Chapter 7: Paper 2

In this chapter, the paper: “Impaired DNA repair and genomic stability in hereditary
tyrosinemia type 1.” is presented. The paper contains results from sections 5.2 and 5.3. The

paper was published in GENE.
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The autosomal recessive disorder, hereditary tyrosinemia type 1 (HT1), is caused by a defective fumarylacetoace-
tate hydrolase enzyme. Consequently intermediate metabolites such as fumarylacetoacetate, succinylacetone and
p-hydroxyphenylpyruvic acid accumulate. Characteristic to HT1 is the development of hepatocellular carcinoma,
irrespective of dietary intervention or pharmacological treatment. Carcinogenesis may occur through a chromo-
somal instability mutator phenotype or a microsatellite instability phenotype, and deficient DNA repair may be a
contributing factor thereof. The purpose of this study was to investigate the expression of DNA repair proteins,
and the possible occurrence of microsatellite instability in HT1. Gene expression analyses show low expression
of hOGG1 and ERCC1 in HT1 patient lymphocytes. Results from microsatellite instability analyses show allelic im-
balance on chromosome 7 of the fah ”~ mouse genome, and instability of the D25123, D55346 and (possibly)

D17S250 microsatellite markers, in HT1 patient lymphocytes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

A defective fumarylacetoacetate hydrolase (FAH, E.C. 3.1.7.2; GenBank
ID: 2184), the last enzyme of the tyrosine degradation pathway, results in
the autosomal recessive disorder, Hereditary Tyrosinemia type 1 (HTT1,
OMIM ID: 276700) (Mitchell et al., 2001). Consequently intermediate
metabolites such as fumarylacetoacetate (FAA), maleylacetoacetate
(MAA), succinylacetone (SA), p-hydroxyphenylpyruvic acid (pHPPA),
p-hydroxyphenylacetic acid (pHPAA) and p-hydroxyphenyllactic acid
(pHPLA) accumulate (Mitchell et al., 2001; Sniderman King et al., 2008).

It was previously shown that these metabolites have detrimental
effects on the cell. For instance, the pathognomonic metabolite, SA,
reacts non-enzymatically with the lysine residue in the active site of
DNA ligase, thereby inhibiting the enzyme. This inhibition leads to

Abbreviations: 18S, 18S rRNA; BER, base excision repair; cDNA, DNA complementa-
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deoxyribonucleic acid; DNMT1, DNA methyltransferase 1; dNTP, deoxyribonucleotide
triphosphate; DTT, dithiothreitol; EDTA, ethylenediamine tetraacetic acid; ERCCI, exci-
sion repair cross complementing 1; ERK, Extra cellular signal-regulated protein kinase;
FAA, fumarylacetoacetate; FAH, fumarylacetoacetate hydrolase; gas2, growth arrest
specific 2; HCC, hepatocellular carcinoma; hOGG1, human 8-oxoguanine glycosylase;
HT1, hereditary tyrosinemia type 1; MAA, maleylacetoacetate; MIN, microsatellite in-
stability mutator phenotype; MMLV, Moloney Murine Leukemia Virus Reverse Tran-
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the slow rejoining of Okazaki fragments (Manabe et al., 1985;
Prieto-Alamo and Laval, 1998). pHPPA impairs the base- and nucleo-
tide excision repair capacity of cells by affecting the initiating proteins
in these pathways (van Dyk and Pretorius, 2005; van Dyk et al.,
2010). The BER capacity of a cell is strongly correlated to the expres-
sion of hOGG1 (GenBank ID: 4968), the glycosylase involved in the
initial steps of BER (Christmann et al., 2003; Hodges and Chipman,
2002; Lee et al., 2004). In the same manner, the NER capacity of a
cell is strongly correlated to the expression of ERCC1 (GenBank ID:
2067), the protein involved in the 5’ incision step of NER
(Christmann et al., 2003; Langie et al., 2007; Vogel et al., 2000). How-
ever, up to now, it has not been reported how the expression of these
proteins are affected in HT1 patients.

Furthermore, the intermediate metabolite immediately upstream
of FAH, FAA, activates signals such as ERK and the AKT survival path-
way, induces apoptosis, and causes endoplasmic reticulum stress
(Bergeron et al., 2006; Jorquera and Tanguay, 1999, 2001; Kubo
et al., 1998; Orejuela et al., 2008).

Characteristic to HT1 is the development of hepatocellular carcino-
ma (HCC), irrespective of dietary intervention or pharmacological treat-
ment (Grompe et al, 1998; Grompe, 2001; Mitchell et al., 2001).
Instability of the genome is a frequent event in carcinogenesis
(Charames and Bapat, 2003; Jackson and Loeb, 2001; Mitra et al., 2002).

Genomic instability can broadly be divided into chromosomal in-
stability and microsatellite instability (Charames and Bapat, 2003).
Chromosomal instability refers to the mis-segregation of genetic in-
formation, whereas microsatellite instability (MSI) refers to the addi-
tion or subtraction of the repeat sequences of microsatellites (Buhard
et al., 2006; Charames and Bapat, 2003). MSI is distinct from allelic
imbalance and observed loss of heterozygosity (Boland et al., 1998).
It was suggested that cancer develops through either a chromosomal
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instability mutator phenotype (CIN) or a microsatellite instability
phenotype (MIN), and the choice is driven by the type of carcinogen
(Bardelli et al., 2001; Breivik and Gaudernack, 1999). However,
Trautmann et al. (2006) have shown that CIN and MIN are not mutu-
ally exclusive in colon cancer. Several reports have shown the pres-
ence of chromosomal instability, ie. chromosomal breakage,
aneuploidy, spindle disturbances and segregational defects, in HT1
(Gilbert-Barness et al., 1990; Jorquera and Tanguay, 2001; Zerbini
et al, 1992). However, to the best of our knowledge, no MSI has
been reported in HT1.

2. Materials and methods
2.1. Patients

Whole blood samples from two female sibling HT1 patients, aged
4 years 10 months, and 1 year 3 months respectively were used in this
study. Both patients were referred by a paediatrician to the Potchef-
stroom Laboratory for Inborn Errors of Metabolism at North-West Uni-
versity (Potchefstroom Campus), South Africa for biochemical
diagnosis. Informed consent from the relevant parties concerned and
ethical approval by the NWU Ethics Committee (NWU-00096-08-A1)
were obtained for the use of these samples. Patient A had severe general
amino aciduria, with abnormally elevated urinary tyrosine (305.4 mmol/
mol creat; ref. 12-52 mmol/mol creat), methionine (267.4 mmol/mol
creat; ref. 6-22 mmol/mol creat), and phenylalanine (273.9 mmol/mol
creat; ref. 7-28 mmol/mol creat), as well as increased urinary pHPPA,
pHPLA, pHPAA and succinylacetone (263.67 mg/g creat; ref. <O).
Follow-up urinary and serum samples showed still elevated urinary tyro-
sine, methionine, phenylalanine, pHPPA, pHPLA, pHPAA and succinylace-
tone (187.5 mg/g; ref. <0); and high to high-normal serum tyrosine
(165 umol/l; ref. 19-119 umol/l), methionine (291 pmol/l; ref. 23-
43 umol/l), phenylalanine (97.4 umol/l; ref. 26-98 umol/I). Patient B
had high-normal levels of urinary tyrosine (50.15 mmol/mol creat; ref.
6-55 mmol/mol creat), methionine (12.42 mmol/mol creat; ref. 7-
27 mmol/mol creat), and phenylalanine (23.51 mmol/mol creat; ref. 4-
32 mmol/mol creat), as well as elevated urinary pHPPA, pHPLA, pHPAA
and succinylacetone (10.91 mg/g creat; ref. <0). The level of the amino
acids in the serum was high, ie. tyrosine (182pmol/l; ref. 19-
119 pmol/1), methionine (57.5 umol/l; ref. 23-43 pmol/1), and phenylala-
nine (106 umol/1; ref. 26-98 pmol/1).

2.2. FAH deficient mice

Markus Grompe (Oregon Health Sciences University, Portland, OR,
USA), kindly provided us with FAH deficient mice (Grompe et al.,
1993). In these mice, the FAH deficiency is the result of knockout of
the fah gene. For breeding purposes the neonatally lethal phenotype
can be rescued by administration of NTBC. NTBC inhibits the 4-
hydroxyphenylpyruvic acid dioxygenase upstream of FAH, which pre-
vents the accumulation of toxic metabolites such as fumarylacetoace-
tate. Withdrawal of NTBC causes liver injury in the FAH deficient
mice, and death ensues 4-8 weeks later (Duncan et al., 2009).

2.3. RNA and DNA isolation

DNA was extracted from non-cancerous livers of 3 month old con-
trol and fah ~/~ mice continuously on NTBC or off NTBC for 40 days.
DNA extraction was performed in Oregon (Oregon Health Sciences
University, Portland, OR, USA) by Raymond Hickey, with the DNeasy®
Tissue kit from Qiagen, according to manufacturer's instructions.

EDTA whole blood samples were obtained for DNA isolation from
the whole blood of the healthy control subjects and the HT1 patients
and were performed with the FlexiGene DNA kit from Qiagen accord-
ing to manufacturer's instructions. For RNA extraction, leukocytes
were isolated from the blood samples. Briefly, 2 ml of the EDTA

treated whole blood was layered on top of 2 ml cold Histopaque®
in a 15 ml centrifuge tube. The samples were then centrifuged for
15 min at 550 g. The plasma layer was discarded, and the buffy coat
transferred to a 1.5 ml microcentrifuge tube. To this, 1 ml PBS was
added. The samples were briefly vortexed and then centrifuged for
3 min at 1100 g. The supernatant was discarded, and RNA isolated
from the cell pellets with the Nucleospin RNAII kit (Macherey-
Nagel) according to the manufacturer's specifications.

2.4. cDNA synthesis

cDNA was synthesised from extracted RNA using the MMLV high
performance reverse transcriptase cDNA synthesis kit (Epicentre®
Biotechnologies). For each reaction (reaction volume: 10 ), 1.5 ug
RNA, 1l oligo dT primer (10 uM), 1l 18S rRNA reverse primer
(10 pM) and PCR grade water were mixed. The reactions were incu-
bated for 2 min at 65 °C, whereafter the reactions were placed on
ice for 5min. In the meantime, 2 yl MMLV reaction buffer (10x),
2w DTT (0.1 M), 3 il HPLC grade water, 2 il dNTP mix (10 mM of
each dNTP; New England Biolabs®), 0.5yl RNasin® (40 U/ul; Pro-
mega), and 0.5l MMLV (200 U/ul) were mixed. Of this mixture,
10 ul was added to each reaction. The reactions were then placed
overnight at 37 °C in an Eppendorf® thermal cycler. The cDNA syn-
thesis was terminated by increasing the incubation temperature to
85 °C for 5 min. The samples were stored at 4 °C.

2.5. Real-time quantitative PCR

All cDNA samples were diluted 250 x with PCR grade water. Reac-
tion mixtures for all gene expression assays contained: 10 ul Tagman
mastermix (2x; Applied Biosystems™; part # 4364341), 1l 18S
primer/probe mix, 1l gene of interest primer/probe mix and 6 pl
PCR grade water. To each reaction, 2l of the diluted cDNA was
added. All samples were assayed in triplicate. The real-time PCR pro-
gram was set to 95 °C for 10 min and then 40 cycles of 95 °C for 15 s
and 60 °C for 1 min (fluorescence reading). All real-time PCR data
were analysed with 7500 System SDS software version 2.0.5 from Ap-
plied Biosystems™.,

2.6. Microsatellite instability assay

A panel of four microsatellite markers (D3Mit21, D7Mit18,
D7Mit10 and D11Mit7) (Supplementary Table 1) as described by
Zhang et al. (Zhang et al., 2004), was used to examine microsatellite
instability in DNA extracted from the fah ~~ mouse livers. A panel
of five microsatellite markers (Supplementary Table 2), as suggested
by the National Cancer Institute workshop in 1997 (Boland et al.,
1998), was used to analyse microsatellite instability in the HT1 pa-
tients. The microsatellite markers used included two mononucleotide
repeats: BAT25, BAT26, and three dinucleotide repeats: D5S346,
D2S123, and D17S250. Primer sequences for all markers are given in
Supplementary Table 3.

All microsatellite analyses proceeded according to the same basic
protocol, i.e. DNA amplification by PCR on a Biometra thermocycler
(Biometra, Germany), PCR product confirmation by gel electrophore-
sis on a 2% agarose gel and microsatellite analysis with an Agilent
2100 Bioanalyzer (Odenthal et al., 2009). All PCR reactions were per-
formed with the KAPA HiFi™ PCR kit from KAPABIOSYSTEMS. PCR re-
actions for the human microsatellite analyses, contained: 5 pl Fidelity
buffer (5x), 0.5 Wl dNTPS (10 mM of each dNTP), 0.5 pl of each primer
(10 uM), 1.5 Wl MgCl, (25 mM), 300 ng DNA, 0.5 ul KAPA HiFi poly-
merase (1 U/ul), and PCR grade water up to 25 pl. Thermocycling con-
ditions were: 95 °C for 2 min, followed by 25 cycles of 98 °C for 20 s,
Tm for 155, and 68 °C for 20s, and a final extension step of 68 °C
for 1 min. PCR products were stored at 4 °C until further use.



58 E. van Dyk, PJ. Pretorius / Gene 495 (2012) 56-61

The PCR reaction mixtures for studying the mouse microsatellites
contained: 3 pl GC buffer (5x), 0.3 ul dNTPs (10 mM of each dNTP),
300 ng DNA, 0.3 ul of each primer (10 uM), 0.6 pl MgCl, (25 mM),
0.3 ul KAPA HiFi polymerase (1U/ul), and PCR grade water up to
15 ul. Thermocycling conditions were: 95 °C for 6 min followed by
15 cycles of 98 °C for 20's, 63 °C for 30 s (decreased by 0.5 °C each
cycle), 68 °C for 20 s, and then 25 cycles of 98 °C for 20s, 58 °C for
30s, and 68 °C for 20s, with a final extension of 68 °C for 5 min.
PCR products were stored at 4 °C until use.

After confirmation of successful PCR by means of electrophoresis
on a 2% agarose gel, 1 pl of each PCR product was analysed on an Agi-
lent DNA 1000 chip with the Agilent 2100 Bioanalyzer according to
the manufacturer's instructions. Briefly, the gel-dye mix was pre-
pared by equilibrating the DNA dye concentrate and DNA gel matrix
to room temperate for 30 min. After equilibration, 25 pl of the DNA
dye concentrate was added to the vial DNA gel matrix. The gel-dye
mix was vortexed and briefly centrifuged. After the gel-dye mix
was transferred to the spin filter, it was centrifuged for 15 min at
2240 g. Between uses, the gel-dye mix was stored at 4 °C.

For each analysis the gel-dye mix was equilibrated to room tem-
perature. The DNA 1000 chip was primed by adding 9 pl DNA gel ma-
trix to the assigned well and applying pressure for 1 min with the
plunger of the chip priming station at 1 ml. Another 9l gel-dye
mix was added to each of the next two assigned wells. Then 5 pl
marker was added to all 12 sample wells and the ladder well. Of
each sample, 1 pl was added to a separate well and 1 pl DNA ladder
was added to the ladder well. The DNA 1000 chip was then vortexed
for 1 min at 2400 rpm. Within 5 min the DNA 1000 chip was run on
the Agilent 2100 Bioanalyzer. Results were processed with Agilent
2100 expert software version B.02.03.S1307.

3. Results and discussion

It was previously shown that the HT1 metabolites, SA and pHPPA,
decrease the ability of cells for base- and nucleotide excision repair
(van Dyk et al., 2010). However, currently no information is available
on the expression levels of DNA repair proteins in HT1 patients. In
view of the fact that the expression levels of hOGG1 and ERCC1 are
closely correlated with the BER and NER capacity of cells (Hodges
and Chipman, 2002; Langie et al., 2007; Lee et al., 2004; Vogel et al.,
2000), the level of expression of hOGG1 and ERCC1 was assessed in
the HT1 patients. Results of the expression of hOGG1 and ERCCI in
the control person and each of the patients are given in Fig. 1.

The expression of hOGG1 and ERCCT1 is low in both patients. Com-
pared to expression of hOGG1 control cells, expression of the gene is
approximately 53% in patient A and 8% in patient B. The relative ex-
pression of ERCC1 follows the same trend, with patient A having

a2 Control
Patient A
E=3 Patient B

10

Relative quantification value

Gene of interest

Fig. 1. Expression of hOGG1 and ERCC1 by control and patient primary lymphocytes.
Due to limited sample availability, relative quantification values are mean values for
3 technical repeats. Error bars represent standard deviation.

approximately 43% expression and patient B 12% expression. The re-
duction of hOGG1 and ERCCI to approximately the same levels in
each patient, is consistent with the observation by Vogel et al.
(2002) that the mRNA levels of these genes are closely correlated.
They speculated that hOGG1 and ERCC1 might be regulated by the
same factors (Vogel et al., 2002).

The low expression of hOGG1 and ERCCT in HT1 patients, coupled
with the effect of accumulating metabolites on the protein functional-
ity of BER and NER proteins (van Dyk et al., 2010), suggests that the
capacity of HT1 cells for DNA repair is severely affected. Not only is
the expression of the repair proteins low, but also the functionality
of the proteins that are expressed are diminished by the accumulating
metabolites (van Dyk et al., 2010). This diminished capacity for DNA
repair may contribute to the development of HCC in HT1.

It was suggested by Loeb that microsatellite instability is a marker
of a mutator phenotype in cancer, and that deficiency of DNA repair is
one of the contributing factors to the development of the mutator
phenotype (Loeb, 1994). Therefore, the observed decreased DNA re-
pair capacity in HT1 cells, prompted an investigation into the occur-
rence of MSI in HT1.

DNA samples from control and fah ™~ mice were investigated.
FAH deficient mice were either continuously treated with NTBC or
NTBC treatment were withdrawn for 40 days. Although 40 days
seem limiting, it was reported that this time interval was enough to
elicit an endoplasmic reticulum stress response (Bergeron et al.,
2006), and cause progressive liver and kidney pathophysiology
(Orejuela et al., 2008). Microsatellite markers as described by Zhang
et al. (2004)) were used to determine microsatellite instability be-
cause they found that genomic instability in mouse chromosomes 3,
7,11 and 16 have a role in the development and progression of HCC
in mice.

The results of the MSI analyses, after amplification of markers by
conventional PCR and separation of the amplicons on a DNA 1000
chip from Agilent on a 2100 Bioanalyzer, are given in Fig. 2.

Similar microsatellite amplification patterns were obtained for
each of the microsatellite markers when comparing the microsatellite
amplification pattern in the control and the fah ~~ mice. The only
slight difference that can be observed, is in the amplification profile
of D7Mit18. In the control the intensity of the largest fragment
(204 bp) is the highest, with the three smaller fragments (131, 156,
163 bp) having comparable intensities. In both of the fah ~~ mice
the smallest (131 bp) and largest (204 bp) fragments have similar in-
tensities, with the two mid-sized fragments (156 and 163 bp) at a
much lower intensity. This change may be the result of allelic imbal-
ance occurring. Allelic imbalance is a molecular level characteristic
feature of chromosomal imbalance, which is a regular trait in tumours
such as HCC (Aihara et al., 1998; Zhang et al., 2004). It was suggested
that chromosomes 3, 7, and 11 carry tumour suppressor genes (Zhang
et al., 2004). Although the sample size is small, the observed change
in intensity of the D7Mit18 fragments could be an indicator of chro-
mosomal imbalance and may point to the development of HCC in
the fah '~ mice, which would be in line with the observations by
Al-Dhalimy et al. that HCC develops in fah deficient mice even with
dietary intervention and pharmacological treatment (Al-Dhalimy
et al.,, 2002; Mitchell et al., 2001). Even though these MSI analyses
have not shown microsatellite instability, the possibility of MSI occur-
ring in the genome of the fah "~ mice can not be excluded. As the oc-
currence of chromosomal instability shows that genetic instability
does occur in fah deficient mice, a more extensive panel of microsat-
ellite markers might reveal microsatellite instability.

The stability of microsatellite DNA in HT1 patients was also
assessed by MSI analysis. Since the expression level of DNA repair
proteins was low in lymphocytes of HT1 patients, the reduced DNA
repair capacity in these cells may result in MSI in the lymphocytes.
In individuals of Eurasian origin, BAT25 and BAT26 are quasimono-
morphic, i.e. small size differences of no more than 1 or 2 basepairs
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Marker Electrophoretogram?
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2 For each marker the amplicon band sizes decreases from top to bottom. C: fah*™* control
mouse; M1: fah”" mouse constantly on NTBC; M2: fah”~ mouse off NTBC for 40 days.

Fig. 2. Microsatellite analysis of mouse DNA.

occur (Buhard et al., 2006), making direct comparison between con-
trol and patient samples possible. However, dinucleotide repeats,
such as CA repeats may have different alleles in a population
(Richards and Hawley, 2011). More than one control person was
therefore included in the study to compensate for inter-individual
variability that may exist in the dinucleotide repeats. The microsatel-
lite analysis results after separation on a DNA 1000 chip is given in
Fig. 3.

From this result it is evident that both of the mononucleotide re-
peats, BAT25 and BAT26, show no variance between patient and con-
trol samples i.e. the microsatellite amplification pattern is the same.
Similar amplification patterns of D2S123 are also observed for the
controls and patient B. (Although the larger bands of approximately
313 and 324 bp are not clearly visible in control 1, the bands are pre-
sent). For patient A, however, a slightly altered amplification pattern
is observed. Similar to controls 1 and 2 and patient B, bands of ap-
proximately 234, 260, 280, 290 bp are seen in patient A, but the 313
and 324 bp bands are absent. Instead a large band of 363 bp is seen.
Unlike in the controls and patient B, where the smallest bands are
the most prominent, in patient A the largest band is the most
prominent.

The microsatellite amplification pattern of the dinucleotide
D5S346, is similar for controls 1 and 2 and patient A. Bands of approx-
imately 126 and 136 bp are present. In patient B, this microsatellite
amplification profile is slightly different with bands of 126, 136, and
188 basepairs.

The D17S250 dinucleotide repeat shows the largest variation in
the microsatellite amplification pattern. Although the amplification

bands are slightly smaller in control 2 compared to control 1, the
same pattern is observed. For both controls, six bands can be distin-
guished, with the largest and smallest bands being the most promi-
nent. When compared to the controls, the microsatellite
amplification pattern of D175250 is different in the patients. In both
patient A and patient B, only four amplification bands are present.
Furthermore, unlike the controls, in the patients the two smallest
bands have the highest intensity.

Interestingly, when comparing patient A to patient B, different
amplification patterns were obtained for the D25123 and D5S346 di-
nucleotide repeats, but a similar pattern was obtained for the
D17S5250 dinucleotide repeat. Keeping in mind that the two HT1 pa-
tients are sisters and that sequence length variation, i.e. microsatellite
DNA, is inherited in a co-dominant Mendelian way (Srikwan et al.,
1996) and since the D2S123 marker pattern of patient B is similar
to the controls, it suggests that the altered pattern seen in patient A
is novel to patient A and not inherited. Similarly, the altered pattern
of D55346 in patient B might be novel to patient B. The similarity of
the microsatellite amplification pattern of D17S250 between the pa-
tients, but difference to the microsatellite amplification pattern
obtained for the controls, could be novel microsatellite instability in
both of the patients, but may also be because of the high degree of al-
lele variability that exists for dinucleotide repeats (Richards and
Hawley, 2011). Like the results obtained with the D7Mit18 marker
suggest possible allelic imbalance in the fah deficient mice, the frag-
ment intensity changes seen with the D175250 marker in the pa-
tients, may also reflect allelic imbalance. However, as it is not clear
whether the D17S250 MSI in the HT1 patients is due to novel



60 E. van Dyk, PJ. Pretorius / Gene 495 (2012) 56-61
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1; C2: control subject 2; A: Patient A; B: Patient B

Fig. 3. Microsatellite analysis with the five microsatellite markers as recommended by the Bethesda panel.

microsatellite instability or because of the mentioned high allele var-
iability for dinucleotides, it is difficult to ascertain whether the
D17S250 intensity changes observed in the patients are truly due to
allelic imbalance. These results, nonetheless, show that microsatellite
instability occurs in the lymphocytes of these two HT1 patients.

Tumours are regarded as MSI-H (high frequency of MSI) when
two or more of the microsatellite markers show instability, MSI-L
(low frequency of MSI) when one of the markers show instability
and MSS when no instability is found (Boland et al., 1998). Although
the microsatellites analysed in the patients were from non-tumour
DNA, it is interesting to note that if the above mentioned criteria for
tumour MSI classification is used, both patients would be classified
as MSI-L, and possibly even MSI-H, as instability is observed for one
(maybe two) of the five markers tested.

Several reports have described microsatellite instability analyses
as a useful method to determine defective DNA mismatch repair
(Buhard et al., 2006; Dietmaier et al, 1997; House et al., 2003;
Macdonald et al., 1998; Maehara et al., 2001). The presence of MSI
in the lymphocytes of the HT1 patients, therefore, albeit indirectly,
suggests that in addition to the decreased capacity for base- and nu-
cleotide repair by HT1 cells (van Dyk et al., 2010), the capacity of
HT1 cells for DNA mismatch repair may be affected.

4. Conclusion

Even though a small number of samples were used, the results
should not be overlooked as it may form the basis for future research.
The first reports on chromosomal instability and aneuploidy in HT1
were made after observations with limited sample numbers, i.e.
three HT1 patients and one HT1 patient, respectively (Gilbert-
Barness et al., 1990; Zerbini et al., 1992).

Our results have shown the presence of allelic imbalance on chro-
mosome 7 of the fah ™~ mouse genome, confirming previously
reported chromosomal instability in HT1 (Gilbert-Barness et al.,
1990; Jorquera and Tanguay, 2001; Zerbini et al., 1992). Incidentally,
our observation of instability of specifically the D7Mit18 microsatel-
lite marker, also indicates the possible involvement of the growth ar-
rest specific 2 (gas2) and ras genes in HT1. The D7Mit18 marker is
located in the gas2 gene, and according to the Entrez gene summary,
high levels of this gene are associated with growth arrested cells. In-
stability of this gene could therefore be one of the contributing factors
of the cell cycle arrest seen in HT1 (Bergeron et al., 2006; Vogel et al.,
2004). At the same time, D7Mit18 is located 1.9 cM from ras (Zhang
et al., 2004), a cancer associated gene (Lumniczky et al., 1998), sug-
gesting the possible involvement of ras in the development of HCC
in HT1.

Our results furthermore showed instability of the D2S123, D55346
and possibly the D175250 microsatellite markers of the two HT1 pa-
tient studied. Given that DNA repair deficiency may result in relaxed
genome stability (Loeb, 1994), it is possible that the observed low ex-
pression of the DNA repair proteins (and by extension, a decreased
DNA repair capacity) may be a contributing factor to the observed ge-
netic instability seen in the lymphocytes of the HT1 patients. In the
liver of HT1 patients, the same type of situation may occur, only
more severe. In HT1 hepatocytes, the presence of FAA which is highly
mutagenic (Jorquera and Tanguay, 1997), may place an additional
burden on the already decreased DNA repair capacity. As these HT1
cells are also resistant to cell death (Orejuela et al., 2008), mutations
may accumulate. These accumulated mutations may then contribute
to the development of HCC.

In conclusion, our results have shown that in the studied HT1 pa-
tients the expression of DNA repair proteins, hOGG1 and ERCC1, are
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low, and that microsatellite instability is present. The development of
HCC in HT1 may therefore not be only as a result of chromosomal insta-
bility, but also because of microsatellite instability. Also, the decreased
DNA repair capacity in HT1 cells may be a contributing factor of the ob-
served genomic instability.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.gene.2011.12.021.
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