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Abstract

African horse sickness virus (AHSV) is the causative agent of the often fatal disease African horse sickness in equids. The 
non-structural protein NS4 is the only AHSV protein that localizes to the nucleus. Here we report that all AHSV reference and 
representative field strains express one of the two forms of NS4, i.e. NS4-I or NS4-II. Both forms of NS4 are nucleocytoplas-
mic proteins, but NS4-I has a stronger nuclear presence whilst NS4-II has a proportionally higher cytoplasmic distribution. 
A subtype of NS4-II containing a nuclear localization signal (NLS), named NLS-NS4-II, displays distinct punctate foci in the 
nucleus. We showed that NS4 likely enters the nucleus via passive diffusion as a result of its small size. Colocalization analysis 
with nuclear compartments revealed that NS4 colocalizes with promyelocytic leukaemia nuclear bodies (PML-NBs), suggesting 
a role in the antiviral response or interferon signalling. Interestingly, we showed that two other AHSV proteins also interact with 
nuclear components. A small fraction of the NS1 tubules were present in the nucleus and associated with PML-NBs; this was 
more pronounced for a virus strain lacking NS4. A component of nuclear speckles, serine and arginine rich splicing factor 2 
(SRSF2) was recruited to viral inclusion bodies (VIBs) in the cytoplasm of AHSV-infected cells and colocalized with NS2. Nuclear 
speckles are important sites for cellular mRNA transcript processing and maturation. Collectively, these results provide data on 
three AHSV non-structural proteins interacting with host cell nuclear components that could contribute to overcoming antiviral 
responses and creating conditions that will favour viral replication.

Introduction
African horse sickness (AHS) is a serious arthropod-borne 
infectious disease affecting Equidae [1]. AHS is endemic 
to sub-Saharan Africa, with sporadic outbreaks in North 
Africa and in Europe. AHS has official recognition status 
from the World Organisation for Animal Health (OIE), and 
is of major economic importance in southern Africa due to 

its high mortality rate and its role in horse trade and move-
ment restrictions. AHS is caused by African horse sickness 
virus (AHSV) [2] and nine serotypes (AHSV-1 to AHSV-9) 
have been distinguished [3, 4]. AHSV belongs to the genus 
Orbivirus and the family Reoviridae, with bluetongue virus 
(BTV) defined as the prototype virus of the genus [5]. AHSV 
is transmitted via Culicoides biting midges, specifically Culi-
coides bolitinos and Culicoides imicola in southern Africa 

https://jgv.microbiologyresearch.org/content/journal/jgv/
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[6]. Currently, a polyvalent live-attenuated vaccine (LAV) 
that confers broad protection against all AHSV serotypes is 
used widely in southern Africa [7, 8]. This same LAV may, 
paradoxically, place susceptible horses at risk for AHS by 
reversion to virulence [9]. This vaccine also does not allow 
for the differentiation of infected from vaccinated animals 
(DIVA), and has not been licensed for use outside Africa.

Different forms of the disease AHS exist (fever, pulmonary, 
cardiac and mixed) [1], but symptoms vary between species. 
No disease is observed in the reservoir host (zebra) and 
African donkeys seldom show clinical signs, but AHS can 
cause up to 95 % mortality in fully susceptible horses. In horses 
the outcome of the infection depends on a variety of viral 
and host factors, and unravelling the specific contributions of 
AHSV proteins to virulence, and host immune responses to 
disease susceptibility, remain a major challenge [10].

AHSV is a non-enveloped virion composed of three concen-
tric layers [11] formed by seven structural proteins (VP1 to 
VP7). The capsid encloses 10 double-stranded RNA (dsRNA) 
genome segments (Seg-1 to Seg-10) encoding the structural 
proteins plus four non-structural proteins (NS1 to NS4). 
The outer layer of the virus particle consists of the serotype-
specific antigen (VP2) and the protein involved in membrane 
permeabilization (VP5). The middle layer consists of VP7 
and VP3 forming the core, which contains the transcription 
complex (VP1, VP4 and VP6) and the dsRNA genome [12]. 
Non-structural proteins play core roles in the viral replication 
cycle. NS1 assembles into tubules of unknown function in 
the cytoplasm [13], which are a hallmark of orbivirus infec-
tions. BTV NS1 is involved in upregulating protein synthesis 
from viral mRNAs during infection [14], although this was 
recently shown to be unrelated to its tubulization [15]. NS2 
forms dense granular cytoplasmic viral inclusion bodies 
(VIBs), which act as sites for viral genome replication and 
new particle assembly [16]. The membrane-associated non-
structural proteins NS3/3A mediate intracellular virus traf-
ficking and release but are not essential for virus replication 
in mammalian cells [17–19].

NS4 is the smallest of the orbivirus non-structural proteins, 
and its function in AHSV remains undescribed. The AHSV 
NS4 open reading frame (ORF) is present on Seg-9, overlap-
ping the larger ORF encoding VP6 in the +1 frame [20] . 
All AHSV serotypes encode NS4 [21] and the AHSV NS4 
ORF is the longest of all orbivirus NS4 ORFs [22]. Based on 
AHSV Seg-9 nucleotide and NS4 amino acid (aa) sequence 
comparisons, two main clades were identified, and the type 
of NS4 within each of these designated NS4-I and NS4-II, 
respectively. On average NS4-I and NS4-II sequences share 
52 % amino acid identity, and NS4-II (154 aa) is larger than 
NS4-I (144 aa). A subset of strains within the NS4-II clade 
encodes a longer variant of NS4-II with a 15 aa N-terminal 
extension containing a typical nuclear localization signal 
(NLS) sequence [21].

NS4 is successfully expressed in AHSV-, BTV- and Great 
Island virus (GIV)-infected mammalian cells, although the 
expression of NS4 in insect cells has only been confirmed 

for BTV [21, 23]. Immunohistochemical analysis of 
AHSV-infected horse tissue detected NS4 in microvascular 
endothelial cells (heart and lung) and with a strong nuclear 
distribution in stellate-shaped dendritic macrophage-like cells 
(red pulp of the spleen). Orbiviruses replicate exclusively in 
the cytoplasm, and NS4 is the only viral protein that has 
been detected in the nucleus. In BTV, it is suggested that 
NS4 enters the nucleus using a basic domain region on the 
N-terminal [23]. AHSV NS4 could potentially utilize the NLS 
for nuclear import [24, 25], when present, or alternatively it 
could passively move through the nuclear pores as a result of 
its small size [26]. BTV NS4 specifically colocalizes with the 
nucleolus [23], although AHSV NS4 does not [21].

Both AHSV and BTV NS4 were shown to bind to double-
stranded DNA (dsDNA), potentially via helical structures, 
suggesting a role in regulation of host gene expression 
[21, 22]. It was subsequently confirmed that BTV NS4 modu-
lates the host interferon (IFN) response by downregulating 
mRNA levels of type I IFN and interferon-stimulated genes, 
and specifically downregulates the activity of a number of 
promoters. This inhibitory effect of BTV NS4 was directly 
related to its nucleolar localization in a strain-specific fashion 
[27]. NS4 is dispensable for BTV replication in cell lines that 
lack competent innate immune systems and in IFN-α/β 
receptor −/− (IFNAR−/−) mice, but confers a replication advan-
tage on BTV in IFN-treated cells and in vivo in sheep. BTV 
NS4 therefore acts as an IFN antagonist and virulence factor 
[23, 27].

AHSV NS4 is much larger than BTV NS4, is less conserved 
within the serogroup, and shows nuclear and cytoplasmic 
distribution but does not localize to the nucleolus. For viruses 
that replicate in the cytoplasm, viral proteins that localize 
to the nucleus often counteract the host immune response 
or take over the host machinery by targeting subnuclear 
compartments such as nuclear speckles, promyelocytic 
leukaemia nuclear bodies (PML-NBs) or Cajal bodies [28]. 
In this study we carried out an in-depth comparison of NS4 
expression and intracellular localization across all AHSV 
serotypes, investigated whether the protein’s cellular distribu-
tion profile is influenced by other viral proteins or the viral 
replication cycle, and identified whether NS4 interacts with 
any specific intranuclear compartments. The results shed 
some light on the potential role of NS4 in the AHSV life cycle.

Methods
Cells and viruses
BSR-T7 (BSR cells that constitutively express T7 polymerase) 
(used with permission from Ulla Bucholz, Department of 
Clinical Virology, Federal Research Center for Virus Diseases 
of Animals, Tübingen, Germany) [29] or BSR cells (a kind gift 
from Piet van Rijn, Wageningen Bioveterinary Research, The 
Netherlands) were maintained as monolayers in minimum 
essential medium (MEM) with Earle’s salts, L-glutamine 
and NaHCO3 (Lonza; BE12-611F) supplemented with 5 % 
foetal bovine serum (FBS; Gibco), 1 % non-essential amino 
acids (NEAA; Lonza), 1 % penicillin and streptomycin (pen/
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strep), and 1.2 % fungizone (Highveld Biologicals). HeLa 
cells (kindly provided by Michelle Visagie, Department of 
Physiology, University of Pretoria) were grown as monolayers 
in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g 
l−1 glucose and l-glutamine (Lonza) supplemented with 
10 % FBS, 1 % NEAA, 1 % pen/strep and 1.2 % fungizone. All 
mammalian cell lines were incubated at 37 °C with 5 % CO2 
and 90 % humidity.

Spodoptera frugiperda (Sf9) cells (ATCC CRL-1711) were 
maintained in suspension by shaking at 120 r.p.m. or grown as 
monolayers in TC-100 medium (Lonza, BE02-011F) supple-
mented with 10 % FBS, 1 % pen/strep and 1.2 % fungizone and 
incubated at 28 °C.

The nine AHSV OIE reference strains have been described 
previously [30]. Low-passage AHSV reference strains 
were obtained from the OIE reference centre at the ARC-
Onderstepoort Veterinary Institute (OVI) in 2008 with 
permission from Dr Truuske Gerdes. Recent South African 
field isolates representing each AHSV serotype were from 
the Deltamune collection (see Table 1). The serotypes of the 
field isolates were determined by real-time RT-PCR assays 

targeting Seg-2 [31]. Virus stocks were obtained by infection 
of BSR-T7 cells at a low multiplicity of infection (m.o.i.), 
harvested when full cytopathic effect (CPE) was observed 
and stored at 4 °C. Virus titres were determined by endpoint 
dilution and expressed as TCID50 ml−1 (50 % tissue culture 
infective dose per millilitre).

Rescue of rAHSV-5∆NS4
The rescue of a ‘synthetic’ AHSV-5 from the virulent reference 
strains AHSV-5 isolate HS 30/62 by reverse genetics has been 
described previously [32]; when used here it is referred to as 
rAHSV-5. This virus was used in this study, as it was shown 
to be virulent in five control horses at Deltamune during 
vaccine trials (results not shown) [33] and therefore repre-
sents wild-type virulent AHSV. In addition, we generated a 
rAHSV-5∆NS4 deletion mutant that did not express NS4. A 
cDNA copy of AHSV-5 Seg-9 was synthesized containing 
the nucleotide substitutions T194C, T197C, T305C, T377C, 
T401C, T449C, T452C, T455C, T467C and A551G and 
cloned into plasmid pSMART-T7 (Genscript Corporation). 
These modifications resulted in the NS4 start codon and the 
eight downstream methionine codons changing to threonine 
codons and the ninth methionine changing to a serine. Addi-
tionally, two stop codons were incorporated at amino acids 6 
and 47 by substitution of nucleotides G209A and T332A using 
a QuikChange site directed mutagenesis kit (Agilent). None 
of these changes affected the sequence of the VP6 protein 
expressed from an alternative reading frame on Seg-9. For 
the plasmid-based reverse genetics rescue, monolayers of 
BSR-T7 cells were subjected to transfection. BSR-T7 cells 
were transfected with 5 µg of an equimolar mix of expression 
plasmids, combined with 5 µg of an equimolar mix of tran-
scription plasmids in pSMART-T7, in Lipofectamine 2000 
(LF2000) (Thermo Fisher). The expression vector phCMV 
dream was a kind gift from Piet van Rijn. ORFs encoding 
VP1 (GenBank KM886344), VP3 (GenBank KM886346), 
VP4 (GenBank KM886347), VP6 (GenBank KM886352), 
VP7 (GenBank KM886350) and NS2 (GenBank KM886351) 
of virulent AHSV-5 were codon-optimized for expression in 
Syrian golden hamster cells, synthesized and cloned into the 
BsmBI sites of phCMV dream by Genscript Corporation. The 
transcription plasmids are similar to those described previ-
ously [34]. The transfection mix was added dropwise to cells 
containing optiMEM and incubated for 24 h at 37 °C. Cells 
were then passaged once and harvested when 100 % CPE was 
visible. Virus was stored at 4 °C.

Sequencing of Seg-9
BSR-T7 cells were infected with AHSV at an m.o.i. of 0.1 
and harvested when full CPE was observed. Total RNA 
was purified using TRIzol Reagent (Invitrogen), and single-
stranded RNA was removed using 2 M lithium chloride. 
Complementary DNA (cDNA) was synthesized from isolated 
dsRNA using the RevertAid First Strand cDNA synthesis kit 
and random hexamer primers (Thermo Fisher Scientific). 
Seg-9 was amplified by polymerase chain reaction (PCR) 
using Seg-9-specific primers (FP ​CTCA​TGTC​TTCG​GCAT​

Table 1. AHSV reference* and field strains used in this study, and the 
type of NS4 protein encoded by each

AHSV 
serotype

Strain Isolate name GenBank 
accession no.

NS4 type

AHSV-1 Reference KF859992, 
AM883170

NS4-II

AHSV-2 Reference KF860003 NS4-II

AHSV-3 Reference KM886360 NLS-NS4-II

AHSV-4 Reference KM609473 NS4-I

AHSV-5 Reference KM886352 NS4-II

AHSV-6 Reference KF860014 NS4-I

AHSV-7 Reference KF860024 NS4-II

AHSV-8 Reference KF860034 NS4-II

AHSV-9 Reference KF860044 NS4-II

AHSV-1 Field DM21/11 MN625126 NS4-II

AHSV-2 Field DM8/14 MN625127 NS4-II

AHSV-3 Field DM10/13 MN625128 NS4-I

AHSV-4 Field DM10/14 MN625129 NS4-I

AHSV-5 Field 62/07/05 
(Bailey)

MN625130 NS4-I

AHSV-6 Field DM9/14 MN625131 NS4-II

AHSV-7 Field DM9/15 MN625132 NS4-I

AHSV-8 Field DM5/15 MN625133 NLS-NS4-II

AHSV-9 Field DM12/14 MN625134 NS4-II

*The isolation history and Seg-9 sequences of the AHSV reference 
strains have been described previously [21, 30].
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TACTC and RP ​GCAA​GCCC​CTAT​CTAC​AGTA​AATAAG) 
and GoTaq G2 DNA Polymerase (Promega). Amplicons were 
sequenced using the ABI PRISM BigDye Terminator Cycle 
Sequencing kit v3.1 (Applied Biosystems) and the Applied 
Biosystems 3500xl genetic analyser (Life Technologies). Raw 
data were analysed using BioEdit [35] and aligned using 
MAFFT [36]. Amino acid sequences were aligned using 
CLC Main Workbench 8 (Qiagen Bioinformatics). The 3D 
structures were predicted using I-TASSER. The structural 
models predicted by I-TASSER were aligned with proteins in 
the protein data bank (PDB) using TM-align to determine the 
structural analogues of each NS4 type. A TM-score >0.5 and 
C-score [−2; 5] were used to determine the confidence level 
of each prediction [37, 38].

Antibodies
For the identification of AHSV proteins, rabbit anti-NS4 
(Genscript) [21] and rabbit anti-NS2 [16] sera were available. 
Rabbit anti-NS1 was produced against a purified baculovirus-
expressed AHSV NS1 protein. An additional anti-NS4 
antibody (batch E3F) was produced against a bacterially 
expressed and purified full-length AHSV NS4-II protein. 
Both anti-NS4 E3F and anti-NS1 were produced in rabbits 
at the animal facilities of Deltamune (Pty) Ltd with ethical 
approval number O-15–17. Nuclear compartments were 
identified using mouse monoclonal anti-serine/arginine-rich 
splicing factor 2 (SRSF2) antibody (Merck; SAB4200725), 
mouse monoclonal anti-PML antibody (Santa Cruz; sc-966) 
and mouse anti-coilin antibody (Santa Cruz; sc-55594). Alexa 
Fluor 488 goat anti-rabbit (Invitrogen; A-11034) and Alexa 
Flour 594 goat anti-mouse (Invitrogen; A-11005) secondary 
antibodies were used for confocal laser scanning microscopy 
(CLSM).

Generation of recombinant baculoviruses 
expressing NS4
The baculovirus expression system was utilized to express 
NS4 proteins. Two recombinant baculoviruses were available, 
Bac-Seg-9 [39] and Bac-eGFP (a kind gift from Professor 
Jacques Theron, Department of Biochemistry, Genetics and 
Microbiology, University of Pretoria). Bac-Seg-9 contained 
the full AHSV-3 Seg-9 gene from which it expressed both VP6 
and NLS-NS4-II from different reading frames; Bac-eGFP 
expressed the eGFP protein. Additional recombinant baculo-
viruses (Table 2) were constructed according to the protocols 
in the Bac-to-Bac Baculovirus Expression System (Invitrogen) 
manual. Briefly, the ORFs of NS4-I, NS4-II or NLS-NS4-II 
were PCR-amplified using the primers listed in Table 1 and 
cloned into the pFastBac1 (pFB) vector using BamHI and 
HindIII restriction sites to generate pFB-NS4-I, pFB-NS4-II 
and pFB-NLS-NS4-II. To allow the expression of NS4-I and 
eGFP with an additional N-terminal NLS, In-Fusion cloning 
was used. The pFB vector plus the NLS sequence was PCR-
amplified from pFB-NLS-NS4-II to generate the pFB-NLS 
vector backbone, and joined to the PCR-amplified NS4-I and 
eGFP inserts using an In-Fusion HD Cloning kit (Takara bio) 
to generate plasmids pFB-NLS-NS4-I and pFB-NLS-eGFP. 
The primers used to generate the vector backbone and the 
inserts for the In-Fusion cloning contained 15 bp comple-
mentary overhangs (underlined). Sf9 cell monolayers were 
infected with recombinant baculovirus at an m.o.i. of 1–5 and 
harvested or fixed at 24–72 h post-infection (p.i.) for CLSM 
or Western blot.

Transient mammalian expression of AHSV NS4 or 
NS2
The NS4 gene sequence of AHSV-3 Field (GenBank 
KP009647) codon-optimized for Chinese hamster ovary cells, 

Table 2. Recombinant baculoviruses used in this study

Baculovirus Protein 
expressed

AHSV 
strain

GenBank 
no. of Seg-9 

sequence

Primer sequences (5’–3’)

Bac-NS4-I NS4-I AHSV-4 
Ref

KM609473 NS4-I FP: ATAGGATCCGATGGAGGATT GGGATCAGC
NS4-I RP: CCAAGCTTCTAATCCCCCATC CCGTC

Bac-NS4-II NS4-II AHSV-3 
Field

KP009647 NS4-II FP: AAGGATCCTATGATGATCGA AGAGTGGA
NS4-II RP: GGAAGCTTCTAATCCTCCAA TCCGTCTA

Bac-NLS-NS4-II NLS-NS4-II AHSV-3 
Ref

KM886360 NLS-NS4-II FP: AGGGATCCGATGGGGA GAAGAAGAAC
NLS-NS4-II RP: ATCAAGCTTCTAATCCT CCAATCC

Bac-Seg-9 NLS-NS4-II 
and VP6

AHSV-3 
Ref

KM886360

Bac-eGFP eGFP

Bac-NLS-NS4-I NLS-NS4-I AHSV-4 
Ref

NS4-I FP: AAGAGAACAAAATAC ATGGAGGATTGGGATCAGCAAAATC
NS4-I RP: CTTCTCGACAAGCTT CTAATCCCCCATCCCGTCGA

Bac-NLS-eGFP NLS-eGFP eGFP FP: AAGAGAACAAAATAC GTGAGCAAGGGCGAGGAGCTGTTCA eGFP 
RP: CTTCTCGACAAGCTT TTACTTGTACAGCTCGTCCATGCCG pFB-NLS 
FP:AAGCTTGTCGAGAAG TACTA pFB-NLS RP: GTATTTTGTTCTCTT CCTTTTCACTC



370

Boughan et al., Journal of General Virology 2020;101:366–384

and the NS4 gene followed by the eGFP coding sequence, 
were synthesized and cloned by Genscript Corporation 
into an expression plasmid phCMVdream (a kind gift from 
Piet van Rijn) to generate phCMV-NS4-II and phCMV-
NS4-eGFP. A glutathione S-transferase (GST) tag coding 
sequence was cloned downstream of the 3′ end of eGFP in 
phCMV-NS4-eGFP using the In-Fusion HD Cloning kit 
(ClonTech). GST-specific primers (FP ​ATGG​ATGA​ACTG​
TATA​AATC​CCCT​ATAC​TAGG​TTATTGG and RP GCTT-
TATTTACTAT ​GAGA​CGTC​ATTT​TGGA​GGAT​GGTCGC) 
and vector (phCMV-NS4-eGFP)-specific primers (FP 
CATAGTAAATA AAGCAATAGCATCAC and RP ​ATAC​
AGTT​CATC​CATC​CCCAGG) were supplied by Whitehead 
Scientific. Recombinant vectors were transformed into Stellar 
cells and plasmids were isolated using the GeneJET Plasmid 
midiprep kit (Thermo Scientific). The codon-optimized 
phCMV-NS2-eGFP was a kind gift from Litia Yssel (Depart-
ment of Genetics, University of Pretoria).

BSR cells were grown as monolayers on sterile coverslips in 
a 24-well plate. The medium was replaced with optiMEM 
when cells reached 70 % confluency. Cells were transfected 
with 400 ng of DNA in LF2000. After 4 h at 37 °C the medium 
was replaced with complete MEM and cells were prepared for 
CLSM at 48 h post-transfection.

SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot analysis
Virus-infected cell monolayers were harvested at the required 
time point and lysed with RIPA buffer [150 mM sodium chlo-
ride; 1.0 % Triton X-100; 0.5 % sodium deoxycholate; 0.1 % 
sodium dodecyl sulfate (SDS); 50 mM Tris, pH 8.0) and 
incubated on ice with shaking for 30 min. Protein samples 
were resolved by 15 % SDS-PAGE. The gel was transferred to 
a Hybond C nitrocellulose membrane (Amersham), and incu-
bated with the required antibody after blocking. Peroxidase-
conjugated protein A was used for detection.

Immunofluorescence microscopy
Cell monolayers grown on sterile glass coverslips in a 24-well 
plate were infected with the required virus and incubated for 
24–30 h p.i. Cells were fixed with 4 % paraformaldehyde for 
30 min, permeabilized with 0.4 % Triton X-100 in phosphate-
buffered saline (PBS) for 10 min at room temperature (RT), 
blocked for 30 min in 5 % blocking solution (5 % skim milk 
powder in PBS) followed by primary antibody labelling over-
night at 4 °C. Cells were washed three times in wash buffer 
(0.5 % Tween-20 in PBS) followed by incubation in secondary 
antibody diluted in 1 % blocking solution for 1 h at RT. Cells 
were then washed three times in wash buffer and once in 
PBS. DAPI staining (10 µg ml−1) (Roche) was performed by 
incubation for 10 min at RT. If no antibody was required, cells 
were immediately subject to DAPI staining after incubation 
with Triton-X100. Coverslips were washed once with PBS 
and mounted on a microscope glass slide using VECTASH-
IELD Mounting Medium (Vector Laboratories). Immuno-
fluorescence was visualized using a Zeiss LSM880 confocal 
microscope with Airyscan detector for super-resolution 

microscopy. Intensity plot fluorescence profiles to confirm 
colocalization were generated using Zeiss ZEN software.

Quantitative and statistical analysis
Individual cells were selected, and the perimeter of the entire 
cell or only the nucleus was delineated using Image J software. 
The fluorescent intensity and area values of either total cell 
(cytoplasmic plus nuclear) or nuclear only were then deter-
mined by the software. In each image field, an uninfected cell 
was used and its cytoplasmic and nuclear fluorescent intensi-
ties used as the background value. The following formulae 
were used to calculate the cytoplasmic or nuclear fluorescent 
percentages.

	﻿‍ Cytoplasmic% = (total cell intensity−nuclear intensity)
(total cell area−nuclear area) − cytoplasmic background intensity

cytoplasmic background area × 100‍�

	﻿‍ Nuclear% = nuclear intensity
nuclear area − nuclear background intensity

nuclear background area × 100‍�
The significance was measured by one-way analysis of vari-
ance (ANOVA) followed by a Dunnett’s T3 test using SPSS. 
The level of significance was P<0.05.

Results
Every AHSV strain expresses one of the NS4 types
In the first study performed on AHSV NS4 the presence of an 
NS4 ORF was detected in Seg-9 of 26 AHSV isolates, although 
expression of the NS4 protein was only investigated for four 
strains [21]. We therefore analysed the NS4 gene sequences 
and NS4 protein production for all nine AHSV reference 
strains, and for recent Southern African field strain isolates 
representing each of the nine serotypes (Table 1). BSR-T7 
cells were infected with these 18 AHSV strains, and dsRNA 
was extracted after manifestation of full CPE. Sequencing of 
PCR amplicons of Seg-9 confirmed that all strains contained 
an NS4 ORF in a different reading frame to the VP6 ORF. 
Each virus encoded one of the two types of NS4 (Fig. S1, 
available in the online version of this article), i.e. either the 
144 aa NS4-I protein or the slightly larger 154 aa NS4-II 
protein. One reference (AHSV-3 Ref) and one field (AHSV-8 
Field) strain each encoded a variant of NS4-II (169 aa) with 
15 additional N-terminal residues MGRRRTRVKRKRTKY 
containing a typical NLS sequence (underlined), therefore 
these proteins were termed NLS-NS4-II. The sizes and relative 
positions of the different NS4 ORFs on Seg-9 are depicted in 
Fig. 1a. Amino acid sequences from different strains repre-
senting each NS4 type were aligned (Fig. 1b), showing that 
the C-terminal region of all NS4 proteins is highly conserved. 
3D structural modelling for all NS4 types using I-TASSER 
(Fig. 1c) predicted six or seven α-helices separated by short 
coiled regions for all three proteins, folding into an elongated 
shape. The predicted 3D model of all NS4 types obtained a 
good TM-score, however only NS4-II had a C score higher 
than 1.5, which represents a model of good quality. When 
aligning these 3D models with all structures in the PDB 
(Tables S1–3), the only viral protein identified as a poten-
tial structural analogue for NS4-II was the immediate-early 
1 protein (IE1) of a primate cytomegalovirus (macacine 
herpesvirus 3).
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Following confirmation of the presence of the NS4 ORFs, 
NS4 protein expression was investigated. When cell lysates 
from infected BSR-T7 cells were subjected to Western blot 
using anti-NS4 serum, NS4 synthesis was successfully 
detected for all AHSV strains (Fig. 2). Corresponding to the 
sequence predictions, six strains (AHSV-4,-6 Ref, AHSV-3, 
-4, -5, -7 Field) expressed the ±20 kDa NS4-I protein. Ten 
strains (AHSV-1, -2, -5, -7, -8, -9 Ref and AHSV-1, -2, -6, 
-9 Field) displayed a band of ±23 kDa corresponding to the 
size expected for NS4-II. For the two strains expressing NLS-
NS4-II (AHSV-3 Ref and AHSV-8 Field), two protein bands of 
±30 kDa and ±23 kDa, respectively, were detected with equal 
strength. The larger 30 kDa band represents the full-length 

NLS-NS4-II protein, with the smaller protein likely resulting 
from downstream translation initiation from the in-frame 
NS4-II start codon based on the predicted size of NS4-II.

As AHSV also replicates in its insect vector, the Culicoides 
biting midge, we aimed to confirm the expression of NS4 in 
insect cells. Despite numerous attempts, we were not able 
to detect any NS4 protein in AHSV-infected KC cells (Culi-
coides cell line) or C6/36 cells (mosquito cell line) either by 
immunoblot or by confocal microscopy (results not shown). 
We used all AHSV strains at our disposal, and four different 
sets of anti-NS4 sera, but detection remained unsuccessful. 
The conditions utilized allowed clear identification of NS4 

Fig. 1. (a) Schematic representation of the relative positions of the ORFs of VP6 and all NS4 types (NS4-I, NS4-II and NLS-NS4-II) on 
Seg-9 (solid black line). (b) Amino acid sequence alignment and conservation plots of the NS4 proteins encoded by AHSV-4 Field (NS4-I), 
AHSV-1 Field (NS4-II) and AHSV-8 Field (NLS-NS4-II) strains. (c) The predicted 3D model of NS4-I (C-score=−2.54; TM-score=0.42±0.14), 
NS4-II (C-score=−1.45; TM-score=0.54±0.15 and NLS-NS4-II (C-score=−2.72; TM-score=0.40±0.14). The N-terminal and C-terminal are 
shown in blue and red, respectively.
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controls in mammalian cells, and strong positive signals of 
other virus proteins (e.g. VP7 and NS3) confirming viral 
infection and protein expression in insect cells. At this stage 
it is therefore still not clear whether NS4 is expressed in insect 
cells following AHSV infection.

Each NS4 type displays a unique intracellular 
distribution profile
Next, we assessed the intracellular localization of NS4 
following its expression in mammalian cells. BSR-T7 cells 
were infected with each AHSV strain and prepared for CLSM 
at 24 h p.i. by fixing and subsequent labelling with anti-NS4 
serum (Fig. 3a). In the case of all strains expressing NS4-I, 
the protein showed an essentially homogeneous distribution 
throughout the cell, although the NS4 signal was stronger 
in the nucleus than in the cytoplasm. For strains expressing 
NS4-II the protein also distributed homogenously throughout 
the cell, although here NS4 was brighter in the cytoplasm than 
in the nucleus. To confirm these observations, quantitative 
analyses were performed on CLSM images for at least 40 cells 
per sample (from a minimum of 2 biological repeats), and 
average values of nuclear to cytoplasmic distribution ratio 
for NS4 were calculated for each strain. For NS4-I between 
52–67 % of the NS4 signal was nuclear, while for NS4-II the 
nuclear component represented 26–46 % of the protein’s 
distribution. In cells infected with AHSV-3 Ref or AHSV-8 
Field, expressing NLS-NS4-II, the protein showed a bright 
homogeneous cytoplasmic fluorescence plus distinct punc-
tate foci in the nucleus. The average nuclear or cytoplasmic 
distribution for each type of NS4 (Fig. 3b) was statistically 
significantly different from that of all other types. AHSV NS4 
can therefore be described as a nucleocytoplasmic protein, 
localizing to the nucleus and the cytoplasm.

NS4 expressed in the absence of other AHSV 
proteins shows the same subcellular localization 
pattern as observed during AHSV infection
The bi-directional transport of proteins between the cyto-
plasm and nucleus of a cell facilitates the regulation of 
multiple and diverse cellular processes. This transport occurs 
exclusively though the nuclear pore complexes (NPCs). While 
small molecules of 50–60 kDa or less than 10 nm in diameter 
can diffuse passively, most proteins are actively transported 

across the NPC by energy-driven carrier-mediated transport 
[40]. Additionally, the subcellular distribution of a protein can 
be influenced by the presence of nuclear localization signals 
(NLSs) and/or nuclear export signals (NESs). It is not known 
whether NS4’s presence in the nucleus is related to a specific 
biological function, and whether it is actively transported 
there or diffuses in as a result of its small size.

To investigate this we constructed expression plasmids for 
transient expression of NS4-II and eGFP, plus the fusion 
proteins NS4-II-eGFP, NLS-NS4-II-eGFP and NS4-II-
eGFP-GST, and transfected them into mammalian cells. NS4 
distribution was visualized by immunolabelling (Fig. 4a) or 
autofluorescence (Fig. 4b) and confocal microscopy. NS4-II 
(±23 kDa), eGFP (±27 kDa) and NS4-II-eGFP (±46 kDa) 
showed a homogenous distribution in the nucleus and the 
cytoplasm. NLS-NS4-II-eGFP (±48 kDa) had a stronger 
cytoplasm fluorescence with punctate foci observed in some 
nuclei, and NS4-II-eGFP-GST (±70 kDa) had a homogenous 
distribution in the cytoplasm but no or very low fluorescence 
in the nucleus. This confirmed the NS4-II distribution profiles 
observed in AHSV-infected cells, and indicated that the NLS 
sequence could be responsible for the formation of nuclear 
foci. As the largest NS4 fusion protein containing a C-teminal 
GST tag (NS4–eGFP–GST) with a molecular weight exceeding 
the 60 kDa limit for diffusion was excluded from the nucleus, 
the normal mechanism whereby the small native NS4 local-
izes to the nucleus is therefore probably passive diffusion.

To further confirm that the intracellular localization of NS4 
was inherent to the protein and not influenced by the presence 
of other AHSV proteins during the viral infection cycle, we 
utilized the baculovirus expression system. We had a recom-
binant baculovirus available that contained the full-length 
AHSV-3 Seg-9 [41] and expressed both VP6 and NLS–NS4-
II. In addition we generated recombinant baculoviruses 
that expressed the ORFs of NS4-I, NS4-II and NLS–NS4-II, 
plus novel fusions of the NLS sequence to the N-terminal of 
NS4-I and eGFP to generate NLS–NS4-I and NLS–eGFP. A 
schematic representation of all recombinant baculoviruses 
are shown in Fig. 5a. Western blot (Fig. 5b) confirmed the 
synthesis of protein products within the expected size range. 
When infected cells were analysed by immunofluores-
cence and CLSM (Fig. 6), it was clear that the intracellular 

Fig. 2. Immunoblot demonstrates NS4 expression from all AHSV strains. Cell lysates of BSR-T7 cells infected with each of the nine AHSV 
reference or field strains, respectively, were subjected to SDS-PAGE/Western blot using anti-NS4 (Genscript) serum. The numbers at the 
top of each image represents the AHSV serotype, and the roman numerals at the bottom indicates the NS4 type; I, NS4-I; II, NS4-II; NLS, 
NLS-NS4-II. Size markers are indicated on the left in kDa.
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Fig. 3. Indirect immunofluorescence microscopy reveals that the intracellular localization of NS4 displays three different patterns. (a) 
AHSV-infected BSR-T7 cells were fixed at 24 h p.i. and labelled with anti-NS4 (E3F) primary and Alexa Fluor 488 secondary antibody 
(green) and viewed by CLSM. Nuclei were counterstained with DAPI (blue). Images are grouped according to the NS4 type encoded by 
the respective AHSV strain. Scale bars represent 10 µm. Bar graphs showing the mean cytoplasmic and nuclear percentages of NS4 of 
each strain are on either side of each image. (b) Graph depicting the mean cytoplasmic and nuclear percentages of each NS4 type. All 
graphs represent samples from at least 2 independent experiments and a minimum of 40 cells analysed per strain. Standard deviations 
for each strain are shown as error bars.
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distribution of NS4 expressed from the recombinant bacu-
loviruses in insect cells remained essentially the same as 
that observed for the cognate NS4 type in AHSV-infected 
mammalian cells. NS4-I was homogenous throughout the 
cell but showed stronger nuclear fluorescence, NS4-II was 
homogenous but more cytoplasmic, and NLS–NS4-II, the 
NLS–NS4-II expressed from Bac-Seg-9, NLS–NS4-I and 
NLS–GFP had distinct nuclear foci plus a homogenous cyto-
plasmic distribution. Collectively, these results show that the 
intracellular distribution is different for each type of NS4, and 
this is not affected by the presence or absence of other AHSV 
proteins. The NLS sequence confers a unique distribution on 
a subset of the proteins and allows aggregation into small 
punctate nuclear foci.

NS4 is absent from Cajal bodies but localizes to 
PML-nuclear bodies
For RNA viruses replicating in the cytoplasm, specific viral 
proteins that enter the nucleus often interfere with cellular 
factors involved in signalling related to the innate immune 
system [42]. As AHSV NS4 shows a nucleocytoplasmic distri-
bution, we set out to determine whether NS4 localizes to any 
of the three subnuclear compartments typically targeted by 
RNA viruses to mediate immune suppression or interfere 
with host processes, i.e. Cajal bodies, PML-NBs or nuclear 
speckles. We selected one AHSV strain that represents each 
type of NS4 for these analyses, namely AHSV-4 Field (NS4-I), 
AHSV-1 Field (NS4-II) and AHSV-8 Field (NLS-NS4-II). To 
enable us to compare the effect of a virus with and without 
NS4 we also included two recombinant AHSV strains rescued 

by reverse genetics, namely rAHSV-5 (NS4-II) and rAHSV-
5∆NS4, which is NS4-deficient.

Firstly, we investigated if AHSV NS4 localized to Cajal 
bodies. Cajal bodies may play a crucial role in viral patho-
genesis due to their close interaction with the nucleolus. It 
has been shown that plant viruses reorganize Cajal bodies 
during viral infection and use them as a pathway to localize 
to the nucleolus [43, 44]. HeLa cells were infected with the 
selected AHSV strains and cells were prepared for CLSM at 
24 h p.i. by fixation and dual labelling for NS4 in combination 
with a primary antibody directed against coilin, a marker 
for Cajal bodies (Fig.  7). Each type of NS4 displayed its 
distinct intracellular localization pattern, however, as can 
be seen from the graphs, NS4 did not specifically colocalize 
with coilin. In cells infected with AHSV-8 Field, sometimes 
a number of the NLS-NS4-II nuclear foci were in very close 
proximity to the punctate Cajal bodies, with some overlap 
at their perimeters. This was not always the case, however, 
and in other cells (not shown) there was no colocalization 
between NS4 foci and the Cajal bodies.

We next investigated whether AHSV NS4 colocalized with 
PML-NBs, which are well known nuclear bodies involved 
in antiviral responses [45]. AHSV-infected cells were dual 
labelled with anti-NS4 and anti-PML antibodies (Fig. 8). Both 
NS4-I expressed from AHSV-4 Field and NS4-II expressed 
from AHSV-1 Field and rAHSV-5 colocalized with the PML-
NBs in the nucleus. Large and small nuclear foci could be 
distinguished in cells infected with AHSV-8 Field; only some 
foci colocalized with PML-NBs.

Fig. 4. Indirect immunofluorescence microscopy of transfected cells indicates nuclear entry of NS4 via passive diffusion. BSR cells 
were (a) mock-transfected or transfected with phCMV-NS4-II and labelled with anti-NS4 (Genscript) or (b) transfected with pCMV-eGFP, 
phCMV-NS4-eGFP, phCMV-NLS-NS4-II-eGFP or phCMV-NS4-II-eGFP-GST and fixed 48 h post-transfection and viewed by CLSM. Nuclei 
were counterstained with DAPI (blue). Scale bars represent 10 µm.
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In mock-infected cells, or cells infected with any of the wild-
type AHSV strains, the PML-NBs were essentially spherical, 
as expected [46]. Interestingly, the morphology of the PML-
NBs changed upon rAHSV-5∆NS4 infection and became 
distinctly elongated. As this resembled the distribution profile 
we had previously observed when visualizing AHSV NS1 in 
infected cells, we dual-labelled for NS1 and PML (Fig. 9). 
Non-structural protein NS1 forms characteristic tubule-like 
structures of which the bulk are present in the cytoplasm, 
although the presence of some NS1 tubules in the nucleus has 
been reported [18, 47]. As expected, strong labelling of the 
aggregates of NS1 tubules could be clearly distinguished in the 
cytoplasm, with some nuclear labelling of NS1 tubule bundles. 
In the nucleus, the terminal regions of the NS1 structures of 
AHSV-1 Field, AHSV-4 Field, AHSV-8 Field and rAHSV-5 
colocalized with PML at the perimeters of the PML-NBs. 
With rAHSV-5∆NS4 infection the colocalization was more 
extensive, with the majority of the NS1 signal colocalizing 
with the elongated PML-NBs.

The SRSF2 protein of nuclear speckles localizes to 
AHSV VIBs in the cytoplasm
Lastly, the presence of AHSV NS4 in nuclear speckles was 
investigated. Nuclear speckles, also called splicing speckles, 
are nuclear bodies that are key gene expression regula-
tors that act primarily via mRNA splicing regulation [48]. 

Mock- or AHSV-infected BSR-T7 cells were fixed and labelled 
with anti-SRSF2, a marker of nuclear speckles (Fig. 10). In 
mock-infected cells the SRSF2 protein (previously known as 
SC35) localized to discrete intranuclear speckles. Contrary to 
expectations, in all AHSV-infected cells (including rAHSV-
5∆NS4) SRSF2 was completely absent from the nucleus and 
displayed strong punctate labelling in the cytoplasm. SRSF2 
did not colocalize with any of the NS4 proteins (not shown). 
The size and distribution of the cytoplasmic SRSF2 foci were 
reminiscent of the morphology of AHSV VIBs. VIBs are cyto-
plasmic aggregates of non-structural protein NS2 that act as 
viral factories (VFs) where genome replication and progeny 
virion assembly take place. We investigated this further by 
infecting BSR-T7 cells with AHSV, and dual-labelling with 
anti-SRSF2 and anti-NS2 (Fig. 11). In most cases there was a 
full overlap between the signals for these two proteins.

To further confirm these results, we asked whether the reloca-
tion of SRSF2 was exclusively due to the presence of NS2 or 
was a result of the viral infection. We therefore transfected 
BSR cells with a plasmid expressing either NS2 (phCMV-NS2-
eGFP) or eGFP (pCMV-eGFP) as control, and labelled with 
anti-SRSF2 (Fig. 12). Expression of eGFP resulted in its distri-
bution throughout the cytoplasm and nucleus, while SRSF2 
labelling was restricted to the nucleus in a similar pattern to 
that for mock-transfected cells. Transient expression of NS2 

Fig. 5. Confirmation of expression of different NS4 proteins from recombinant baculoviruses. (a) Schematic representation of proteins 
expressed from all recombinant baculoviruses used. (b, c) Recombinant baculoviruses expressing different NS4 types as indicated were 
used to infect Sf9 cells and lysates of cells harvested at 48 h p.i. were analysed by 15 % SDS-PAGE and Western blot with (b) anti-NS4 
(Genscript) serum or (c) anti-eGFP serum. Protein sizes are indicated on the left in kDa. Negative controls include mock-infected or wild-
type baculovirus-infected cells.
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resulted in the formation of VIB-like cytoplasmic foci and 
colocalization of SRSF2 with these foci. This confirmed that 
the translocation of SRSF2 only required NS2 and was inde-
pendent of the expression of other AHSV proteins, including 
NS4.

Discussion
While it has been known for more than a century that AHS 
is caused by a virus, the non-structural protein NS4 was only 
identified 9 years ago [21, 22]. The specific role of AHSV NS4 
in viral pathogenesis and the AHSV life cycle still remains 
largely unknown. In this study we aimed to characterize 
NS4 across all AHSV serotypes. We identified a novel 
co-localization of NS4 with PML-NBs, nuclear bodies which 
amongst other functions are involved in innate immunity. 
Unexpectedly we also observed that two of the other AHSV 
non-structural proteins, NS1 and NS2, potentially interact 

with specific nuclear compartments or usurp nuclear proteins 
during the AHSV life cycle.

Our assessment of all nine AHSV reference strains plus a 
field isolate of each serotype confirmed that an NS4 ORF 
was present in all Seg-9 gene sequences. The ORF encoded 
either NS4-I or the slightly longer NS4-II or NLS-NS4-II, 
with each of these variants displaying distinct size bands on 
a Western blot. Despite numerous attempts, we were not able 
to detect any NS4 expression in AHSV-infected insect cells. 
This is in contrast to NS4 of BTV [22], and our own results 
for baculovirus expression of AHSV NS4. Our expression 
level of NS4 was, however, significantly lower than typically 
expected from this system, where the foreign gene is placed 
under control of a strong late baculovirus promoter. We were 
unable to detect NS4 in Sf9 cells by Coomassie staining, and 
had to rely on immunoblots to confirm its presence. One of 
the major differences between insect and mammalian cells 

Fig. 6. The intracellular distribution of AHSV NS4 remains the same in the absence of other AHSV proteins. Sf9 cells were mock-infected 
or infected with wild-type baculovirus (Bac-WT) or recombinant baculoviruses Bac-NS4-I, Bac-NS4-II, Bac-Seg-9, Bac-VP6-NLS-NS4-
II, Bac-NLS-NS4-I, Bac-NLS-NS4-II, Bac-eGFP or Bac-NLS-eGFP expressing the corresponding type of NS4. Cells were fixed at 30 h 
p.i. and immunolabelled with anti-NS4 (Genscript) and AlexaFluor 488 secondary antibody (green) and viewed by CLSM. Nuclei were 
counterstained with DAPI (blue). Scale bars represent 10 µm.



377

Boughan et al., Journal of General Virology 2020;101:366–384

is that no CPE is observed in insect cells following AHSV 
infection [47]. In the case of the tick-borne orbivirus, St 
Croix River virus (SCRV), the NS4 ORF is interrupted by a 
stop codon and hence non-functional [22, 49]. Replication 
of SCRV can only occur in insect cells and not mammalian 
cells, therefore the orbivirus NS4 may play an important 
role in enhancing replication in specific cell types. Whether 
there is any cell-specific regulation of the levels of AHSV NS4 
expression remains to be investigated.

We observed differences in the intracellular localization 
profiles of the AHSV NS4 variants. All types of NS4 showed 
a homogenous cytoplasmic distribution, plus a nuclear pres-
ence. However, NS4-I had a higher nuclear than cytoplasmic 
signal, NS4-II had a higher cytoplasmic than nuclear signal 
and NLS-NS4-II had distinct punctate foci in the nucleus. 
The nuclear localization of AHSV NS4 is intriguing, as AHSV 
replicates exclusively in the cytoplasm. For DNA viruses that 
replicate in the nucleus, efficient nuclear entry of many viral 
components is crucial. However, recent evidence shows that 
various cytoplasmic replicating RNA viruses also utilize 
nucleocytoplasmic trafficking of viral proteins to carry out 
specific roles in viral replication or pathogenesis and/or 
modulate the host cell cycle or innate immune response 
[42, 50]. Examples include the avian reovirus nonstructural 
protein p17 [51], the mammalian reovirus non-structural 
protein σ1s [52], dengue virus NS5 proteins [53, 54] and the 
coronavirus nucleocapsid protein [55]. West Nile virus NS5 
shuttles between the nucleus and the cytoplasm, and inhibi-
tion of the nuclear import of NS5 causes a decrease in virus 
replication [54] . Chemical inhibition of the pathways used by 

these nuclear proteins can be used as a drug target to decrease 
viral replication [54, 56].

AHSV NS4 could passively diffuse through the nuclear pore 
complex as a result of its small size, or it could be actively 
trafficked in and/or out of the nucleus. Nuclear trafficking 
relies on the presence of specific NLSs or NESs in the target 
protein, which interact with cellular importin (IMP) or 
exportin (EXP) proteins of the karyopherin-ß family [25, 57]. 
NLS-NS4-II contains a classical monopartite basic NLS that 
may mediate its nuclear entry, but the bulk of AHSV strains 
express a NS4 protein lacking this NLS that still localizes to 
the nucleus. When we increased the size of NS4-II to exceed 
the passive diffusion limit of 60 kDa by adding a GST tag, it 
was excluded from the nucleus and localized exclusively to 
the cytoplasm, indicating that its nuclear entry is probably 
via diffusion. The NLS-NS4-II protein did, however, show 
a unique phenotype, which was accumulation of a portion 
of the protein into distinct nuclear foci. We fused this 17 
residue NLS peptide to the N-termini of NS4-I and eGFP 
and expressed these recombinant proteins via the baculovirus 
system. Both NLS-eGFP and NLS-NS4-I formed punctate foci 
in the nucleus of Sf9 cells, confirming that the NLS sequence 
is required for foci formation in the nucleus. The mechanism 
underlying this observation is currently unknown.

NESs typically comprise three to four hydrophobic residues 
interspersed with non-hydrophobic residues, which are 
recognized by exportins such as EXP-1 (CRM-1) [58, 59]. 
Sequence analysis (not shown) indicated that NS4-I contains 
a stronger potential NES in the conserved C-terminal region 

Fig. 7. AHSV NS4 does not colocalize with Cajal bodies. HeLa cells were infected with AHSV strains as indicated, fixed and dual 
immunolabelled at 24 h p.i. with anti-NS4 (E3F) and anti-coilin primary and AlexaFluor-488 (green) and AlexaFluor-594 (red) secondary 
antibodies, respectively. Nuclei were counterstained with DAPI (blue). The area demarcated by the white block in the merged image is 
enlarged in the inset panel. Histograms display the fluorescence intensity values of NS4 (green) and coilin (red) measured along the 
white line drawn in the inset panels. Scale bars represent 10 µm.
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of the protein than NS4-II. This seems counterintuitive, as 
NS4-I has a higher nuclear-to-cytoplasmic ratio than NS4-II. 
However, NESs can be masked/unmasked either by homodi-
merization of the cargo protein or interaction of the cargo 
protein with other cellular proteins, allowing tight regulation 
of export. The human immunodeficiency virus type 1 (HIV-1) 
Rev protein is a classical viral example of this phenomenon, 
where Rev masks its own NES to regulate its trafficking [60]. 
We will need to conduct further investigations, e.g. by inhi-
bition of the exporter CRM-1 or modification of the NES 
sequences, to assess whether nuclear export of NS4 is regu-
lated and if this could contribute to the observed difference in 
nuclear-to-cytoplasmic ratio of NS4-I and NS4-II.

A eukaryotic nucleus contains distinct chromatin territories, 
mainly consisting of DNA–protein complexes, plus several 
interchromosomal compartments. The best characterized of 
these subnuclear structures include the nucleolus, nuclear 
(or splicing) speckles, Cajal bodies and PML-NBs, which all 
support different nuclear molecular activities. Components of 
these nuclear compartments are known to play a role in the 
replication cycles of multiple viruses [28, 61]. Based on this, 
we aimed to investigate whether AHSV NS4 localizes to or 
disrupts any of these nuclear compartments. We have shown 
previously that AHSV NS4, in contrast to BTV NS4 [22], is 
not present in the nucleolus [21]. In this study we confirmed 

Fig. 8. AHSV NS4 colocalizes with PML-NBs. HeLa cells were infected with different AHSV strains as indicated, fixed and dual 
immunolabelled at 24 h p.i. with anti-NS4 (E3F) and anti-PML primary and AlexaFluor 488 (green) and AlexaFluor 594 (red) secondary 
antibodies, respectively. Nuclei were counterstained with DAPI (blue). The area demarcated by the white block in the merged image is 
enlarged in the inset panel. Histograms display the fluorescence intensity values of NS4 (green) and PML (red) measured along the white 
line drawn in the inset panels. Scale bars represent 10 µm.
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Fig. 9. NS1 associates closely with PML-NBS. BSR-T7 cells were mock- or AHSV-infected as indicated, fixed and immunolabelled at 
24 h p.i. with anti-NS1 and anti-PML primary and AlexaFluor 488 (green) and AlexaFluor 594 (red), secondary antibodies, respectively. 
Nuclei were counterstained with DAPI (blue). The area demarcated by the white block in the merged image is enlarged in the inset panel. 
Histograms display the fluorescence intensity values of NS1 (green) and PML (red) measured along the white line drawn in the inset 
panels. Scale bars represent 10 μm.

Fig. 10. SRSF2 relocates to the cytoplasm during AHSV infection. BSR-T7 cells were mock- or AHSV-infected as indicated, fixed and 
immunolabelled at 24 h p.i. with anti-SRSF2 primary and AlexaFluor 594 (red) secondary antibodies. Nuclei were counterstained with 
DAPI (blue). Scale bars represent 10 µm.
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that NS4 also does not colocalize with coilin, a component 
of Cajal bodies.

We showed here that all the different forms of AHSV NS4 
colocalize with PML-NBs. PML-NBs consist of numerous 
cellular proteins, which accumulate as distinct foci in the 
nucleus, with the protein PML acting as the key organizer 
of the PML-NB structure [62]. PML-NBs play multiple roles 
in the cell, such as transcriptional regulation, epigenetics 
and apoptosis [63], but importantly more data are emerging 
that indicate that PMLs are components of the antiviral 
defence against a variety of DNA and RNA viruses (reviewed 
in [64]). PML−/− mice or cell lines have been shown to be 
more susceptible to infection by a range of different viruses, 

e.g. vesicular stomatitis virus [65], human cytomegalovirus 
(HCMV) [66], rabies virus [67] and HIV-1 [45]. PML-
NBs can inhibit viral replication by diverse mechanisms, 
either via the intrinsic antiviral activity of specific PML 
components or by activation of innate immune responses. 
PML has been shown to act as a positive regulator of IFN-γ 
signalling [68] and of IFN-β synthesis [45]. A number of the 
PML-NB proteins are themselves upregulated in response 
to IFN. Hence many viruses have evolved mechanisms to 
evade the antiviral function of PML-NBs. These can include 
either antagonistic proteins that target individual PML-NB 
components, or activities that affect the integrity of the 
whole cellular structure [28, 64].

Fig. 11. SRSF2 colocalizes with AHSV NS2 in VIBs. BSR-T7 cells were infected with different AHSV strains as indicated, fixed and dual 
immunolabelled at 24 h p.i. with anti-NS2 and anti-SRSF2 primary and AlexaFluor 488 (green) and AlexaFluor 594 (red) secondary 
antibodies, respectively. Nuclei were counterstained with DAPI (blue). The area demarcated by the white block in the merged image is 
enlarged in the inset panel. Histograms display the fluorescence intensity values of NS2 (green) and SRSF2 (red) measured along the 
white line drawn in the inset panels. Scale bars represent 10 µm.
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When we predicted 3D structural models for NS4 and 
matched these to all structures in the PDB, the only viral 
protein predicted as a structural analogue for NS4-II was the 
cytomegalovirus immediate-early protein IE1 (PDB 4WID) 
[69]. HCMV IE1 has long been known to act as an antagonist 
of the immune defences that target HCMV immediately after 
infection [69]. The globular core of IE1 interacts with PML via 
coiled-coil domains [69], and this interaction antagonizes the 
PML-mediated intrinsic immunity against HCMV and affects 
the function of PML in innate immune signalling [70, 71]. 
The colocalization of AHSV NS4 with PML-NBs, plus its 
structural similarity to IE1, indicates a potential role for NS4 
in counteracting the innate immune response. Future work 
should include measuring the replication kinetics of AHSV 
in PML knockout cells, and investigating the interaction of 
NS4 with specific isoforms of PML. Whether our observed 
interaction of NS1 with PML-NBs, enhanced by the absence 
of NS4, could provide an additional mechanism whereby 
AHSV interferes with host immunity also requires future 
investigation.

We provided evidence that AHSV infection disrupts another 
nuclear compartment by relocating the SRSF2 (SC35) compo-
nent of nuclear speckles. When we started the investigation 
we assumed that NS4 would be the only AHSV protein to be 
associated with nuclear proteins or processes, but in this case 
it seems as though NS4 plays no role and NS2 is exclusively 
responsible for the translocation to or retention of SRSF2 in 
the cytoplasm and specifically within the VIBs. The main 
role of nuclear speckles is storage, assembly or recycling of 
eukaryotic splicing factors used for host transcript processing 
[72], but splicing factors such as SRSF2 can also regulate 
viral mRNA splicing [73]. AHSV RNAs are not spliced, but 
sequestering SRSF2 to the VIBs could provide a mechanism 
for AHSV to deplete host splicing resources and alter host 

mRNA maturation, as seen for human rhinovirus [74]. Inhib-
iting host processes in this way can contribute to creating a 
cellular environment that favours viral replication. The µ2 
protein of reovirus strain T1L localizes to nuclear speckles by 
complexing with SRSF2, and thereby alters the splicing of host 
gene transcripts [50]. Reovirus µ2 is a minor capsid protein, 
which in addition to its role in antagonizing SRSF2 also local-
izes to and determines the morphology of the cytoplasmic 
VFs [75] and represses IFN-ß signalling [76], illustrating 
the pleiotropy common to many viral proteins. Reovirus 
VFs and rotavirus viroplasms are the functional equivalents 
of orbivirus VIBs. These dense cytoplasmic matrices were 
traditionally considered to only act as sites for viral genome 
replication and assembly of progeny virions [77–79]. Recent 
evidence, however, indicates that reovirus VFs can also act in 
recruiting host translational machinery [80] and modulate 
stress granule protein localization [81], while rotavirus infec-
tion induces cytoplasmic relocalization of a large number 
of nuclear RNA-binding proteins, of which the majority 
associate with viroplasms [82, 83]. We present evidence that 
orbivirus VIBs can also contribute to interfering with host 
processes by sequestering SRSF2. Further work will focus on 
elucidating how this impacts on nuclear speckle structure, 
host transcription and advancement of the AHSV life cycle.

Many cytoplasmic viruses encode nuclear proteins that 
suppress the immune response and these are often major 
determinants of viral pathogenesis and can be important 
targets in vaccine development [84–86]. This study confirmed 
the variability and strain-specific differences of AHSV NS4, 
in contrast to BTV, where only one type of NS4 exists. We 
concluded that AHSV NS4 can play a role in the immune 
response by localizing to PML-NBs. The functional impor-
tance of the different forms of NS4 (NS4-I versus NS4-II/
NLS-NS4-II) still remains unknown, but it may relate to 

Fig. 12. SRSF2 colocalizes with AHSV NS2 in VIB-like foci formed during transient NS2 expression. BSR-T7 cells were mock- or 
plasmid-transfected as indicated, fixed and immunolabelled at 48 h post-transfection. Cells were labelled with anti-SRSF2 primary and 
AlexaFluor 594 (red) secondary antibodies. Nuclei were counterstained with DAPI (blue). The area demarcated by the white block in the 
merged image is enlarged in the inset panel. The histogram displays the fluorescence intensity values of NS2-eGFP (green) and SRSF2 
(red) measured along the white line drawn in the inset panel. Scale bars represent 10 µm.
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differences in the immune response upon AHSV infection 
with a virus expressing a specific NS4. Functional analyses 
of the different forms of NS4 would need to be conducted 
to assess this. This could, however, also be affected by other 
viral proteins. AHSV virulence is complex and multifactorial, 
and as for BTV probably involves at least the capsid proteins 
VP2 and VP5 and the non-structural protein NS3 [87, 88]. 
This is the first report to find that NS1 may have a role in the 
nucleus via interaction with PML-NBs, which appears to be 
enhanced in the absence of NS4. This is also the first study to 
indicate that NS2 can recruit host nuclear proteins into VIBs 
to potentially subvert host processes to benefit the virus. The 
present study lays the foundation for future explorations of 
the mechanisms and implications of these interactions. If NS4 
plays a central role in interfering with host immunity it could 
be an important AHSV virulence factor and a target for virus 
attenuation and vaccine development.
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