

(Table 8.15 and Figure 8.6).  For the comparison MCC-like vs control, had 11 of the 28 
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selected transcripts the same directional fold-change as determined with the HuExST1.0 arrays, 

whereas 17 could not been confirmed (Table 8.16 and Figure 8.7).  The direct comparison 

between MCC-like and MCC-deficient transcriptomes had 19 transcripts confirmed with the 

same directional fold-change as were observed with the HuExST1.0 arrays whereas only nine 

transcripts could not been confirmed (Table 8.17 and Figure 8.8)   

 

Table 8.14: qPCR Validation summary for MCCA vs Controls (T) 

 

qPCR 

 

HuExST1.0 

 Gene Symbols P Value Fold Change 

 

P Value Fold Change 

 APEX1 7.52E-01 -1.27   2.51E-03 -2.05   

ATR 3.52E-01 1.23   2.75E-03 -1.55   

CCNH 4.91E-01 1.08   6.06E-06 -2.06   

COX7B 2.41E-02 3.64   1.20E-03 -2.45   

GTF2H1 7.29E-01 -1.25   1.49E-04 -1.69   

GTF2H2 5.86E-01 -1.19   2.63E-03 -2.25   

HADHA 1.73E-01 2.92   2.72E-04 -1.82   

HUS1 6.22E-01 -2.75   4.36E-05 -1.76   

IVD 0.00E+00 1 
 

1.30E-04 -1.66   

MBLAC2 3.31E-01 1.43   1.53E-08 -2.55   

MCCC1 7.50E-03 -2.89   1.30E-04 -2.42   

MCCC2 4.39E-02 1.92   1.35E-03 -1.64   

MUTYH 8.17E-01 -1.38   2.23E-05 -1.48   

OGG1 6.84E-01 -1.06   1.86E-03 -1.23   

PCNA 5.67E-01 -1.07   1.65E-03 -2.02   

PMS2 8.08E-01 -2.11   8.31E-05 -2.03   

PMS2P3 9.74E-01 -1.75   2.49E-03 -1.77   

RAD50 2.25E-01 -5.21   7.00E-04 -1.57   

RAD51 8.75E-01 -1.50   3.05E-03 -1.85   

UNG 3.75E-01 1.29   1.05E-03 -1.86   

UXT 0.00E+00 1 

 
1.48E-03 -1.56   
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Figure 8.5: qPCR Validation summary for MCCA vs Controls (T) 
Twenty significantly differentially expressed genes detected with Affymetrix HuExST1.0 arrays in the transcriptome of MCCA human skin fibroblasts also 
analysed with independent qPCR analyses.  The bar chart compare the fold change values obtained from HuExST1.0 array hybridisations (Red) and the qPCR 
analyses (Blue). 
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Table 8.15: qPCR Validation summary for MCCA vs Controls (MCC-like) (T) 

  

MCC-deficient vs Control 

 

  

qPCR  

 

HuExST1.0  

 

 

P value disease P Value Fold Change 

 

P Value Fold Change 

 APEX1 1.24E-03 7.52E-01 -1.27   1.45E-03 -2.07   

ATR 2.92E-04 3.52E-01 1.23   1.08E-03 -1.55   

CCNH 1.20E-05 4.91E-01 1.08   1.17E-05 -2.10   

CDK7 2.01E-03 1.39E-01 1.82   1.52E-02 -1.34   

CIDEA 1.50E-03 9.16E-01 -1.54   5.01E-03 1.26   

COX7B 6.27E-04 2.41E-02 3.64   4.35E-04 -2.48   

DDB1 8.96E-04 4.99E-01 1.07   3.84E-03 -1.20   

GTF2H1 4.53E-05 7.29E-01 -1.25   9.98E-05 -1.68   

GTF2H2 9.65E-04 5.86E-01 -1.19   2.01E-03 -2.11   

HADHA 2.32E-04 1.73E-01 2.92   7.24E-05 -1.85   

HADHA 2.96E-04 1.73E-01 2.92   7.97E-03 -1.25   

HUS1 2.08E-05 6.22E-01 -2.75   2.74E-05 -1.79   

IVD 1.05E-04 3.70E-01 2.78   1.08E-04 -1.66   

MBLAC2 1.68E-08 3.31E-01 1.43   9.24E-09 -2.57   

MCCC1 1.57E-05 7.50E-03 -2.89   6.12E-05 -2.41   

MCCC2 2.91E-04 4.39E-02 1.92   8.09E-04 -1.65   

MUTYH 6.37E-05 8.17E-01 -1.38   2.98E-05 -1.46   

NDUFB3 2.12E-03 0.00E+00 1.00   2.73E-03 -1.93   

NDUFS2 2.30E-03 5.47E-02 2.43   1.14E-02 -1.36   

PCNA 9.29E-04 5.67E-01 -1.07   5.02E-04 -2.03   

PMS2 1.22E-04 8.08E-01 -2.11   9.11E-05 -2.05   

PMS2P3 2.91E-03 9.74E-01 -1.75   1.99E-03 -1.79   

RAD18 1.64E-03 9.25E-01 -1.66   3.72E-03 -1.47   

RAD50 4.62E-04 2.25E-01 -5.21   3.39E-04 -1.58   

RAD51 1.09E-03 8.75E-01 -1.50   1.36E-03 -1.87   

REV1 2.23E-03 6.28E-01 -2.36   2.77E-03 -1.50   

UNG 7.84E-04 3.75E-01 1.29   4.72E-04 -1.87   

UXT 2.14E-03 0.00E+00 1.00   9.59E-04 -1.54   
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Figure 8.6: qPCR Validation summary for MCCA vs Controls (MCC-like) (T) 
Twenty one significantly differentially expressed genes detected with Affymetrix HuExST1.0 arrays in the transcriptome of MCCA human skin fibroblasts also 
analysed with independent qPCR analyses.  The bar chart compare the fold change values obtained from HuExST1.0 array hybridisations (Red) and the qPCR 
analyses (Blue). 
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Table 8.16: qPCR Validation summary for MCC-like vs Control (MCCA) (T) 

  

MCC-like vs Control 

 

  

qPCR MCC-like 

 

HuExST1.0  

 

 

P value disease P Value Fold Change 

 

P Value Fold Change 

 APEX1 1.24E-03 9.36E-01 1.28   9.40E-01 -1.01   

ATR 2.92E-04 6.64E-01 2.27   1.82E-01 1.16   

CCNH 1.20E-05 7.79E-01 1.95   3.28E-01 -1.09   

CDK7 2.01E-03 6.79E-01 2.19   9.59E-02 1.24   

CIDEA 1.50E-03 2.54E-01 7.74   2.66E-01 -1.09   

COX7B 6.27E-04 4.36E-01 1.56   3.11E-01 -1.22   

DDB1 8.96E-04 5.51E-01 2.96   1.75E-01 1.08   

GTF2H1 4.53E-05 5.63E-01 2.76   3.93E-01 1.08   

GTF2H2 9.65E-04 3.19E-01 3.74   5.08E-01 1.14   

HADHA 2.32E-04 6.39E-01 -1.29   3.18E-03 -1.49   

HADHA 2.96E-04 6.39E-01 -1.29   1.16E-02 1.29   

HUS1 2.08E-05 4.55E-01 3.79   8.70E-01 -1.01   

IVD 1.05E-04 1.11E-01 -4.37   5.83E-01 -1.05   

MBLAC2 1.68E-08 0.00E+00 1.00   8.97E-05 -1.35   

MCCC1 1.57E-05 3.99E-01 -1.47   7.39E-02 1.30   

MCCC2 2.91E-04 7.83E-02 -4.14   2.99E-01 1.13   

MUTYH 6.37E-05 2.39E-01 5.84   2.14E-02 -1.16   

NDUFB3 2.12E-03 3.68E-01 1.70   9.19E-01 1.02   

NDUFS2 2.30E-03 2.80E-01 -2.06   1.66E-01 1.19   

PCNA 9.29E-04 8.24E-01 1.12   1.64E-01 -1.25   

PMS2 1.22E-04 3.08E-01 5.24   2.39E-01 -1.15   

PMS2P3 2.91E-03 3.70E-01 4.30   4.44E-01 -1.13   

RAD18 1.64E-03 8.19E-01 1.63   4.55E-01 1.09   

RAD50 4.62E-04 6.11E-01 2.93   3.35E-01 -1.09   

RAD51 1.09E-03 2.15E-01 6.94   9.95E-01 1.00   

REV1 2.23E-03 6.03E-01 2.40   9.58E-01 1.01   

UNG 7.84E-04 8.04E-01 1.83   2.19E-01 -1.18   

UXT 2.14E-03 6.44E-01 1.30   1.18E-01 -1.19   
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Figure 8.7: qPCR Validation summary for MCC-like vs Controls (MCCA) (T) 
qPCR validation of 28 differentially expressed genes detected with Affymetrix HuExST1.0 arrays in the transcriptome of MCC-like human skin fibroblasts. In the 
bar chart comparison light grey reflects the fold change values obtained from HuExST1.0 array hybridisations and dark grey the series of fold change values 
generated through qPCR analyses. 
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Table 8.17: qPCR Validation summary for MCC-like vs MCCA (Control) (T) 

  

MCC-like vs MCCA 

 

  

qPCR 

 

HuExST1.0 

 

 

P value disease P Value Fold Change 

 

P Value Fold Change 

 APEX1 1.24E-03 7.52E-01 1.6   1.61E-03 2.04   

ATR 2.92E-04 3.52E-01 2.0   1.85E-04 1.80   

CCNH 1.20E-05 4.91E-01 1.8   2.68E-05 1.92   

CDK7 2.01E-03 1.39E-01 1.2   8.61E-04 1.66   

CIDEA 1.50E-03 9.16E-01 11.9   9.00E-04 -1.37   

COX7B 6.27E-04 4.11E-01 -2.3   1.78E-03 2.04   

DDB1 8.96E-04 4.99E-01 2.8   4.95E-04 1.29   

GTF2H1 4.53E-05 7.29E-01 3.5   4.26E-05 1.80   

GTF2H2 9.65E-04 5.86E-01 4.5   7.86E-04 2.41   

HADHA 2.32E-04 3.16E-01 -3.8   2.26E-02 1.24   

HADHA 2.96E-04 3.16E-01 -3.8   1.05E-04 1.61   

HUS1 2.08E-05 6.22E-01 10.4   3.16E-05 1.77   

IVD 1.05E-04 3.29E-02 -12.1   1.96E-04 1.59   

MBLAC2 1.68E-08 0.00E+00 1.0   1.29E-07 1.91   

MCCC1 1.57E-05 8.35E-01 2.0   1.08E-05 3.14   

MCCC2 2.91E-04 1.36E-01 -7.9   2.15E-04 1.87   

MUTYH 6.37E-05 8.17E-01 8.0   6.01E-04 1.27   

NDUFB3 2.12E-03 4.11E-01 -2.4   2.34E-03 1.96   

NDUFS2 2.30E-03 2.69E-01 -5.0   1.12E-03 1.62   

PCNA 9.29E-04 5.67E-01 1.2   4.17E-03 1.62   

PMS2 1.22E-04 8.08E-01 11.0   3.58E-04 1.78   

PMS2P3 2.91E-03 9.74E-01 7.5   6.76E-03 1.59   

RAD18 1.64E-03 9.25E-01 2.7   1.21E-03 1.60   

RAD50 4.62E-04 2.25E-01 15.2   1.23E-03 1.44   

RAD51 1.09E-03 8.75E-01 10.4   1.34E-03 1.87   

REV1 2.23E-03 6.28E-01 5.7   2.55E-03 1.51   

UNG 7.84E-04 3.75E-01 1.4   2.84E-03 1.58   

UXT 2.14E-03 4.59E-01 -1.9   1.38E-02 1.30   
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Figure 8.8: qPCR Validation summary for MCC-like vs MCClike (Control) (T) 
qPCR validation of 28 differentially expressed genes detected with Affymetrix HuExST1.0 arrays in the transcriptome of MCC-like human skin fibroblasts. In the 
bar chart comparison light grey reflects the fold change values obtained from HuExST1.0 array hybridisations and dark grey the series of fold change values 
generated through qPCR analyses. 
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Of the 682 overlapping significantly differentially expressed transcripts identified in Chapter 

Four, had seven transcripts (ATR, CDK7, DDB1, GTF2H1, GTF2H2 and RAD18, been included 

in the qPCR candidate gene list    

Four transcripts, GTF2H1, GTF2H2, RAD18 and REV were significantly differentially expressed 

for both the clinically severe and marginal MCC deficient transcriptomes compared to the 

controls, whereas three transcripts, ATR, CDK7 and DDB1 were significantly differentially 

expressed for only the marginally MCC deficient transcriptome compared to the controls.  The 

gene expression data of selected target transcripts were validated using independent qPCR and 

the results is summarised in Figures 8.4.   

The fold changes of the seven selected transcripts compared well with the results from the 

HuExST1.0 arrays.  The differences between the absolute values of the two data sets is due to 

the nature of the two experimental approaches relying on different probe sets, design and 

methods (Morey et al., 2006; Git et al., 2010). 

 

8.3 Discussion 

The question of validating microarray data with qPCR has been a permanent topic of debate 

over the past years. The main reason for this debate is because the first generations of 

microarrays gave results that were not very reliable, and one used qPCR to validate them. In 

this case, one had to use the same RNA extract since one was comparing results from the 

same samples tested on two technologies. Later on, while microarrays became better, some 

reviewers continued to require this because they still did not trust the technology.  According to 

MAQC, data produced by Affymetrix, Illumina or Agilent is pretty robust. In my view, if your goal 

is to identify sets of genes that change in a given experimental condition such as to find relevant 

processes, it is sufficient to work with microarray data. In this case, I would recommend that you 

make at least three independent experiments (biological replicates, not technical replicates 

consisting of applying the same RNA extract on three microarrays). On the other hand, if you 

aim at identifying a very small set of genes (e.g. markers) which you want to continue to work on 

in the laboratory, then I would recommend that you run a microarray experiment with three 

biological replicates (as above), but that you verify the results for this small set of markers using 

RT-qPCR. Having triplicate values from microarrays (biological replicates) will help screening for 

marker genes, while the RT-qPCR validation is uniquely to verify these results using a more 

sensitive method.   
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To conclude, there is probably better and more efficient ways to confirm and or validate 

microarray data than the strategy followed here.  However, this data analyses strategy again 

emphasise the difficulty to be able to produce the same absolute gene expression Fold-change 

from the exact same sample with two different technologies.  At the end of this thesis I am still in 

two minds whether it makes sense to validate microarray data by performing independent qPCR 

analyses.   
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Abstract 

Isolated 3-methylcrotonyl-CoA carboxylase (MCC) deficiency is an autosomal recessive 

inherited metabolic disease of leucine catabolism with a highly variable phenotype. Apart from 

extensive mutation analyses of the MCCC1 and MCCC2 genes encoding 3-methylcrotonyl-CoA 

carboxylase (EC 6.4.1.4), molecular data on MCC deficiency gene expression studies in human 

tissues is lacking. For IEMs, unbiased ‘-omics’ approaches are starting to reveal the secondary 

cellular responses to defects in biochemical pathways. Here we present the first whole genome 

expression profile of immortalized cultured skin fibroblast cells of two clinically affected MCC 

deficient patients and two healthy individuals generated using Affymetrix®HuExST1.0 arrays. 

There were 16191 significantly differentially expressed transcript IDs of which 3591 were well 

annotated and present in the predefined knowledge database of Ingenuity Pathway Analysis 

software used for downstream functional analyses. The most noticeable feature of this MCCA 

deficient skin fibroblast transcriptome was the typical genetic hallmark of mitochondrial 

dysfunction, decreased antioxidant response and disruption of energy homeostasis.  The 

oxidative stress seemed to cause a complex secondary cellular response by altering expression 

of genes involved in glycolysis, the TCA cycle, OXPHOS, gluconeogenesis, β-oxidation and the 

branched-chain fatty acid metabolism. An important emerging insight from this human MCCA 

transcriptome in combination with previous reports is that chronic exposure to the primary and 

secondary metabolites of MCC deficiency and the resulting oxidative stress might impact 

adversely on the quality of life and energy levels, irrespective of whether MCC deficient 

individuals are clinically affected or asymptomatic. 

 

Keywords: 3-methylcrotonyl-CoA carboxylase deficiency, mitochondrial dysfunction, oxidative 

stress, immortalized human skin fibroblast transcriptome, Affymetrix® HuExST1.0 array 



312 

SUBMITTED MANUSCRIPT II 

° 

Manuscript submitted to Molecular Genetics and Metabolism 

Ms. No.: MGM-15-197 

Biochemical characterisation and whole genome expression profiling of cultured 
skin fibroblasts from two South African adults with urinary 3-hydroxyisovaleric 
acid and 3-methylcrotonylglycine   

Authors:  Zandberg, L.1, Erasmus, E.1, Suormala, T.2,3, Mienie, L.J.1 , Mels, C.M.C.1,#, and Van 

Dijk, A.A.1* 

1Biochemistry Division, Focus Area Human Metabolomics, North-West University, 

Potchefstroom, South Africa, 2Division of Metabolism, University Children's Hospital, Zurich, 

Switzerland, 3Metabolic Unit, University Children's Hospital, Basel , Switzerland. 

*Corresponding author: Prof. A. A. van Dijk 

Biochemistry Division, North-West University  

Private Bag X6001 Noordbrug, 2520 Potchefstroom, South Africa 

Tel: +27 18 299 2317 

Fax: +27 18 299 2316 

E-mail: albie.vandijk@nwu.ac.za 
#Current address: Hypertension in Africa Research Team, North-West University, 

Potchefstroom, South Africa. 

Conflict of Interest: Lizelle Zandberg, Lardus Erasmus, Carina Mels, Terttu Suormala, 

Matthias Baumgartner, Japie Mienie, and Alberdina van Dijk 

declare that they have no conflict of interest. 

Informed Consent: All procedures followed were in accordance with the ethical 

standards of the responsible committee on human 

experimentation (institutional and national) and with the Helsinki 

Declaration of 1975, as revised in 2000 (5). Informed consent was 

obtained from all patients for being included in the study.  

Details of the contributions of individual authors:  

Zandberg, L: Conception and design of the study, performed the experiments, 

analyses and interpretation of data, and drafting the manuscript 

Erasmus, E:   Supervised the analytical biochemical analyses, contributed to 

interpretation of the data and drafting of the manuscript  

Mels, C.M.C: Performed the analyses of data from the L-Leucine loading and 

metabolite screening of the family, critical review of manuscript for 

intellectual content. 

Suormala, T:   Performed and interpreted the enzyme analyses. 

mailto:albie.vandijk@nwu.ac.za


313 

Mienie, L.J:  Identified the abnormal metabolite profile of the index patient and 

family. 

Van Dijk, A.A:  Conceptualisation and study design, analyses and interpretation of data, 

manuscript preparation and acting as guarantor of the study. 

 

Abstract  

We report on the first case of marginal 3-methylcrotonyl-CoA carboxylase (MCC) deficiency in 

South Africa.  Urinary 3-hydroxyisovaleric acid and 3-methylcrotonylglycine were detected in 

four males of a non-consanguineous family. Only the index patient (NWU001) had non-specific 

symptoms, the others were asymptomatic. The inherited metabolite profile and partially 

reduced MCC activity were indicative of marginal MCC deficiency. In vivo L-leucine loading 

confirmed a reduced flux through the leucine degradation pathway.  No known deleterious 

mutations were detected in the open reading frames of MCCC1 and MCCC2. NWU001 was 

heterozygous for a SNP in MCCC1 (rs2270968; c.1391A>C, p.H464P). NWU002 was 

heterozygous for a MCCC2 splice variant which skips exon 7 and causes an in frame deletion of 

38 amino acids that is identical to a predicted shorter MCCC2 isoform-2 (Q9HCC0-2). Whole 

genome expression profiles from cultured skin fibroblasts of NWU001 and NWU002 and two 

healthy adults using Affymetrix®HuExST1.0 arrays detected 14237 significantly differentially 

expressed transcript IDs of which only 1277 have known annotation and gene association. The 

underlying molecular interactions, secondary signalling responses and functional relationships 

of these 1277 transcripts were inspected following a knowledge-based functional analyses 

approach using Ingenuity Pathway Analysis software. The transcriptome had a footprint of 

oxidative stress, disruption of energy homeostasis, inflammation, impaired cellular 

maintenance and repair mechanisms.  Of note was the significant up regulation of the fatty acid 

amide hydrolase variant 2 (FAAH2) HuChrX transcript in the anandamide degradation canonical 

pathway.  The observations that the two MCC transcripts were not significantly differentially 

expressed and that more than 90% of the significantly differently expressed transcripts are still 

poorly annotated further support the notion that secondary factors other than the MCC loci 

impact on the MCC deficiency phenome.  

Keywords: 3-methylcrotonyl-CoA carboxylase deficiency, mitochondrial dysfunction, oxidative 

stress, Affymetrix® HuExST1.0 array, 3-hydroxyisovaleric acid; 3-methylcrotonylglycine; leucine 

catabolism 
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Abstract  

Isolated 3-methylcrotonyl-CoA carboxylase (MCC) deficiency is an autosomal recessive 

inherited metabolic disease of the leucine catabolism that has a highly variable phenotype. The 

lack of understanding of the pathomechanism and poor characterisation of the underlying 

molecular interactions involved with the disease makes it difficult to estimate the long term 

impact on health and clinical outcome. Here we present the first comparative gene expression 

profiles and functional networks for clinically severe and marginally affected mcc deficient 

patients using immortalised human skin fibroblasts. Whole genome expression profiles of 

immortalized human skin fibroblast cell cultures from two clinically severe mcc deficient patients, 

two asymptomatic marginally affected mcc deficient and two healthy control individuals were 

generated using Affymetrix®HuExST1.0 arrays. Comparative analyses identified 686 well-

defined significantly differentially expressed transcript ids that overlap between the clinically 

severe and marginally affected MCC-deficient transcriptomes. The functional relationships and 

networks showed association with cellular assembly and organization, nervous system-, 

digestive system- and cardiovascular system development and function. The subset of 470 

significantly differentially expressed transcripts which were affected in the same direction was 

also investigated.  Similarities in lipid signalling, metabolism and inflammatory responses 

between the clinically severe and marginally affected mcc deficient transcriptomes were evident. 

Furthermore, a functional analyses summary of the 212 transcripts that have different directional 

responses between the clinically severe and marginally affected mcc deficient transcriptomes, 

showed associations with functional networks related to small molecule biochemistry, 

carbohydrate metabolism, drug metabolism and molecular transport. Also the clinically severe 

and marginally affected mcc deficient transcriptomes seem to suggest differences in cholesterol 

biosynthesis and xenobiotic signalling metabolism.  

 

Keywords: 3-Methylcrotonyl-CoA carboxylase deficiency, Transcriptome, Affymetrix® 

HuExST1.0 arrays.  
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