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ABSTRACT

INTRODUCTION

Hepatitis C virus (HCV) infection is the leading cause
of chronic hepatitis, which often results in liver fibrosis, cirrhosis and hepatocellular carcinoma (HCC).
HCV possesses an RNA genome and its replication
is confined to the cytoplasm. Yet, infection with HCV
leads to global changes in gene expression, and
chromosomal instability (CIN) in the host cell. The
mechanisms by which the cytoplasmic virus affects
these nuclear processes are elusive. Here, we show
that HCV modulates the function of the Structural
Maintenance of Chromosome (SMC) protein complex, cohesin, which tethers remote regions of chromatin. We demonstrate that infection of hepatoma
cells with HCV leads to up regulation of the expression of the RAD21 cohesin subunit and changes cohesin residency on the chromatin. These changes
regulate the expression of genes associated with
virus-induced pathways. Furthermore, siRNA downregulation of viral-induced RAD21 reduces HCV infection. During mitosis, HCV infection induces hypercondensation of chromosomes and the appearance
of multi-centrosomes. We provide evidence that the
underlying mechanism involves the viral NS3/4 protease and the cohesin regulator, WAPL. Altogether,
our results provide the first evidence that HCV induces changes in gene expression and chromosome
structure of infected cells by modulating cohesin.

Hepatitis C Virus (HCV) is an RNA virus with an exclusively cytoplasmic life cycle that infects human liver cells.
HCV raises particular concern because of its ability to establish a chronic infection and its role in hepatocellular carcinoma (HCC), a challenging malignancy of global importance with increasing incidence over the past decades (1,2).
Infection of liver cells by HCV has been shown to modify
fundamental cell processes that affect the host genome, including its chromosomal stability (3). Infected cells are delayed in the G2/M phase of the cell cycle (4). In addition,
HCV inhibits mitotic checkpoints and DNA repair, leading
to a high frequency of polyploidy. These cellular changes
have been suggested as a driving force for HCC (5–8). However, the mechanism by which the exclusively cytoplasmic
virus affects nuclear processes and induces chromosomal instability (CIN) is not fully understood.
The HCV RNA encodes a polyprotein that undergoes
proteolytic cleavage to generate four structural proteins (C,
E1, E2 and P7) and six non-structural proteins (NS2, NS3,
NS4A, NS4B, NS5A and NS5B). NS3 and its co-factor
NS4A (NS3/4A) form a multi-functional protein containing a protease, and RNA helicase activity (9). The protease
activity of NS3/4A is essential for the cleavage of the viral
polyprotein. However, it has been shown that NS3/4A also
cleaves cellular proteins as part of the viral mechanism of hijacking the cellular machinery (10–14). The preferred cleavage sequence of NS3/4 is cysteine or threonine followed by
a serine (14). However, the sequence preferences of the protease are promiscuous and therefore, additional unidenti-
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MATERIALS AND METHODS
Cell lines
Huh-7.5 cells (a generous gift from Charles Rice) and
Huh7/FT3-7 cells (a generous gift from Stanley M. Lemon)

were cultured as described previously (29). Nontransformed
THLE-3 (ATCC® CRL-11233™) immortalized normal human liver cells were maintained in BEGM Bullet Kit (Lonza
Catalog No. CC-3170) containing medium added with 5
ng/ml EGF, 70 ng/ml Phosphoethanolamine and 10% fetal
bovine serum. The cells seeded on palates precoated with
a mixture of 0.01 mg/ml fibronectin, 0.03 mg/ml bovine
collagen type I and 0.01 mg/ml bovine serum albumin dissolved in BEBM medium.
Primary Human Hepatocytes (PHH)
Fresh resected normal human liver tissue was obtained at
the Rabin Medical center under protocols approved by the
Rabin Medical Center Institutional Review Boards and in
accordance with the ethical standards of the Helsinki Declaration. Liver tissue was dissociated and cells seeded on
palates precoated with collagen. Cells were maintained in
Leibovitz’s L-15 medium supplemented with 26 mmol/l
NaHCO3 , 4 g/ml insulin, 1 M hydrocortisone hemisuccinate, and 10% heat-inactivated FBS, as previously described (30).
Virus
HJ3–5 virus (29) stocks were produced in Huh7/FT3-7
cells, and viral titers were determined by FFU assay in
Huh7.5 cells, as described previously (29). For all experiments with infected cells, cells were infected with HJ3-5
chimeric virus at a MOI of 0.1–0.5. In all experiments with
infected Huh7.5 cells, except for the dynamics experiment in
Figure 1A and B, infected cells were passaged for 2 weeks
until ∼100% of the cells were HCV positive, as previously
described (31). We maintained high infection levels for two
weeks, by adding 2% human serum to the culture medium as
previously described (32,33). PHH cells were infected with
infectious HCV HJ3-5 at high MOI (0.5–1) to ensure high
efficiency of infection, as described previously (34). PHH
cells were harvested after 1 week in culture, when most of
the cells were infected.
Treatments of HCV infected cells with DAA
For DAA treated cells, HCV infected cells (∼100% infected,
generated as described above) were treated with 0.05 M
paritaprevir for 7 days. Following treatment, cells were immunostained by HCV-positive serum of infected subject
and anti-human 488 Alexa fluor (Jackson) as secondary antibody to ensure there is no HCV infection. Infection was
visualized under epifluorescent microscope.
ChIP and ChIP-seq
100% HCV infected (generated as described above) and
non-infected Huh7.5 cells were fixed with 1% formaldehyde
to cross-link proteins to DNA. Cells were then lysed, and
chromatin was fragmented by sonication (Covaris S220) to
generate DNA fragments of 200–1000 bp. ChIP was carried
out using 5 g of either anti-RAD21 Ab (BETHYL) or 5 g
of specific antibody against H3K9Ac Abs (Milipore) or normal Rabbit IgG Ab as control (Milipore) and Magna ChIP
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fied cellular proteins may serve as NS3/4A cleavage targets
(14).
The evolutionarily conserved Structural Maintenance of
Chromosome (SMC) protein complex, cohesin, is important for faithful segregation of the sister chromatids during mitosis, chromosome condensation, and regulation of
gene expression (15–17). Cohesin tethers together distinct
regions of chromatin, and plays a central role in spatial organization of the genome (15,17,18). Mutations in genes
encoding the cohesin subunits are associated with genetic
disorders and cancer (19). Cohesin is composed of three
core subunits, SMC1, SMC3 and RAD21 that form a heterotrimer. Another three proteins, SA/SCC3, WAPL and
PDS5 form a subcomplex that interacts with the core subunits through RAD21 (17).
The regulatory subunit, WAPL, functions as a cohesin
releasing factor that plays key roles in cohesin turnover on
chromatin. Depletion of WAPL leads to prometaphase delay and an increase in the fraction of chromatin-associated
cohesin (20–23). In WAPL depleted MEF cells, cohesin relocalizes and accumulates at sites of convergent transcription (23,24). These spatial changes in cohesin in WAPL depleted cells lead to hyper-condensation of interphase (vermicelli) chromatin, which is the result of unregulated extension of chromatin loops (22,23). To date, there have been no
reports of a biological process in which the levels of WAPL
in the cell are modified.
Interaction between virus and host factors is a central
and essential process in the life cycle of HCV and other
viruses. Interplay between cohesin and viral proteins has
been shown for several viruses. In the Herpes viridae family, cohesin binds regulatory elements on the virus genome,
and regulates the switch between the latent and lytic life cycles of the virus (25,26). Similarly, cohesin has been shown
to regulate expression of genes of post-integrated HIV (27).
A major difference between these viruses and HCV is that
the life cycle of the former viruses is nuclear, while HCV is
solely cytoplasmatic. Yet, it has been shown that HCV infection is associated with activation of genes that are essential
for the virus life cycle such as genes in the lipid metabolism
pathway (28). In addition, HCV infection induces chromosome instability (CIN) in cells (5–8). Therefore, an intriguing possible mechanism by which HCV affects these host
nuclear processes is through regulation of cohesin functions.
To date, such interplay has not been reported.
Here, we describe an interaction between HCV and cohesin. Infection of cells with HCV leads to increased expression of the cohesin subunit RAD21, and to changes in cohesin chromosomal residency. These changes affect gene expression and the structure of mitotic chromosomes. We provide evidence that the underlying mechanism involves the
viral protease, NS3/4A, and the cohesin regulator, WAPL.
These findings elucidate the mechanism whereby HCV can
usurp cellular processes, and provide a rationale for the induction of HCC in infected cells.
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G kit (Milipore). Cross-links were reversed, and DNA purified. The purified DNA was then used for RT- PCR and next
generation sequencing (NGS) using Illumina HiSeq 2500.
Treatments of HCV infected cells with p300/CBP inhibitor
C646

siRNA transfection of RAD21
RAD21 siRNA (sense GGUGAAAAUGGCAUUACG
GTT; antisense CCGUAAUGCCAUUUUCACCTT) and
negative control siRNA (sense CGUACGCGGAAUAC
UUCGATT; antisense CGAAGUAUUCCGCGUACG
TT) were purchased from IDT. Prior to transfection, 105
cells were seeded in 24-well plates and incubated for 24 h.
Cells were transfected with 6 g of siRNA using Oligofectamine Reagent (Invitrogen) according to the manufacturer’s instructions. Cells were infected with HJ3-5 chimeric
virus at a MOI of 0.5 48 h following transfection. The
cells were incubated for 48 h following infection, and the
medium was collected to determine viral titer, as previously
described (31). The cells were then harvested for evaluation
of HCV RNA and RAD21 RNA levels by qPCR as described below.
ChIP-seq bioinformatics analysis
Short sequence tags were quality trimmed, and sequences
shorter than 35 nt were discarded. The sequences were
aligned to the GRCh37 (hg19) reference genome using
BWA (35). Duplicate alignments were removed. Peaks were
generated for each sample using MACS (36) with an input
sample as background. Peaks were merged, with any region
covered by at least two sample-based peaks used for downstream differential analysis. Aligned reads within the consensus peak regions were counted using bedtools multicov
(37) with a minimum alignment quality threshold of 20. Differential analysis was performed using edgeR (38).
RNA-Seq
Total RNA from 100% HCV infected (generated as described above) and non-infected Huh7.5 cells was purified
using the RNeasy Mini Kit (Qiagen). Next, 1 g of total
RNA was treated with the NEB Next poly (A) mRNA Magnetic Isolation Module (New England Biolabs). RNA-seq
libraries were produced by using the NEBNext Ultra RNA
Library Prep Kit for Illumina (New England Biolabs), and
sequenced by Illumina HiSeq 2500.
RNA-Seq bioinformatics analysis
Short sequence tags were quality trimmed, discarding sequences shorter than 35 nt. The sequences were aligned to

Pathway analysis
Using the RNA-Seq and RAD21 ChIP-Seq data we generated ranked lists of differentially modified genes (DMGs,
for ChIP-seq signal at a vicinity of a specific gene) and
differentially expressed genes (DEGs, for RNA-seq signal)
(Ranked from most significant decrease to the most significant increase). The two gene lists were used for gene ontology (GO) analysis using the MetaCore database from
Thomson Reuters (version 6.11, build 41105, GeneGo,
Thomson Reuters, New York, NY, USA) (40) pathway
analysis tool. This pathway analysis tool was used to perform gene network enrichment analysis from integration of
RNA-seq and Rad21 ChIP-seq data. All genes that were
identified as DMGs or DEGs were included in the analysis. The enrichment analysis consisted of matching gene IDs
of possible targets for the ‘common’ (black/white bar), and
‘unique’ (RNA-seq-black, Rad21 ChIP-seq-grey) sets with
gene IDs in functional ontologies in MetaCore. The probability of a random intersection between a set of IDs the
size of the target list with ontology entities is estimated by
the P value of the hypergeometric intersection. The lower
p value reflects higher relevance of the entity to the dataset,
which shows a higher rating for the entity. A canonical pathway represents a set of signaling and metabolic maps. These
are created based on published peer reviewed literature using the Thompson Reuter MetaCore analysis, GeneGo. The
top scored maps (map with the lowest P value) are based on
the enrichment distribution sorted by the ‘common’ set.
Quantitative RT-PCR
Total RNA from tested cells was extracted using a RNA kit
(Qiagen). Equal amounts of the RNA isolated from treated
or control cells were transcribed into cDNA using the High
Capacity cDNA Reverse Transcriptase kit (Applied Biosystems) and analyzed by RT-PCR using Power SYBR Green
Master Mix (Life Technologies). Oligonucleotides were designed using the Primer3 PCR Primer Design Tool according to the RNA-Seq and ChIP-seq data. The thermal program included a 10 min incubation at 95◦ C to activate the
FastStart Taq polymerase, followed by 40 cycles of 95◦ C
for 10 s, 58◦ C for 10 s and 72◦ C for 20 s. The fluorescence
readings were recorded after each 72◦ C step. Dissociation
curves were performed after each PCR run to ensure that
a single PCR product had been amplified. Differential expression was calculated using the equation of 2(–Ct) , with
the GAPDH as the endogenous controls. RT-PCR analysis using RNA from three independent experiments was
conducted. For validation of ChIP-seq data, primers for
qPCR were designed to target the peaks of the tested genes
according to the RAD21 ChIP-Seq data. Purified DNA
following ChIP with anti-RAD21 Ab was quantified by
qPCR. Values were normalized relative to qPCR for these
genes following ChIP with normal Rabbit IgG Ab as control. Real time quantitative RT-PCR was carried out using
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Huh7.5 cells were infected with HJ3-5 chimeric virus at a
MOI of 0.1 and passaged for 2 weeks until ∼100% of the
cells were HCV positive. Two weeks post infection, infected
cells were treated with 10 M of C646 (Medchem Express).
Medium containing drugs was replaced every 48 h for 8
days. RNA was purified, and RAD21 expression was quantified by qPCR as described below.

the GRCh37 (hg19) reference genome using STAR (36).
Aligned reads were counted using featureCounts (39), by
means of the Ensemble Version 75 transcript database. Differential analysis was performed using edgeR (38).
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Cell cycle arrest
HCV infected (100% infected, generated as described
above) and non-infected Huh7.5 cells were arrested at the
G0/G1, G1/S and G2/M stage using 2% DMSO, 0.1 g/ml
hydroxyurea, or 0.3 g/ml nocodazole, respectively. Cells
were grown until they reached 90% confluence. For flow cytometry, cells were washed with 1× PBS and re-suspended
in 1 ml, 70% cold EtOH. Prior to FACS assay, the cells were
washed with 1× PBS and re-suspended in 100 l of a solution containing 50 g/ml propidium iodide and 1 mg/ml
RNase in PBS for 2 h. The cell suspension was gently mixed
and incubated at 37◦ C for 30 min, and 300 l of PBS was
added before proceeding to FACS assay. The cell cycle profiles were then analyzed using a Flow Cytometer (Galios).
At least 10 000 cells in each sample were analyzed to obtain
a measurable signal. All measurements were performed using the same instrument setting.
Cell fractionation
Nuclear and cytoplasmic extracts were prepared from HCV
infected and non-infected Huh7.5 cells as previously described (41), with some modifications. Briefly, 1 × 107 cells
were pelleted and resuspended in 200 l of Buffer A [10 mM
HEPES–KOH pH 7.9, 1.5 mM MgCl2 , 10 mM KCl, 0.5
mM dithiothreitol, supplemented with protease inhibitor
cocktail (Sigma)] and incubated on ice for 10 min. After
centrifugation at 12 000 rpm for 30 s, cytoplasmic extract
(supernatant) was harvested. The pellet was washed three
times using 1 ml buffer A supplemented with 0.2% NP-40 to
remove any residual cytoplasmic extracts and peri-nuclear
proteins. The pellet was then resuspended in 50 l buffer
C (20 mM HEPES–KOH pH 7.9, 25% glycerol, 420 mM
NaCl, 1.5 mM MgCl2 and 0.2 mM EDTA) and protease
inhibitor cocktail and incubated on ice for 1 h with intermittent vortexing at 4◦ C. After centrifugation at 12 000 rpm for
5 min, the supernatant was collected and used as a source of
nuclear proteins. Both nuclear and cytosolic proteins were
detected by western blot.
Western blot
Nuclear and cytosolic fractions or total cell lysates were separated by SDS-PAGE. The proteins were transferred to nitrocellulose membranes and incubated with the primary antibodies RAD21 (BETHYL), Kap-1 (BETHYL) (nuclear

fraction marker), and tubulin (SIGMA) (cytoplasmic fraction marker) as an internal control, and WAPL (Abcam).
After removal of the unbound primary antibody, membranes were incubated with secondary antibody–peroxidase
conjugate (Jackson), processed for detection by chemiluminescence (Advansta) and imaged on a ImageQuant LAS
4000. Protein levels were quantified and normalized to Kap1 and tubulin using ImageJ software.
Chromosome spread
For chromosome spreads, HCV infected (100% infected,
generated as described above) and non-infected Huh7.5
cells or DAA treated cells (generated as described above)
were used. For preparation of metaphase cells, nocodazole
(final concentration 0.1 g/ml) was added to the culture
medium of the cells for 12 h before cell harvest. Mitotic cells
were collected by quick trypsinization, and treated with 75
mM KCl at 37◦ C for 30 min. and then dropped onto coverslips. The chromosome spreads were fixed with methanol:
glacial acetic acid (3:1) fixative solution, and incubated with
DAPI. Wide field fluorescence images were obtained using
the Zeiss AxioImager M2 system fully motorized upright
microscope (100XPlan-Apo, 1.4N/A) driven by Zen blue
software. The 3D images were deconvolved using a point
spread function (PSF) based deconvolution algorithm Huygens Essential II (Scientific Volume Imaging, Hilversum,
The Netherlands), and processed by Imaris (Bitplane).
Multipolar spindle analysis
HCV infected (100% infected, generated as described
above) and non-infected Huh7.5 cells were grown in 8well glass chambers. Cells were arrested 8 days post infection in prometaphase by nocodazole. After synchronization, the medium was replaced to enable the cells to proceed
to later stages of mitosis, and then processed for immunostaining. Immunofluorescence staining was carried out on
paraformaldehyde-fixed cells. Cells were first permeabilized
with a solution containing Triton X-100 0.5% and incubated overnight at 4◦ C with mouse anti-␣ tubulin antibody (Sigma-Aldrich) diluted 1:400 in PBS/1% BSA. After extensive washing, cells were incubated with Cy-3 conjugated anti-mouse antibody (Sigma-Aldrich) diluted 1:400
in PBS/1% BSA and mounted in Vectashield® Mounting
Medium with DAPI (Vector Laboratories). Images were
obtained on a Zen Apotome immunofluorescenece microscope (Zeiss).
Transfection of HCV proteins
Expression plasmids pCDNA3.1-Hygro-NS4ANS3 and
pCDNA3.1-Hygro-Core for the expression of NS4ANS3
or Core (a generous gift from Prof. Itai Benhar, Tel-Aviv
University), were transfected into Huh7.5 or THLE-3 cells
using polyethylenimine (PEI). In brief, 12 ng of the plasmids were mixed with 24 l of PEI. Following vortex,
the tubes were incubated for 10 min at room temperature.
The mixtures were added to the cells and mixed followed
by 24 h incubation. The medium was then replaced with
DMEM. Following incubation for 48 h, cells were harvested for quantitative RT-PCR, chromosome spreads, or
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primers for the 3 -untranslated region (UTR) of HCV: (FW
GCCATGGCGTTAGTATGAGTGT; REV CCCTATCA
GGCAGTACCACAA), and RAD21 (FW CCTCAGCA
GGTAGAGCAAATGG; REV GCATCTGCTGAGTG
CGTTTGTT). The primers for the detection of the acetylation state of RAD21 promoter by qPCR following H3K9Ac
ChIP were designed to span the interval chr8:117886000117887000: RAD21gDNA FW GGAGGAAAAGAAGG
GGTCGG; RAD21gDNA REV CTGCTCGGAAGCTA
CACCTC. Values were normalized relative to qPCR for
these genes following ChIP with normal Rabbit IgG Ab as
control.

Nucleic Acids Research, 2019, Vol. 47, No. 5 2459

multipolar spindle analysis as described above. Transfection efficiency was determined by Immunostaining with
HCV-positive serum of infected subject and anti-human
488 Alexa fluor (Jackson) as secondary antibody.
Analysis of HCC development in HCV infected patients

Superimposition of RAD21 HCV-altered binding sites on
copy number variations (CNVs) in HCC
The RAD21 binding sites that are altered following HCVinfection identified by ChIP-seq were compared with a series of genomic intervals that encompass the boundaries of
common copy number variations (CNVs) in HCC by GISTIC2 algorithm (43). The difference between the expected
random overlap among cohesin genomic positioning and
CNV boundaries was calculated using INRICH algorithm
(44). Moreover, the list of genes associated with cohesin
binding site that are changes in HCV infected cells was compared with a another list of 98 genes within intervals of
CNVs detected in HCC (45). Statistical significance for the
correlation was calculated by hypergeometric test.
RESULTS
HCV infection increases the expression of the cohesin subunit
RAD21 through activation of p300/CBP
The immediate effect of many viruses in infected cells is hijacking the transcription system, and its modulation for viral proliferation (28). As cohesin was identified as a regulator of gene expression, we evaluated the possibility that
HCV misregulates cohesin levels in the cells. We infected
Huh7.5 cells with the commonly used chimeric 1a/2a virus,
HJ3-5, which replicates and produces infectious viruses
(29). Cells were infected with HJ3-5 at an MOI of 0.1. Expression level of RAD21 and the dynamics of infection were
determined by qPCR using primers for RAD21 and for
the 3 UTR of the viral genome, respectively. At four days
post infection, expression of RAD21 was increased by ∼2fold compared to the uninfected control, and then declined
(Figure 1A), concordantly with the peak of viral RNA
replication (Figure 1B). To further validate that RAD21
is specifically upregulated in response to HCV infection
we maintained the infected cells for 2 weeks to obtain a
steady-state of viral infection which better simulates the
state chronic infection. Then, we cured the infection with
DAA. The results in Figure 1C demonstrate a twofold increase of RAD21 mRNA level in HCV-infected cells. However, RAD21 mRNA level was reverted to the level of control non-infected cells in HCV infected cells treated with
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Microarray-based genome-wide profile data was obtained
from the NCBI Gene Expression Omnibus (GSE15654)
(42) using MATLAB (The Mathworks, Inc.). The dataset
included gene expression profiles of liver biopsies from 216
patients with hepatitis C-related Child-Pugh class A cirrhosis. The log-rank test and Cox regression modeling were
used to evaluate association between RAD21 expression
and time from the enrollment to development of HCC using R statistical package (www.r-project.org). Patient samples were split into high and low RAD21 expressing groups
based upon Z-score cutoff of 1.

DAA. DAA did not have any effect on RAD21 expression
in non-infected cells (Figure 1C).
The experiments above were conducted in Huh7.5 cell
line. To verify these results in primary cells, we infected normal primary human hepatocytes (PHH) with HCV. Similar
to the results in Huh7.5 cells, we detected twofold increase in
RAD21 expression compared with non-infected cells (Figure 1D and E). We concluded that HCV infection upregulates RAD21 gene expression.
We investigated the possibility that the change in RAD21
expression is mediated by HCV-induced epigenetic changes.
The histone modification histone H3 acetylated on lysine 9
(H3K9Ac), that is an epigenetic marker for transcriptional
activation, was previously associated with liver-specific epigenetics (46,47). Therefore, we evaluated whether the HCVinduced change in RAD21 expression correlates with an increased H3K9Ac level at the promoter of this gene. HCV
infected Huh7.5 cells (100% infection for two weeks) were
used for chromatin immunoprecipitation with antibody
against H3K9Ac. The enrichment of RAD21 promotor was
evaluated by qPCR. We found a twofold increase in acetylation in this region, suggesting that RAD21 expression is activated in response to HCV infection (Figure 1F). Inhibition
of the histone acetyl transferase (HAT) p300/CBP, which
mediates acetylation of H3K9, by its selective inhibitor
C646 in infected cells partially restored RAD21 expression to its native levels, compared with non-infected C646
treated cells. We have recently found that treatment with
C646 reduces HCV infection (unpublished data). Collectively, these results suggest a role for p300/CBP in RAD21
expression (Figure 1G).
We tested if the increased expression of the RAD21 gene
is associated with increased levels of the protein. Surprisingly, we did not detect a significant change in the steady
state levels of RAD21 in asynchronous cells when we analyzed total cell extracts by western blot with antibody
against RAD21. As cohesin is temporally and spatially regulated (17), we explored whether the increased expression of
the RAD21 gene may affect cohesin localization in the cell
at different stages of the cell cycle. We arrested non-infected
and infected Huh7.5 cells at the G0, S or G2/M stages
of the cell cycle by supplementing the cell medium with
DMSO, hydroxyurea, or nocodazole, respectively (Supplementary Figure S1). HCV infected and non-infected cells
demonstrated similar profiles of cell cycle stages in both unsynchronized as well as in synchronized cells (Supplementary Figure S1). Whole cell extracts were prepared and fractionated to cytoplasmic and nuclear fractions using a sucrose cushion. Samples were analyzed by western blot with
an antibody against RAD21. No significant difference in
RAD21 levels was detected in the cytoplasmatic fraction
in cells arrested at G0, S phase, or in prometaphase arrested cells (Figure 1H). Similar results were obtained in
the nuclear fraction of G0 and S-phase arrested cells. However, a twofold increase in RAD21 levels was observed in
the nuclear fraction of infected prometaphase cells, compared with non-infected cells at the same stage of the cell
cycle (Figure 1H and I). These results suggest that nuclear
RAD21 is increased in mitosis prior to chromosome segregation, and its dissolution is inhibited by HCV.
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Figure 1. HCV infection increases the expression of cohesin. (A) Levels of mRNA of RAD21 gene in HCV-infected Huh7.5 cells compared to control
non-infected cells following 4, 8 and 12 days post infection evaluated by qRT-PCR. Fold change is calculated compared to non-infected Huh7.5 cells
and presented as means fold change compared to control ± SD from three independent experiments (*P = 0.0215, t-test). (B) Levels of HCV RNA in
HCV-infected Huh7.5 cells compared to control non-infected cells following 4, 8 and 12 days post infection evaluated by qRT-PCR. HCV RNA copies are
calculated compared to non-infected Huh7.5 cells per ng of total cellular RNA. Data from three biological replicates are presented as means ± SD. (C)
Levels of mRNA of RAD21 gene in non-infected, HCV-infected, non-infected DAA treated and HCV-cured cells following treatment with DAA evaluated
by qRT-PCR. Fold change is calculated compared to non-infected Huh7.5 cells and presented as means fold change compared to control ± SD from
three independent experiments (*P = 0.0215, t-test). (D) Levels of mRNA of RAD21 gene in HCV-infected PHH cells compared to control non-infected
PHH cells evaluated by qRT-PCR. Fold change is calculated compared to non-infected PHH cells. Data from three biological replicates are presented
as means ± SD (*P = 0.04, t-test). (E) Levels of HCV RNA in HCV-infected PHH cells compared to non-infected PHH cells evaluated by qRT-PCR.
HCV RNA copies are calculated compared to non-infected PHH cells per ng of total cellular RNA. Data from three biological replicates are presented.
(F) Enrichment of H3K9Ac in RAD21 transcription start site (TSS) evaluated in HCV infected Huh7.5 cells compared to non-infected cells following
chromatin immunoprecipitation with antibody against H3K9Ac. The enrichment of RAD21 was evaluated by qPCR with primers specific to RAD21 TSS.
Values were normalized relative to qPCR for these genes following ChIP with normal Rabbit IgG Ab as control. Data from three biological replicates are
presented as means ± SD (**** P < 0.0001, t-test). (G) Levels of mRNA of RAD21 gene in HCV-infected Huh7.5 cells compared to non-infected cells
following C646 treatment evaluated by qRT-PCR. Fold change is calculated compared to non-infected Huh7.5 cells treated with C646 and presented as
means ± SD from three biological replicates (**** P < 0.0001, * P < 0.02, t-test). For all qPCR experiments differential expression was calculated using
the equation of 2(-Ct) , with the GAPDH as endogenous controls. (H and I) Relative quantity of RAD21 proteins at the nucleus at different stages of the
cell cycle. Infected and non-infected Huh7.5 cells treated with DMSO (G0), hydroxyurea (S) and nocodazole (G2/M). Cells were lysed and fractionalized
to cellular and nuclear extract. Protein levels of RAD21 were evaluated by Western blot (H). RAD21 protein levels were quantified from four biological
replicates and normalized to Kap-1 and tubulin using the ImageJ software (**P = 0.0046, t-test) (I).
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HCV infection alters genome-wide cohesin binding, correlating with misregulation of gene expression

Increased expression of RAD21 affects HCV infection
We showed that HCV infection increases cohesin expression and changes cohesin localization on chromatin in cells.
Since these changes correlate with expression of genes involved in the HCV life cycle and oncogenesis, we tested the
possibility that reducing RAD21 expression to its level in
uninfected cells will also interfere with HCV infection. To
this end, we partially depleted RAD21 from Huh7.5 cells by
siRNA. To eliminate cell cycle effects of RAD21 depletion,
the experiment was performed on non-dividing cells that
were maintained in DMSO. In HCV infected Huh7.5 cells,
RAD21 expression in RAD21 siRNA-treated cells was
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HCV has been shown to modulate the transcriptome of infected cells to support viral production (28). While the total amount of RAD21 on the chromatin was similar in uninfected and HCV-infected cells at interphase, we explored
the possibility that HCV might modify the chromosomal
residency of cohesin in order to affect gene expression. This
possibility was tested by infecting Huh7.5 cells with HJ3-5
virus, and passaging the cells until ∼100% of the cells were
positive for HCV. These cells were used for chromatin immunoprecipitation followed by next generation sequencing
(ChIP-seq) of the RAD21 cohesin subunit. The analysis of
differential peaks is presented in Figure 2A demonstrating
the number of counts per million (CPM- the log2 of the read
abundance determined by edgeR) for each peak versus the
log2 fold change between infected and non-infected cells.
Data revealed over 4400 RAD21 binding sites distributed
along the genome with significant change in infected compared with non-infected cells (Figure 2A, red dots). Overall, we observed enrichment of RAD21 on the chromatin in
infected cells (Figure 2A, red dots, log2 fold change > 0).
Intersection of these data with annotated genomic features
revealed that these binding sites are enriched mainly at regulatory elements including CpG islands, enhancers, and promoters (Figure 2B). This annotation defined the differentially modified genes (DMGs; genes in the vicinity of differential ChIP-seq peaks) induced by HCV infection for each
ChIP-seq experiment.
In an attempt to correlate between cohesin relocalization in HCV infected cells and gene expression, we determined the changes in the transcriptome of HCV-infected
compared to non-infected cells. Huh7.5 cells were infected
with HCV as described above, and used for transcriptome
profiling by RNA-seq. The analysis of differential peaks
(HCV-infected compared to non-infected cells) identified
2672 differentially expressed genes (DEGs) when using a
threshold of at least a 1.5-fold change in expression, with
P < 0.05. The full description of these gene expression data
will be reported elsewhere. We have generated a ranked list
of DMGs (for ChIP-seq signal at a specific gene) and DEGs
(for mRNA) (Ranked from most significant decrease to the
most significant increase). Plotting the mRNA rank, indicating the difference in expression, against the differential
ChIP-Seq ranks indicating RAD21 differential chromosomal residency, revealed a positive correlation (Figure 2C,
Spearman rank: P = 9.35e–17). These results show that
level of change in expression of genes following HCV infection is correlated with the level of change in RAD21 residency on the chromatin following HCV infection at the
position of these same genes. Furthermore, this correlation was maintained when the mRNA rank was plotted
against the differential residency of RAD21 at transcription
start sites (TSS) (Figure 2D, Spearman rank: P = 5.88e–
12). These results strongly indicate a positive association between cohesin chromosomal residency and gene expression
changes in HCV infected cells.
To further investigate the signaling pathways that are disrupted by HCV infection due to misregulation of cohesin,
we subjected the outlier RNA-Seq DEGs and RAD21

ChIP-Seq data to the Thompson Reuter MetaCore analysis
pipeline, GeneGo. Several enriched pathways were found to
be common in both RNA-seq and RAD21 ChIP-seq data.
The full description of the pathways and their statistical significance is described in Supplementary Table S1. Among
the top pathways are regulation of lipid metabolism, KRAS signaling, HGF signaling, cytoskeleton remodeling
and immune response (Figure 2E). These pathways are implicated in HCV lifecycle and pathogenesis (28,48). However, this is the first report that these expression changes correlate with cohesin residency. The scores of these pathways
were evaluated by P-value for the enrichment of genes in
these pathways common to RNA-seq and RAD21 ChIPseq datasets. High statistical significance was found for
the enrichment of these pathways in the common datasets
(0.00005 ≤ P ≤ 0.00158). In contrast, the enrichment of
genes in these pathways at sites of altered chromatin binding
unique to the RAD21 ChIP-seq data was not significant (P
= 1) (Figure 2E). This analysis supports the involvement of
HCV-induced re-positioning of RAD21 on the chromatin
in the regulation of these pathways through gene expression.
The enrichment of RAD21 on specific locations and the
change in mRNA was validated by PCR on a panel of genes
participating in these pathways. These genes are involved
in cell proliferation, differentiation and survival (MUC20,
INHBB, FGF21, RRAD,), cytoskeleton remodeling and
invasion (SNAI1, FGF21, BAIAP2L2, lipid metabolism
(FFAR2), inflammation (AMBP) and glucose metabolism
(SLC2A10). The full description of the biological impact of
the selected genes is provided in Supplementary Table S2.
Overall, the qPCR gene-specific methods validated the upregulation or down regulation signals we observed in the
genome-wide analysis (Figure 2F, G and Supplementary
Table S2). In most genes, increased or decreased RAD21
binding correlated with increase or decrease in gene expression, respectively. However, we observed also an opposite
trend (MUC20, FFAR2 and SLC2A10). This observation
is in agreement with the known effects of cohesin that may
induce both activation or suppression of gene expression
(49–51).
To validate that the change in enrichment of RAD21 levels in the promotors of these genes is HCV-specific, we performed RAD21-ChIP followed by qPCR to the tested genes
also in HCV-cured cells following DAA treatment. The results show the reversion of RAD21 level in HCV-cured cells
compared to HCV-infected cells for all tested genes (Figure
2H).
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Figure 2. Integration of genome wide alteration in RAD21 chromosomal binding sites and gene expression following HCV infection. (A) Change in
genome-wide distribution of RAD21 following HCV infection (100% HCV infected, generated as described in the methods) determined by RAD21 ChIPseq experiment. The plots show the number of counts per million (CPM- the log2 of the read abundance determined by edgeR) for each peak versus the log2
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HCV induces chromosome hyper-condensation and the appearance of multi-polar spindles
In addition to its function in gene expression regulation,
cohesin is a guardian of genomic stability (52). It has
been shown that HCV induces CIN in the host cell by
an unknown mechanism that eventually leads to HCC
(5,53,54). The increased levels of cohesin in the nuclei of
HCV-infected cells may induce structural changes in mitotic chromosomes. To explore the morphology of chromosomes following HCV infection, Huh7.5 cells were infected with HCV. When ∼100% of the cells were infected,
cells were arrested at prometaphase by nocodazole treatment. Chromosomes from the infected and non-infected
control cells were seeded, stained with DAPI and observed
by fluorescence microscopy. Strikingly, we observed a hypercompacted morphology of chromosomes in the nuclei
of infected cells (Figure 4A). This morphology was found
in about 20% of the non-infected cells. However, hypercompacted chromosomes were observed in >80% of the HCV
infected nuclei (Figure 4B). The NS3/4A protease can be
specifically inhibited by the direct-acting antiviral (DAA)
paritaprevir (55). The hypercondensation of the chromosome was therefore tested in uninfected and infected cells in
the absence or presence of paritaprevir. Strikingly, treating
the cells with NS3/4A inhibitor restored the normal condensation state of the chromosomes (Figure 4B). To better
characterize the hypercompact chromosomes, we evaluated
their physical properties. The average length of chromo-

somes from uninfected nuclei was >4 m (Supplementary
Figure S3A). In the infected nuclei, the chromosome length
was shortened by 2-fold to ∼2 m. The average volume
and area of the chromosomes of infected nuclei were about
50% less than in uninfected nuclei (Supplementary Figure
S3B and C). The measured DAPI staining intensity/m3
of chromosomes in infected nuclei was fourfold higher than
in uninfected nuclei, indicating that the chromosomes of infected cells appear smaller due to hypercondensation (Figure 4C).
Recent reports suggested that RAD21 and cohesin have a
role in centrosome integrity that is independent of its function in sister chromatid cohesion (56). We tested the possibility that HCV-induced misregulation of cohesin leads
to centrosome abnormalities. Huh7.5 non-infected, HCVinfected (100% infection for two weeks), non-infected DAA
treated and HCV-cured DAA treated cells were arrested
in prometaphase by nocodazole. After synchronization,
medium was replaced to enable the cells to proceed to later
stages of mitosis, and the cells were then processed for
immunostaining. Chromosomes were stained with DAPI
while the spindles were immunostained with antibody
against ␣-tubulin. Cells were also immunostained for viral
proteins to verify infection. We observed a low background
of approximately 4% of cells with multipolar spindles in
non-infected cells, probably since Huh7.5 cells are derived
from a hepatoma. Remarkably, we observed a twofold increase of multipolar spindle events in HCV-infected cells
(Figure 4D and E), which reverted to the level of control
non-infected cells following curing the infection with DAA.
No effect of DAA on multipolar spindle formation has been
found in non-infected cells (Figure 4D and E).
The HCV-induced overexpression of RAD21 is associated
with increased risk for HCC development.
We aimed to evaluate the potential effect of these observations on HCC development. To predict the effect
of HCV-induced overexpression of RAD21, we analyzed
Microarray-based genome-wide profile data obtained from
the NCBI Gene Expression Omnibus (GSE15654) (42).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
fold change between infected and non-infected cells for each peak. Regions subjected to significant changes are shown in red (adjusted P-value < 0.05), and
non-significant changes are shown in black. Six biological replicates were performed for RAD21 ChIP-seq. (B) Over representation of all RAD21 peaks in
genomic features (CpG islands, Enhancers, Exons, Promotors, Introns and gene body). Peaks were compared using a Fisher exact test to a background set
which was generated by taking an equal sized random region within 1 Mbp of each RAD21 peak. The Y axis is the log2 Odds Ratio)OR(. The error bars are
95% confidence intervals. (C and D) Integration of RNA-seq with RAD21 ChIP-Seq data analysis. Differential mRNA rank was compared to differential
ChIP-Seq ranks in TSS (C) or whole gene regions (D). Ranks were calculated by signed –log10 as determined by edgeR (Ranked from most significant
decrease to the most significant increase for: mRNA (x axis) vs ChIP signal (y axis)). Rank order bins of 1000 mRNA contigs each were generated. For each
bin, the median (thick line) and interquartile range (gray area) are shown for the matched differential ChIP-Seq ranks (Spearman rank: P = 9.35e–17 (C),
P = 5.88e–12 (D)). (E) Pathway analysis generated from RNA-seq and RAD21 ChIP-seq integration data. Enrichment analysis consists of matching gene
IDs of possible targets for the ‘common’ and ‘unique’ sets with gene IDs in functional ontologies in MetaCore. The probability of a random intersection
between a set of IDs the size of the target list with ontology entities is estimated by the P-value of the hypergeometric intersection. Data was generated
using the Thompson Reuter MetaCore analysis GeneGo. Five pathways of the 10 most significant pathway maps are shown. The log10 of the P-value is
presented (F). Validation of RNA-seq by qRT-PCR for specific genes in HCV infected cells normalized to non-infected cells. Differential expression was
calculated using the equation of 2(-Ct) , with the GAPDH as endogenous controls. For RNA-seq and mRNA validation by qPCR six biological replicates
were performed. (G) Validation of RAD21 ChIP-seq by qRT-PCR for specific genes in HCV infected cells normalized to non-infected cells. Differential
expression was calculated using the equation of 2(-Ct) , with the GAPDH as an endogenous control. For ChIP-seq and ChIP-qPCR validation, five
biological replicates were conducted. Values were normalized relative to qPCR for these genes following ChIP with normal Rabbit IgG Ab as control.
(H) Validation of RAD21 ChIP-seq by qRT-PCR for specific genes in HCV infected cells normalized to non-infected cells, compared to HCV-cured cells
following treatment with DAA normalized to non-infected cells treated with DAA. Differential expression was calculated using the equation of 2(-Ct) ,
with the GAPDH as an endogenous control. Values were normalized relative to qPCR for these genes following ChIP with normal Rabbit IgG Ab as
control. Presented are means fold change compared to control ± SD from three independent experiments
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60–80% lower compared to the control siRNA-treated cells
(Figure 3A, B). Under these conditions, HCV infection,
measured by HCV RNA level (Figure 3C) and virus titer
(Figure 3D) was 40–60% lower in the RAD21 depleted cells
compared with the control treated cells. As demonstrated in
Supplementary Figure S2, the siRNA-mediated depletion
of RAD21 has no effect on cellular viability. These changes
in HCV production demonstrate that although RAD21 is
not essential for HCV infection, HCV-induced RAD21 misregulation enhances HCV infection, and thus affects HCV
life cycle.
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Figure 3. RAD21 level affects the efficiency of HCV infection. (A) Cells
were transfected with RAD21 siRNA or control siRNA and infected with
HJ3-5 chimeric virus at a MOI of 0.5. 48 hours following infection the
cells were harvested for evaluation of the RAD21 RNA levels by qPCR
as described above. (B) RAD21 protein level was evaluated by Western
Blot. Protein levels were quantified and normalized to tubulin using the
ImageJ software. (C) Level of HCV RNA was evaluated by qPCR. HCV
RNA copies are calculated compared to non-infected Huh7.5 cells per ng
of total cellular RNA. (D) Medium was collected to determine viral titer
by FFU assay as previously described (31). Three biological replicates were
performed for the experiment presented in A–D.

This dataset includes gene expression profiles of liver biopsies and clinical data from 216 patients with hepatitis Crelated Child-Pugh class A cirrhosis. The log-rank test and
Cox regression modeling were used to evaluate association
between RAD21 expression and time from the enrollment
to development of HCC. Patient samples were split into
high and low RAD21 expressing groups based upon Z-score
cutoff of 1 (Figure 5A). The results demonstrate more than
twofold acceleration in HCC development (HR, 2.38; CI,
1.36–4.17; P-value = 0.0017) in HCV infected patients with
high RAD21 expression compared to low RAD21 expression (Figure 5B). This dramatic difference in HCC development is obtained by only a minor change in RAD21 expression (high group Z-score: mean = 1.62, median = 1.48;
low group Z-score: mean = –0.31, median = –0.26) (Figure
5A), implying that the 1.5–2-fold change in RAD21 expression we observed in vitro may have important implications
for HCC development.
An intriguing hypothesis is that the viral-induced changes
in cohesin binding may be associated with viral-induced
CIN. We explored this possibility by comparing the RAD21
binding sites that are altered following HCV-infection that
we have identified with a series of genomic intervals that
encompass the boundaries of common copy number variations (CNVs) in HCC (generated by GISTIC2 algorithm)

The HCV proteins core and NS3 protease, were identified
previously as those mainly responsible for the induction of
chromosomal abnormalities in infected cells (5–8). Therefore, to dissect the mechanism by which HCV affects cohesin activity we transiently transfected Huh7.5 cells with
each these viral genes: core, NS3/4A protease, or a control
irrelevant protein (225, an anti-EGFR scFv (57)). Transfection efficiency was evaluated by immunostaining for the detection of transfected proteins, and was estimated as ∼50%.
Cells were harvested 2 days post transfection, and the expression of RAD21 was measured by qPCR. Transfection
of core had no effect on the expression of RAD21. However, overexpression of NS3/4A induced a 1.5-fold increase
in RAD21 expression (Figure 6A).
If NS3/4A overexpression is sufficient to alter RAD21
expression, it may also be sufficient to induce hyper condensation of mitotic chromosomes and multispindles. To test
this possibility, we arrested Huh7.5 cells that express an irrelevant control protein (scFv) or the viral protein core, as
well as cells expressing NS3/4A in prometaphase by nocodazole 2 days post transfection. Chromosome spreads from
these cells were immunostained to detect the spindle as described above (Figure 4). Remarkably, nuclei of cells that expressed NS3 alone revealed hypercondensed chromosomes
in 50% of the cells, while this phenotype was observed in
only about 10% of cells that expressed either core or a
control protein (Figure 6B, C). Similarly, we observed that
NS3/4A expression significantly increased the frequency of
multi-spindle formation (Figure 6D and E).
The Huh7.5 cells respond to the overexpression of
NS3/4A included increased levels of RAD21 expression,
mitotic chromosome hypercondensation and increased frequency of multicentrosomes. This cell line is originated
from hepatocellular carcinoma. We therefore, verified our
results in the normal, immortalized human liver cell line
THLE-3 (Figure 6F–H). These cells were previously used
as normal liver cells control for HCC-derived cell lines (58–
61). The THLE-3 cells were transfected with NS3/4A and
transfection efficiency was determined by immunofluorescence as ∼40%. The effect of NS3/4A overexpression in
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(43). Of 144 reported frequently aberrant CNV sites in
HCC genomes, 34 sites overlapped with RAD21 binding
sites. The difference between the expected random overlap
among cohesin genomic positioning and CNV boundaries
was calculated using INRICH algorithm (44) to be 1.16 ×
10−12 . The significant level of overlap, considering that random steps would still be involved in determining the exact
position of the CNV boundary, suggests a role for the cohesin positioning in the genome in the process that leads to
CNVs in HCC. Moreover, the list of genes associated with
cohesin binding site that are changes in HCV infected cells
was compared with a another list of 98 genes within intervals of CNVs detected in HCC (45). Interestingly, 84 genes
were common. The hypergeometric probability of this results is P(X = 84) = 7.9 × 10−31 , validating the strong statistical correlation between cohesin binding sites and CNV
events in HCC (Figure 5C).

siRNA
RAD21
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A

B

D

E

Figure 4. HCV infection induces chromosome hypercondensation and multipolar spindles in hepatoma cells. (A) HCV-infected (100% infected, generated
as described in the methods) and non-infected Huh7.5 cells were treated with nocodazole. Chromosome spreads were prepared and stained with DAPI.
Two representing images are shown for each condition. Scale Bar, 10 m. (B) Non-infected, HCV-infected, non-infected DAA treated and HCV-cured cells
following treatment with DAA were treated with nocodazole. Chromosome spreads were prepared and stained with DAPI. Chromosomes of each nucleus
were defined as normal or hypercondensed according to their average length. Chromosomes were defined as hypercondensed if at least 2-fold decreased
average length was measured compared to average length of chromosomes from nuclei of non-infected cells (n = 300). (C) Images of DAPI stained nuclei
of infected and uninfected cells were imaged in three dimensions and deconvolved with Huygens Essential (Scientific Volume Imaging). The ratio between
intensity to volume was measured for every chromosome separately by using Imaris (Bitplane) (****P < 0.0001, t-test). Red lines represent the median. (D)
HCV infected and non-infected Huh7.5 cells were arrested in prometaphase by nocodazole. After synchronization, cells were immunostained. Representing
images of non-infected (upper row) and HCV infected (middle and bottom rows) prometaphase cells immunostained for DNA (blue, DAPI), HCV with
serum from HCV-infected patient (green, 488 Alexa fluor) and ␣-tubulin (yellow, Cy-3). Scale Bar, 5 m. (E) Cells from non-infected, HCV-infected, noninfected-DAA treated and HCV-cured cells following treatment with DAA were stained with DAPI, anti HCV serum and anti-tubulin antibodies. Cells
with two spindles were defined as normal, while three or more spindles were classified as cells with multipolar spindle. The fold change of nuclei containing
multi spindles was calculated compared to control non infected cells and presented as means ± SD from three independent experiments. (n = 219-HCV
infected, n = 568-non-infected, n = 1183-non-infected DAA treated and n = 774-HCV-cured DAA treated; *P < 0.05, t-test).
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Figure 5. HCV-induced over expression of RAD21 is associated with HCC development. (A) Hepatitis C-related early stage cirrhosis samples (n = 216)
were stratified into high (n = 35) and low risk (n = 181) groups based on RAD21 expression levels (Z-score cutoff of 1). (B) Kaplan–Meier curves are shown
for HCC development from the time of enrollment. P-value was calculated using log-rank test. The hazard ratio (HR) and 95% confidence interval are
shown. (C) Superimposition of HCV-induced RAD21 binding sites on CNVs in HCC. Intersect between the list of genes associated with cohesin binding
site that are changes in HCV infected cells with a list of 98 genes within intervals of CNVs detected in HCC (45). Eighty four genes were common. The
hypergeometric probability of this results is P(X = 84) = 7.9 × 10−31 .

THLE-3 cells was consistent with our previous results in
Huh7.5 cells, indicating that it is a direct consequence of
the viral protein and not related to the genetic background
of the cells. This observation, combined with the rescue of
hyper condensation phenotype we observed in cells treated
with protease inhibitor (Figure 4B) suggest that NS3/4A is
sufficient to induce hypercondensation, and that its catalytic
protease activity is essential for this function.
Previous reports showed that WAPL depletion from cells
inhibits cohesin dissolution and induces chromosome hypercondensation (22,23). Hence, we speculated that the hy-

per condensation of cohesin in HCV infected cells and
NS3/4A over expressing cells may result from decreased
levels of WAPL. We did not observe significant change in
WAPL mRNA expression following HCV infection in the
RNA-seq data (fold change = 1.12, Adjusted P-value =
0.0004). To test the possibility that levels of WAPL protein is decreased following HCV infection, we analyzed total protein extracts from uninfected and HCV-infected cells
by western blot with antibody against WAPL. Strikingly,
WAPL protein levels were approximately 80% lower in infected cells than in the non-infected control (Figure 6I).
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Figure 6. Overexpression of HCV protein NS3/4A induces chromosome abnormalities in hepatoma cells. (A) Huh7.5 cells transfected with plasmids for
expression of control irrelevant protein (scFv), HCV NS3/4A or Core. Means mRNA levels of RAD21 gene are shown ± SD from three independent
experiments (**P = 0.0064, t-test). (B) Transfected cells were treated with nocodazole. Chromosome spreads were prepared and stained with DAPI. Representing chromosome images for each transfection are shown. Scale Bar, 5 m. (C) Nuclei of each sample were defined as normal or small chromosomes
according to their average length (n = 150). (D) NS3/4A transfected Huh7.5 cells were arrested in prometaphase by nocodazole. After synchronization,
cells were immunostained. Representing image of transfected prometaphase cells immunostained for ␣-tubulin (yellow, Cy-3), DNA (blue, DAPI) and NS3
(green, alexa flour 488) are shown. Scale bar, 5 m. (E) Nuclei of each sample were defined as normal or containing multipolar spindles (n = 171 (NS3
transfected) and 758 (mock transfected)). Means of fold change of nuclei with multi spindles compared to non-infected cells ± SD from three independent
experiments are shown (*P < 0.01, t-test). (F) Normal human liver THLE-3 cells transfected with plasmid for expression of HCV NS3/4A. Means of
mRNA levels of RAD21 gene from three independent experiments are shown (*P < 0.01, t-test). (G) NS3/4A transfected THLE-3 cells were treated with
nocodazole. Chromosome spreads were prepared and stained with DAPI. Nuclei of each sample were defined as normal or small chromosomes according
to their average length (n = 55 (NS3 transfected) and 60 (mock transfected)). (H) NS3/4A transfected THLE-3 cells were arrested in prometaphase by
nocodazole. After synchronization, cells were immunostained. Nuclei of each sample were defined as normal or containing multipolar spindles (n = 166
(NS3 transfected) and 280 (mock transfected)) Means of fold change of nuclei with multi spindles compared to non-infected cells ± SD from three independent experiments are shown (***P < 0.0001, t-test). (I) WAPL protein level in HCV-infected compared to non-infected cells was evaluated by Western
Blot. Protein levels were quantified and normalized to tubulin using the ImageJ software. (J) WAPL protein level in control (empty vector) transfected
cells, NS3/4A transfected cells and NS3/4A transfected cells following treatment with DAA was evaluated by Western Blot. Protein levels were quantified
and normalized to tubulin using the ImageJ software.
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Expression of NS3/4A in Huh7.5 cells was sufficient for
decrease of WAPL level (Figure 6J). Furthermore, treating
the NS3/4A transfected cells with NS3/4A inhibitor paritaprevir restored the WAPL to its levels in uninfected cells.
These results support a mechanism whereby HCV induces
chromosomal instability by decreasing the level of WAPL
by NS3 protease activity, which in turn, inhibits cohesin dissociation from the chromosome.

Cohesin is a major factor in the spatial organization of
the genome. Misregulation of cohesin affects both gene expression and genome stability and may contribute to cell
transformation. In this study, we show that an exclusively
cytoplasmic virus, HCV, dysregulates cohesin and induces
global alterations in chromatin structure and dynamics. We
further demonstrate possible mechanisms by which the interplay between HCV and cohesin affects theses cellular
processes and may contributes to the development of hepatocellular carcinoma (HCC).
Transcription is intimately controlled by the higher-order
structure of chromatin that is being mediated by cohesin.
Interphase chromatin is organized by Topological Associate
Domains (TADs) that are formed by cohesin and CTCF.
The current model for TAD formation includes extrusion
of the DNA by cohesin which is paused by cohesin–CTCF
interaction which is mediated by WAPL. TADs can be localized in either the gene expression active or inactive compartment (51). In addition, cohesin organizes the chromatin
in TADs by creating chromatin loops that encourage interactions between distal enhancers and gene promoters. A
common mechanism used by viruses is hijacking the cellular transcriptional machinery and enslaving it for the expression of genes and cellular pathways that are important
for viral propagation (28). Our results strongly suggest that
viral prevailing of the transcription machinery in infected
cells may include alternations in the higher order structure
of chromatin. We found that RAD21 is overexpressed in
HCV infected cells and relocalized to new genomic loci. Increased levels of RAD21 may result in increased levels of assembled cohesin or change its cellular isoform ratio, for example the ratio of SA1 and SA2-containing complexes (62).
Imbalance in the ratio of the cohesin core subunit SMC1
and SMC3 has been shown to affect the cohesin activity
(63–66). The increased levels of RAD21 and its redistribution on chromosomes may affect transcription by mediating changes in the 3D organization that may lead to relocalization of TADs between compartments or affect intraTADs organization. These changes will affect gene expression by both activation and suppression of genes. In agreement with this idea, we showed that cohesin is enriched in
regulatory elements of genes associated with pathways that
have been identified to be important for HCV life cycle. For
example, one of the most significant pathway we identified
to be altered in both RNA levels and RAD21 binding sites
is regulation of lipid metabolism (Figure 2E). It is known
that the virus misregulates the metabolism of lipids, an essential component for all steps of the HCV lifecycle, in the
infected hepatocytes, which may lead to pathogenesis and
cancer (28,67).
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DISCUSSION

In addition to its role in gene expression regulation, cohesin is a key factor in maintaining genome stability. We
showed that chromosomal instability induced by HCV includes multi-centrosomes and hypercondensation of mitotic
chromosomes. Normal bipolar mitosis requires cohesin,
and dysregulation of cohesin was associated with a multispindle phenotype (56,68). Expression of RAD21 mutant
that cannot be cleaved by separase (68) or overexpression
of SMC1 was shown to result in multi spindle mitosis and
aneuploidy (69). The second observation related to alterations in chromatin structure in HCV infected cells is hypercondensation of mitotic chromosomes. The effect of hypercondensation on the stability of the genome is poorly understood. Hypercondensation has been reported in WAPL
depleted cells, as well as in mutated NCAPD3 subunits of
the SMC complex condensin II (70). However, the mechanism by which hyper condensation is induced is currently
unclear.
Overexpression of RAD21 and downregulation of
WAPL provide a strong foundation for dissecting the mechanism by which HCV regulates cohesin. We first showed
that infection induces RAD21 overexpression, through
acetylation of its promoter by HAT p300/CBP, which plays
a role in viral infection. We further demonstrated that the
level of the cohesin regulator WAPL is reduced in HCVinfected cells and correlated with expression of the viral
NS3/4A protease. It has been suggested that WAPL restricts the size of TADs, and WAPL depletion results in increased loop size and hypercondensation (23,71). In addition, WAPL is a cohesin unloader and its depletion inhibits
cohesin removal from the chromatin during in late G2 phase
of the cell cycle (20). Cohesin residency at this stage may affect condensation by the condensin complex. Evidence on
the interplay between cohesin and condensation has been
described in model organisms (72–74). Recently, the role of
WAPL in DNA repair has been described in yeast (75). The
reduced levels of WAPL in HCV infected cells may contribute to the increased CIN through this mechanism. Prolonged association of cohesin with the chromosome as a result of WAPL removal may provide a mechanistic explanation for the observed G2/M cell cycle delay previously observed in HCV infected cells (4).
The identity of the viral protein involved in cohesin regulation is of great interest. We identified NS3/4A, a viral
cysteine protease with both viral and cellular targets as the
essential factor for WAPL downregulation (14). One possibility is that WAPL is a direct target of NS3/4A. Interestingly, we identified a NS3/4A cleavage site motif (D,
E)XXXX(C,T)|(CA) in WAPL at position 955–961 (14). In
future study we aim to determine if WAPL downregulation
is mediated directly by NS3/4A and identify a direct interaction between NS3/4A and WAPL. A fundamental question to be addressed is the timing of NS3/4A-WAPL interaction. If NS3/4A is transported to the cell nuclease the
interaction can occur throughout the cell cycle. Several reports suggest that NS3/4A is present in the nucleus during
interphase (76–78). However, this reports used recombinant
proteins and it is not yet clear if this localization also occur
in HCV infected cells. Alternatively, cytoplasmic NS3/4A
may gain access to the chromatin at prometaphase after nuclear envelope breakdown and chromatin condensation is
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