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Chronic Hepatitis C Virus (HCV) infection is a major risk for hepatocellular carcinoma (HCC) development. HCV Core
protein has been associated with the modulation of potentially oncogenic cellular processes and E2 protein has
been useful in evolutive studies to analyze the diversity of HCV. Thus, the aim of this study was to evaluate HCV
compartmentalization in tumoral, non-tumoral liver tissue and serum and to identify viral mutations potentially involved in
carcinogenesis. Samples were obtained from four patients with HCC who underwent liver transplantation. Core and E2
were amplified, cloned and sequenced. Phylogenies and BaTS Test were performed to analyze viral compartmentalization
and a signature sequence analysis was conducted by VESPA. The likelihood and Bayesian phylogenies showed a wide
degree of compartmentalization in the different patients, ranging from total clustering to a more scattered pattern with
small groups. Nevertheless, the association test showed compartmentalization for the three compartments and both viral
regions tested in all the patients. Signature amino acid pattern supported the compartmentalization in three of the cases
for E2 protein and in two of them for Core. Changes observed in Core included polymorphism R70Q/H previously
associated with HCC. In conclusion, evidence of HCV compartmentalization in the liver of HCC patients was provided and
further biological characterization of these variants may contribute to the understanding of carcinogenesis mediated by
HCV infection. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Chronic infection with hepatitis C virus (HCV) is
considered a major risk for hepatocellular carcinoma
(HCC) development [1]. According to recent esti-
mates, over 185 million people are infected with
HCV worldwide [2] and the rate of HCC progression
among this population ranges from 1% to 3% over
30 years [3]. HCC is a leading cause of cancer-related
death and its incidence is reported to be increasing
in the last years [4].
Viral-induced HCC pathogenesis is related to the

inflammation and regeneration environment that
results from chronic liver damage. In addition,
different HCV proteins are associated with the
modulation of cellular processes with consequent
potential oncogenic transformation [5]. In particular,
Core protein has been reported to interact with
several cellular proteins [6] and to modulate the
control of cell proliferation and apoptosis [7–10].
Additionally, HCV is a highly variable virus which

exists in the infected individual as a population of
closely related variants, denominated quasispecies.
The study of viral populations by analyzing the E2
region specially has contributed greatly to the
understanding of viral evolution [11]. In this context,
only selected HCV variants from the plethora of
sequences present in an infected patient would be

able to associate with specific cells. This phenomenon
is described as compartmentalization, and has been
observed in several studies [12–14].

Association of HCV heterogeneity with pathogene-
sis of HCC is a controversial issue. Molecular surveys
have associated the presence of HCV variants harbor-
ing specific amino acid polymorphisms with a higher
risk of HCC development [15–17]. However, most of
these studies were conducted on serum or plasma
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samples. Although circulating virus is thought to
represent liver population, some studies have shown
evidences that plasma variants differed from those in
the liver [18,19]. Moreover, a few studies have found
different viral variants according to tumoral or non-
tumoral tissue sub-localization within the liver of
HCC patients [20–25]. However, these studies ana-
lyzed only one protein and serum was not generally
evaluated. In the present work, both serum and liver
tumoral and non-tumoral compartments were in-
cluded. Additionally, the analysis was based on two
different structural proteins: Core, associated with
viral pathogenesis, and E2, which provides suitable
genetic information for variability evaluation.

Thus, the aim of this study was to evaluate HCV
compartmentalization in tumoral, non-tumoral liver
tissue and serum from patients with HCC, using
different phylogenetic approaches, and to identify
viralmutationspotentially involved in carcinogenesis.

MATERIALS AND METHODS

Patients and Samples

Four patients infected with HCV subtype 1b, with
cirrhosis and histologically proven HCC were
included in this study. None of them presented
co-infection with hepatitis B virus or human immu-
nodeficiency virus. All the patients underwent liver
transplantation for advanced liver disease. Fresh
tumoral (T) and non-tumoral (NT) tissue samples
were collected from the explanted liver and then
stored at�808C until use. Serum (S) samples were also
obtained from the patients, either previous or post
transplantation. Informed consentwas obtained from
each patient before the study was initiated.

RNA Extraction and Amplification

RNA was extracted from 200mL of serum using the
commercial kit High Pure Viral RNA Kit (Roche,
Germany) according to manufacturer’s protocol.
Trizol reagent (Life Technologies, Carlsbad, CA) was
used forRNAextraction from50–100mgof frozen liver
samples, according to manufacturer’s instructions.

Reverse transcription reaction was performed on
4.5mL RNA using reverse transcriptase M-MLV
(Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions and using the antisense primer
EA (50 RAA RCA RTG CGT GGG GCA 30). A genomic
fragment comprising Core, E1 and partial E2
(1740 bp) was amplified by nested PCR using Plati-
num Taq polymerase (Invitrogen) and the following
external primers ES (50 CGA AAG GCC TTG TGG TAC
TG 30, sense), EA (50 RAA RCA RTG CGT GGGGCA 30,
antisense), and internal primers IS (50 TTG TGG TAC
TGC CTG ATA GGG T 30), IA (50 AAC CCC GTG TAG
TTCATCCA30). The cycling protocol was: denaturing
at 948C 5min; followed by 40 cycles in the first round
and 30 cycles in the second one of 948C 40 s, 488C
1min and 728C 3min, increasing extension time

2min every 10 cycles; and a final extension at 728C for
5min. For two of the samples for which the previous
PCR was negative (T sample from patient 2 and NT
sample from patient 4), Core and E2 proteins were
amplified separately (593bp each) by nested PCR
using the primers: ES, EAcore (50 GAC CGG YAY CCA
RCA CCG AGA 30, antisense), IS and IAcore (50 GGA
AGA TAG ARA ARG AGC AAC C 30, antisense) for
Core; and ESe2 (50 TGGGAT AGA TGA TGA ACTGGT
30, sense), EA, ISe2 (50 TCC ATG GTG GGG AAC TGG
GC 30, sense) and IA for E2. The cycling protocol was:
denaturing at 948C 5min; followed by 40 cycles in the
first round and 25 cycles in the second one of 948C
30 s, 488C 30 s and 728C 1min for Core 1st round or
45 s in all other cases; and a final extension at 728C for
5min.

Cloning and Sequencing

Amplified fragments were cloned using pGEM-T
Easy kit (Promega, Madison, WI) according to the
manufacturer’s conditions, which provides a blue/
white system for clone selection. Thirty to fifty white
colonieswere screened by colony PCR for each sample.
PCR products of positive clones were sequenced in
both senses by an ABI automatic sequencer.

Phylogenies and Compartmentalization Test

The nucleotide sequences were aligned using
Muscle v3.8.31 program and alignments were ar-
ranged using BioEdit v7.2.0. The most appropriate
substitutionmodel for each dataset was selected using
jModelTest v2.1.3, assessed by theAkaike Information
Criterion. Phylogenetic trees were inferred using the
maximum likelihood (ML) method (PhyML 3.0) and
their reliability was assessed by 1000 replicates of
bootstrap resampling. For monophyly evaluation,
sequences with high similarity to the clones were
retrieved fromGenBank using the BLAST tool and the
phylogenetic analysis was evaluated by 100 replicates
of bootstrap resampling.
The association between phylogeny and compart-

mentalization was statistically assessed in the Bayes-
ian framework implemented in BaTS software. The
input trees were obtained using BEAST package
v1.8.0. All Monte Carlo Markov Chains were run for
108 generations in order to achieve an effective
sample size >200 in all the parameters. A relaxed
uncorrelated lognormal molecular clock with a fixed
rate of 1.0 s/s/y and the Bayesian Skyride model were
selected for the analysis due to their flexibility to
accommodate different population dynamics. An
input of 9000 trees was used for BaTS test, and three
states were defined according to the compartment
from which the sequences were obtained (serum,
tumoral tissue, or non-tumoral tissue) in order to
calculate three compartmentalization indexes: Parsi-
mony Score (PS), Association Index (AI) and Maxi-
mumMonophyletic Clade (MC). The expected values
for the indexes under the null hypothesis were
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estimated by 1000 randomized sets. Maximum clade
credibility trees (MCCT) were also obtained from the
Bayesian runs previously described.

Diversity and Complexity of Quasispecies

The evolutionary nucleotide mean genetic distan-
ces within each group were estimated with MEGA6
using maximum Composite Likelihood method.
Standard errors were obtained by bootstrap procedure
(100 replicates). Genetic complexity was calculated
with amino acid sequences and expressed as normal-
ized Shannon entropy (SN), being SN ¼ S

InN, where
S ¼ �Siðpi� lnpiÞ and N is the total number of clones
in each sample. In this case, pi is the frequency of each
clone in the quasispecies. SN theoretically varies
from 0 (only one variant detected) to 1 (maximum
quasispecies complexity).

Signature Sequence Analysis

TheVESPA softwarewas used to search for signature
patterns that distinguish tumoral liver tissue HCV
variants from those in the corresponding non-
tumoral tissue, both at the nucleotide and amino
acid level. A 0.7 threshold was applied. The residues
andnucleotides depicted by this analysis were verified
by visual inspection of the alignments.

Epitope Analyses

Continuous antibody epitopes from Core and E2
consensus protein sequences from NT and T samples
from each patient were predicted using on line IEDB
Analysis Resource (http://tools.iedb.org/main/), by
the BepiPred method [26]. This method uses a com-
bination of a hidden Markov model and a propensity
scale, based on parameters such as hydrophilicity,
flexibility, accessibility, turns, exposed surface, polar-
ity, and antigenic propensity of polypeptides chains,
to predict the location of linear B-cell epitopes.

Effect of Nucleotide Substitutions on Codon Usage

Codon usage was evaluated for Core and E2
proteins from T and NT variants by calculating the
Relative Synonymous Codon Usage (RSCU) index for
each synonymous codon using DAMBE software
v5.0.7. The RSCU value of a codon is its observed
frequency divided by its expected frequency in the
absence of usage bias. The correlation among RSCU
values from T variants and NT variants was analyzed
using the Spearman correlation test with the Graph-
Pad software. In addition, to comparatively evaluate
HCV and human codon usages, the correlation
among RSCU values was analyzed using the most
expressed liver genes [27].

Effect of Core Nucleotide Substitutions on RNA Structure

RNA secondary structural models were generated
using on line software RNAFold [28] byminimum free
energy prediction. The inputs were the consensus
Core sequences for each patient and sample (70%
majority criterion), including a small fragment from
the 50UTR (19nt). Already known RNA structures in
Core [29] were set as constraints for the folding.
Structures obtained for T and NT samples for each
patient were compared by visual inspection, deter-
mining the effects of nucleotide changes on the
structure.

Nucleotide Sequences Accession Numbers

Nucleotide sequences for Core and E2 clones have
been deposited in GenBank under accession numbers
KT709951–KT710160 and KT709747–KT709950,
respectively.

RESULTS

The characteristics of the four patients analyzed are
expressed in Table 1. A total of 414 cloned sequences
were obtained and an average of 17 (11–24) sequences

Table 1. Characteristics of Patients and Number of Clones Analyzed

Patient Age Gender
METAVIR
score

HCC
Edmondson–Steiner

grade
Viremia (log10
copies/ml) Tissue

Number of clones
analyzed

1 59 F A2F4 III 5.71 NT 19
T 12
S# 18

2 67 F A2F4 II 6.51 NT 18
T 24, 20a

S# 11
3 65 F A2F4 II 6.67 NT 16

T 17
S§ 13

4 55 M A2F4 II 6.51 NT 21, 19a

T 17
S§ 24

T, tumoral; NT, non-tumoral; S#, serum collected pre-transplant; S§, Serum collected post-transplant.
aFor Core and E2 regions, respectively.
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from each sample for both of the genomic regions
analyzed (Table 1).

Phylogenetic Analyses

The phylogenetic trees obtained for each of the
patients analyzed showed a distinct topology pattern
regarding clustering of variants from different local-
izations (Figures 1 and 2). For the samples for which
the 1740bp fragment was cloned and sequenced a
conjunct interpretation of Core and E2 phylogenies
was done.

Firstly, for patient 1 (Figure 1a), clones from each
sample: T, NT, and S, were grouped in highly
supported clades (>70% bootstrap value) for E2 and
Core proteins. Trees for both regions showed the same
topology. NT sequences were represented by two
lineages, one of them poorly sampled and distant
from the main one. For patient 2 (Figure 1b),
sequences fromT tissue showed several clusters, while
NT and S clones were represented by one lineage. This
result was observed in both regions analyzed. For
patient 3 (Figure 2a), the E2 tree revealed the existence
of two lineages in the liver. Interestingly, each of
them was formed by two monophyletic sub-lineages
corresponding to T orNT clones exclusively; however,
this clustering was not observed in the Core region.
All serum sequences grouped separately from liver
samples in both analyses. Finally, for patient 4, small
clusters of clones from each sample were observed,
although the topology support was limited. In
addition, Bayesian phylogenies were performed for
the four cases under study, and the MCCTs were
obtained (Supplementary Figure S1). In all the cases,
tree topologies were consistent with those obtained
by ML method.

Common origin of clones was evaluated by E2
region, since it gives appropriate phylogenetic signal.
The likelihood tree obtained showed that clones from
each patient formed monophyletic clusters with
statistic support (data not shown).

Compartmentalization Test

In all the cases analyzed, the phylogenies obtained
for Core and E2 showed global evidence of compart-
mentalization assessed by the AI and the PS
(P<0.001) (Supplementary Table S1). In addition,
MC index analysis, which is a statistic for each
particular trait, showed that the association was
statistically supported (P<0.05) for the three com-
partments and both regions tested in all the patients.

Diversity and Complexity of Quasispecies

Genetic diversity and complexity results for each
patient are depicted in Table 2. No significant differ-
ences were observed between T and NT compart-
ments. However, entropy values for Core protein T
samples ranged 0.424–0.814 (Mean¼0.611), whereas
the entropy for NT samples ranged 0.356–0.523
(Mean¼0.427). Thus, quasispecies complexity

showed a clear tendency to be higher within the T
samples than for NT samples (P¼0.055) for Core but
not for E2 protein.

Amino Acid and Nucleotide Patterns

The individual analysis on Core sequences showed
amino acids exclusive from one compartment for
patients 1, 2, and 3 (Figure 3). Moreover, differences
between T and NT variants were seen in cases 1 and 2.
In the E2 protein analysis, signature amino acids for
each compartment were also identified for cases 1, 2,
and 3 (Supplementary Figure S2), most of them
located within the hypervariable regions in E2. For
patient 3, different amino acid residues betweenT and
NT tissue variants were identified in both of the viral
lineages observed in the phylogeny (L1 and L2).
In addition, nucleotide analysis on both regions
revealed synonymous differences between T and NT
variants in all the patients analyzed. On the other
hand, no differential signature pattern between T and
NT variants was observed when sequences were
analyzed altogether (data not shown).

Effect of Amino Acid Substitutions on Predicted Epitopes

Differential positions observed in Core and E2
proteins between NT and T were mainly located
within a predicted epitope (4/5 in Core, and 8/14 in
E2). Locations of the predicted epitopeswere the same
for NT and T sequences, although lengths varied
slightly for E2 protein in patient 1. In general, the
change in the amino acid residue did not lead to
disruption or creation of an epitope, with the
exceptions of substitutions from T samples: 190F in
Core from patient 1 and 405Q in E2 from patient 2,
which disrupted the epitope predicted for the NT
sample at that position.

Effect of Nucleotide Substitutions on Codon Usage

In order to evaluate the existence of codon usage
bias by the viral populations in each compartment,
codon frequencies from T and NT sequences were
compared. Codon usage of T variants did not result
significantly different from that of NT variants for
Core and E2 proteins in all the four cases. Addition-
ally, codon usage of these viral populations showed
correlation with human codon usage of liver-specific
highly expressed genes in all the cases, except for the
E2 region from patient 2. On the other hand, when
codons were analyzed individually, substitutions
observed in T tissue tended to favor the usage of
more prevalent codons than the ones observed in NT
(data not shown).

Effect of Core Nucleotide Substitutions on RNA Structure

RNA structures obtained for sequences derived from
T samples were not different from the corresponding
NT samples in patients 2, 3, and 4. For patient 1,
modeled RNA structures for T and NT sequences
differed at the 30 end, although this alteration was
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Figure 1. Likelihood phylogenetic trees for E2 and Core corresponding to: a) Patient 1 and b) Patient 2. Taxa are
named according to patient, compartment (T, tumoral; NT, non-tumoral; S, serum) and clone number. Shapes of
the symbols represent compartment (T, shaded diamond; NT, shaded circle, S, empty square). The numbers above
the branches represent the bootstrap proportion (over 1000 pseudoreplica) over that 50%. Highlighted groups
indicate the lineages observed. Scale bar represents substitutions per site.
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Figure 2. Likelihood phylogenetic trees for E2 and Core corresponding to: a) Patient 3 and b) Patient 4. Taxa are
named according to patient, compartment (T, tumoral; NT, non-tumoral; S, serum) and clone number. Shapes of
the symbols represent compartment (T, shaded diamond; NT, shaded circle; S, empty square). The numbers above
the branches represent the bootstrap proportion (over 1000 pseudoreplica) over that 50%. Highlighted groups
indicate the lineages observed. Scale bar represents substitutions per site.
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minor and located outside any described elements
(data not shown).

DISCUSSION

In this study, we characterized viral populations
from liver tumoral andnon-tumoral tissue, and serum
samples from patients with HCC. Our results showed
compartmentalization between liver and serum,
and also between tumoral and non-tumoral hepato-
cytes. Moreover, we identified amino acid substitu-
tions in the tumoral sequences exclusive from this
compartment.

The likelihood and Bayesian phylogenies inferred
for the four cases analyzed showed a wide degree of
compartmentalization, ranging from total clustering
observed in patient 1 to a more scattered pattern with
small groups in the other patients. There is a paucity
of information regarding HCV populations in
tumoral and non-tumoral tissue in HCC patients.
Our results are in line with the study performed by
Sobesky et al. who analyzed viral population of Core
region in 7 patients and determined compartmental-
ization of T and NT variants by Mantel’s Test [20]. In
contrast, R€uster et al. carried out a study in 8 patients
and, although the majority of sequences were found
exclusively either in one or other tissue, they did not
find a strict phylogenetic separation of T and NT Core
variants by neighbor-joining method [22]. It is worth
noting that these studies were performed on con-
served proteins and only by distance matrix based
methods.

In the present work, phylogenetic clustering of
variants from each compartment was present in more
or less extent in all cases and the Bayesian test results
supported the association between compartment and
phylogeny. Additionally, increased quasispecies com-
plexity was observed in T tissue in three out of four
patients for both regions. Overall analysis comparing
T versus NT entropies revealed a tendency of higher
genetic complexity within the Core region of T tissue
isolates, but not in E2. Although significant differ-
ences were not reached, probably due to the low
number of patients, differences depicted cannot be
ignored. Moreover, this finding is in agreement with
what was previously stated by R€uster et al. [22]. These
results suggest that compartmentalization of HCV
variants would exist within the liver of HCC patients
between T and NT tissue. In particular, compartmen-
talization was established in this study for two of the
structural proteins and on the basis of more robust
phylogenetic and associationmethods than neighbor
joining approaches.

Compartmentalization observed between T and NT
HCV populations may be explained at least by two
non-exclusive hypotheses. On the one hand, differ-
ences observed between variants may correspond to
molecular adaptation of the virus either to T or NT
cells, and selective pressure imposed by each micro-Ta
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environment may lead to fixation of specific muta-
tions in each compartment. On the other hand, HCV
behavior as quasispecies implies that many variants
coexist within an infected individual and are trans-
mitted as a complex population. Some of these
variants may carry biological characteristics which
enhance carcinogenesis. Thus, development of carci-
noma nodules could possibly occur more likely in the
cells infected with these variants.

Intriguingly, viral populations from serumwere not
represented in T or NT tissues. In particular, a clear
serum compartmentalization was observed for the
patients having pre-transplant samples. This result is
in accordance with other studies which showed
different viral populations between serum and
liver [14,18,19,25]. This finding could be attributed,
among other causes, to: (i) the existence of slow
replication or defective variants in the liver that
would be less represented among circulating variants,
(ii) a difference in HCV variant clearance rates, and/or
(iii) the contribution of the extrahepatic viral replica-
tion. In this context, even when serum samples are
the best choice for prediction, screening and diagno-
sis, analysis on liver viral variants could add a piece of
knowledge on the investigation of molecular mecha-
nisms involved in HCC development by HCV
infection.

The finding of viral compartmentalization in the
tissues analyzed suggests that signature molecular
differences may exist between T and NT compart-
ments. At the amino acid level, a signature pattern
was found in three of the cases for E2 protein and in
two of them for Core. Substitutions were mainly
located within predicted antibody epitopes, and the
change in the amino acid residue did not disrupt the
epitope in most cases. In addition, changes observed

for E2 protein were foundmostly in the hypervariable
regions. Therefore, it is possible that E2 substitutions
correspond to differential selection pressures exerted
by the immune system in each compartment. In the
Core protein, most of the signature amino acids were
located in domain 1, while one residue was part of the
signal peptide. Among the observed substitutions in
Core, polymorphism R70Q/H has been previously
associated with HCC [15,30], and it has been shown
that the ratio of mutant residues 70Q/H increased as
liver disease advanced to HCC [17]. In our study, 70Q
variant was found both in serum and liver tissues for
three patients, one of whom presented a mixed
population in T tissue where 70R and 70Q variants
accounted 75% and 25% of the population respec-
tively. Interestingly, when compared to 100 HCV-1b
Core sequences randomly selected from GenBank,
tumoral substitutions observed in patient 1 (P7L,
S190F) were not found. Besides, substitution P7L has
been previously reported in Core variants isolated
from tumoral tissue which inhibited TGF-b path-
way [24], thus correlating HCV genomic variability
with a gain in a biological function associated with
carcinogenesis. While in contrast, the remaining
changes observed had not been previously described.
Since Core is known to modulate cellular processes,
substitutions in this protein could play a differential
role in this regulation.
In addition to amino acidic changes, compartmen-

talization was also represented at the nucleotide level
by synonymous substitutions, which accounted for
the majority of substitutions. It is known that codon
usage has been described as a viral mechanism to
regulate its expression [31]. Although nucleotide
sequences from T and NT showed a correlation in
codon frequencies, both among themselves and with

Figure 3. Core amino acid signatures for serum, tumoral and non-
tumoral tissues. The alignment shows amino acids for each sample
found to be different from a consensus HCVA1b Core (C1b)
constructed from 100 sequences retrieved from GenBank with a
70% majority criteria (lower case indicates <70% majority). Changes
in positions 12, 70, 91, and 161 were previously associated with HCC.
Polymorphic sites (Hx> 0.5) were determined by entropy calculation

and are indicated in bold on C1b. Consensus sequences of samples are
named after number of patient and compartment (T, tumoral; NT,
non-tumoral; S, serum). Differences between T and NT are shaded.
Amino acids exclusive from one compartment are bold-underlined.
Amino acids are indicated by singleAletter code and those identical to
C1b are representedwith dots. Positions are related to H77 polyprotein
start (Acc. Number AF009606).
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genes fromhuman liver, it is worth noting that, when
codons were analyzed individually, substitutions
observed in T tissue tended to favor the usage of
more frequent codons than the ones observed in NT.
On the other hand, even though nucleotide sub-
stitutions in the Core region could alter predicted
secondary RNA structures which are believed to be
related to alternative translation and viral assem-
bly [29,32,33], this effect was not observed in our
samples.
In spite of the limitation given by the number of

patients included in this study, it is usual to carry out
studies with reduced cohorts due to the inherent
difficulty to obtain liver samples; therefore, results
obtained even from a small number of patients are
valuable. In order to increase the sample size,
signature pattern analysis was performed on Sobesky
et al. dataset [20]. Although substitutions characteris-
tic to tumoral tissuewhere found in three out of seven
patients, they all differed from the ones observed in
this study. This observation highlights the fact that
even when more patients are added, inter-individual
variations are still observed. The sequencing of a
limited number of variants may also be a limitation.
However, they were sufficient for determining com-
partmentalization and the main molecular differ-
ences between each compartment. Moreover, a
previous study has shown that sequencing 10 viral
variants is sufficient for quasispecies evaluation [34].
Although the use of deep sequencing techniques
would produce an increase in the observed diver-
sity [35], it would not affect the qualitative results of
this work.
In conclusion, the present study provided evidence

of HCV compartmentalization within the liver of
patients with HCC, showing that HCV variants
differed between tumoral and non-tumoral tissue.
Further characterization of these variants bymeans of
biological experiments may contribute to the under-
standing of carcinogenesis mediated by HCV
infection.
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