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Variation of core amino acid (aa) 70 of hepatitis C virus (HCV) has been shown recently to be closely correlated with liver disease
progression, suggesting that the core region might be present as a quasispecies during persistent infection and that this quasispe-
cies nature might have an influence on the progression of disease. In our investigation, the subjects were 79 patients infected
with HCV genotype 1b (25 with chronic hepatitis [CH], 29 with liver cirrhosis [LC], and 25 with hepatocellular carcinoma
[HCC]). Deep sequencing of the HCV core region was carried out on their sera by using a Roche 454 GS Junior pyrosequencer.
Based on a plasmid containing a cloned HCV sequence (pCV-J4L6S), the background error rate associated with pyrosequencing,
including the PCR procedure, was calculated as 0.092 � 0.005/base. Deep sequencing of the core region in the clinical samples
showed a mixture of “mutant-type” Q/H and “wild-type” R at the core aa 70 position in most cases (71/79 [89.9%]), and the ratio
of mutant residues to R in the mixture increased as liver disease advanced to LC and HCC. Meanwhile, phylogenetic analysis of
the almost-complete core region revealed that the HCV isolates differed genetically depending on the mutation status at core aa
70. We conclude that the core aa 70 mixture ratio, determined by deep sequencing, reflected the status of liver disease, demon-
strating a significant association between core aa 70 and disease progression in CH patients infected with HCV genotype 1b.

Hepatitis C virus (HCV)-related liver disease gradually ad-
vances from chronic hepatitis (CH) to liver cirrhosis (LC)

and to hepatocellular carcinoma (HCC) over 20 to 30 years (1).
However, the rates of disease progression differ: some patients
develop HCC over several years, while others show persistently
normal alanine aminotransferase (PNALT) levels for decades, and
the cause of the difference remains poorly understood.

The involvement of viral and host factors in the progression of
liver disease and hepatocarcinogenesis is complex (2). With re-
gard to viral factors, the relationship between the viral core region
and disease progression in HCV genotype 1b infection has at-
tracted clinical attention. Specifically, it has been reported that the
core amino acid (aa) 70 residue, identified as a variable related to
the outcome of interferon (IFN) therapy (3), is closely associated
with the progression of hepatitis and hepatocarcinogenesis in Ja-
pan and North America (4–7). Those previous studies and our
own have reported that core aa 70 variation is strongly linked to
carcinogenesis and that substitutions in the core aa 70 region ag-
gravate hepatitis and heighten the risk of hepatocarcinogenesis
during the clinical course, corroborating the relationship between
the status of the core region and disease progression (8, 9).

With regard to host factors, a genomewide association study
(GWAS) has recently shown that single nucleotide polymor-
phisms (SNPs) around the interleukin 28B (IL28B) gene
(rs12979860 and rs8099917), encoding the type III IFN IFN-�3,
are strongly correlated with the outcomes of therapy with pegy-
lated IFN-� plus ribavirin for chronic hepatitis C (CH-C) (10–
13). Interestingly, in contrast to the core region, consensus has not
been reached as to the relationship between disease progression
and the IL28B SNP, which is associated with IFN resistance (14–
17). Previously, we reported that there was no correlation between
the onset of HCC and the IL28B SNP (9). However, it was re-
ported that the IL28B rs8099917 TG/GG allele was markedly cor-

related with the presence of Q (glutamine) or H (histidine) instead
of the R (arginine) residue at core aa 70, while the IL28B rs8099917
TT allele was correlated with core aa 70R (8). Moreover, the core
amino acid R70Q/H change occurs more often in patients with
IL28B rs8099917 TG/GG than in those with IL28B rs8099917 TT
(9). In this manner, the contributions of the core aa 70 residue and
the IL28B SNP, which were found to be IFN sensitivity factors, to
the progression of liver disease have gradually been elucidated.

HCV exists in a host as a swarm of variants, known as a “qua-
sispecies,” and this quasispecies nature has been considered to
play a critical role in pathogenesis (18). However, detailed analysis
has been technically difficult, and the clinical significance has not
been clarified in detail thus far. Considering the observation of
core aa 70 gene changes over time, it is assumed that a variety of
core aa 70 isolates may exist as a quasispecies, and this could be
related to pathogenesis as described above.

Recently, deep-sequencing technology has advanced rapidly
and has enabled us to analyze viral quasispecies in association with
the status of the disease (19–22). In this study, we investigated how
the quasispecies of the HCV core gene, either at the hot spot of the
core aa 70 residue or in the almost-entire core gene, is created and
is involved in disease progression in patients with CH-C.
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PATIENTS AND METHODS
Patients. The subjects were 79 patients persistently infected with
HCV genotype 1b who were followed up at Yamanashi University
Hospital. The patients all fulfilled the following criteria: (i) they
were negative for hepatitis B surface antigen; (ii) they had no other
forms of hepatitis, such as primary biliary cirrhosis, autoimmune
liver disease, or alcoholic liver disease; (iii) they were free of coin-
fection with human immunodeficiency virus; and (iv) signed con-
sent was obtained for the study protocol. The study protocol had
been approved by the Human Ethics Review Committee of Yama-
nashi University Hospital and conformed to the ethical guidelines
of the Declaration of Helsinki.

The breakdown was as follows: 25 patients with CH, 29 with
LC, and 25 with HCC. The patients’ clinical backgrounds, includ-
ing histories of interferon-based antiviral therapy, are shown in
Table 1. Deep-sequencing analysis was performed using serum sam-
ples taken at the most recent visit from patients with chronic hepatitis
or liver cirrhosis and at the first diagnosis of HCC from patients with
HCC. A direct-sequencing method, which determines the dominant
viral sequence, was performed as described previously (9) to deter-
mine the dominant viral sequences of the core region, the interferon
sensitivity-determining region (ISDR), and the interferon-ribavirin
resistance-determining region (IRRDR) from the serum of each pa-
tient.

Deep sequencing. Deep sequencing of the viral core region was
performed for each of 79 patients. Briefly, RNA was extracted
from the stored sera of these patients and was reverse transcribed
to cDNA. Then two-step nested PCR was carried out with primers
specific for the core region of the HCV genome (23). The primers
for the second-round PCR had barcodes attached, were 10 nucle-
otides (nt) long, and differed for each sample, so that PCR prod-
ucts from each sample were identifiable (see Table S1 in the sup-
plemental material). After the band densities of the PCR products
were quantified using a Bioanalyzer (Agilent Technologies, Palo
Alto, CA), the concentrations of the samples were adjusted to a
common value, and pooled samples were prepared. Libraries were

then subjected to emulsion PCR, the enriched DNA beads loaded
onto a picotiter plate, and pyrosequencing carried out with a
Roche GS Junior/454 sequencing system using titanium chemistry
(Roche, Branford, CT). In order to determine the error rate of the
procedure, deep sequencing was carried out under similar condi-
tions with a plasmid containing a cloned HCV sequence (pCV-
J4L6S) (24). Amplicon Variant Analyzer software, version 2.5p1
(Roche), was used for analysis.

A dominant sequence of the core region for each patient was
deposited in GenBank. Although the study amplified 499 nucleo-
tides, from the 25th to the 523rd nucleotide of the core region, by
PCR (Fig. 1), information for only 459 of the 499 nucleotides was
uploaded for each patient, since some minor PCR amplicons ob-
tained by deep sequencing did not include the full 499 nucleotides.

Phylogenetic tree analysis. Phylogenetic trees were con-
structed from the sequences by using the neighbor-joining
method with BioEdit and MEGA5.05, and bootstrapping was per-
formed with 1,000 replicates (25). In constructing phylogenetic
trees, the three bases of the core codon 70 were removed in the
analysis of all trees, since the mutation rate of other parts of
the core region is known to be rather low, and it was possible that
the influence of the core aa 70 mutations might be overestimated
in the phylogenetic trees. In addition, using genetic distance data
obtained from the phylogenetic analysis, the genetic distances be-
tween every two HCVs with core aa 70R, between every two HCVs
with a residue other than R at core aa 70 (core aa 70non-R), and
between every two HCVs with different residues at core aa 70 (one
HCV with R and one with a non-R residue) were also compared
statistically in order to reveal the genetic associations among those
HCV core subgroups.

Statistical analysis. Statistical differences in the parameters,
including all available patients’ demographic, biochemical, hema-
tological, virological, and SNP data in the three groups (CH, LC,
and HCC), were determined using the Kruskal-Wallis test. The
Mann-Whitney U test was used for statistical differences in nu-
merical variables between two groups. Trends for categorical data

TABLE 1 Patient characteristics classified by disease progression

Characteristica

Value for patients with:

PCH (n � 25) LC (n � 29) HCC (n � 25)

No. male/female 14/11 10/19 12/13 0.278
Age (yr) (mean � SD) 63.4 � 14.6 66.5 � 9.2 68.4 � 8.2 0.539
Platelets (10�4/mm3) (mean � SD) 16.1 � 4.7 9.8 � 3.9 11.1 � 5.1 �0.001
Albumin (g/dl) (mean � SD) 4.4 � 0.3 3.9 � 0.6 3.5 � 0.5 �0.001
�-GTP (IU/liter) (median [range]) 53.5 (12–230) 38.0 (12–108) 40.8 (15–110) 0.845
T. chol. (mg/dl) (mean � SD) 161 � 28 148 � 30 140 � 28 0.053
HCV RNA (kIU/ml) (median [range]) 7,047 (501–19,953) 5,369 (126–25,119) 8,421 (110–25,119) 0.288
Alpha-fetoprotein (ng/ml) (median [range]) 5.0 (1.1–16.5) 32.2 (1.0–252.6) 614.8 (1.9–13,418) �0.001
AST (IU/liter) (mean � SD) 42.4 � 17.8 51.1 � 23.5 59.1 � 28.2 0.046
ALT (IU/liter) (mean � SD) 46.6 � 23.1 43.9 � 29.3 60.7 � 52.7 0.263
No. with R/(Q/H) at core aa 70b 19/6 12/17 8/17 0.005
No. with L/(M/C) at core aa 91b 17/8 19/10 15/10 0.834
No. of ISDR mutations (median [range])b 0.8 (0–6) 1.2 (0–7) 0.9 (0–8) 0.799
No. of IRRDR mutations (median [range])b 4.9 (1–10) 4.7 (2–9) 5.2 (1–12) 0.962
No. with TT/non-TT at IL28B SNP (rs8099917) 18/7 17/12 14/11 0.458
No. without/with a history of interferon therapy 14/11 16/13 15/10 0.933
a T. chol., total cholesterol; AST, aspartate transaminase; ALT, alanine aminotransferase.
b Core aa 70, core aa 91, the interferon sensitivity-determining region (ISDR), and the interferon-ribavirin resistance-determining region (IRRDR) were dominant viral sequences
determined by direct sequencing.
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were evaluated using the Cochran-Armitage trend test. All P val-
ues of �0.05 by the two-tailed test were considered significant in
comparisons of genetic distances.

Nucleotide sequence accession numbers. The dominant se-
quences of the core regions from the patient samples have been
deposited in GenBank under accession numbers AB822372.1 to
AB822459.1.

RESULTS
Calculation of background errors in deep sequencing. First, the
background error rate of pyrosequencing was calculated with a
plasmid containing a cloned HCV sequence (pCV-J4L6S). Figure
1 shows the results of deep sequencing from the 25th to the 523rd
nucleotide of the core region (499 nt) in pCV-J4L6S. Among
81,388 reads, each 499 nt long, the maximum error rate was
99.14% at the 428th base, and the next highest error rate was
64.17% at the 29th base. A six-C homopolymer region ending at
the 428th base was read as a five-C homopolymer and a five-A
homopolymer region ending at the 29th base was read as a four-A
homopolymer in most of the obtained sequences; these homopo-
lymer sequences are a weak point of pyrosequencing (26, 27).

A base appearing six times consecutively was the longest se-
quence of identical repeated nucleotides and was found only at the
428th nt position in the core region of pCV-J4L6S. Five consecu-
tive bases were found at two sites (the 336th and 436th nt) in
addition to the 29th nt position, but this error (i.e., the miscount-
ing of homopolymer length) occurred only at the 29th base closest
to the end of the sequence. Excluding the 428th and 29th nt posi-
tions, the error rate was 	1% or lower, as shown in Fig. 1. There
was no single nucleotide error in the codons for aa 70 and aa 91in
the repeated control experiments. From repeated deep sequencing
of the plasmid, the overall nucleotide error rate was calculated as
0.092 � 0.005 (mean � standard deviation [SD])/base. Based on
this analysis, a mixture of bases detectable above the background
error of 0.102% (mean background error rate 
 2 SDs) was de-
fined as a real mixture.

Baseline characteristics. The baseline characteristics of the 79
patients are shown in Table 1. The values for viral factors core aa
70 and aa 91, NS5A-ISDR, and NS5A-IRRDR are the results of the
direct-sequencing study. As shown in Table 1, the results for the

variables platelets, albumin, alpha-fetoprotein, and core aa 70 dif-
fered significantly according to disease progression. On the other
hand, no difference was observed in core aa 91 and IL28B SNP
(rs8099917) according to disease progression.

Quasispecies nature of core amino acid 70 and disease pro-
gression. Deep sequencing of the core region was carried out with
a variety of clinical samples. Simultaneous analysis was carried out
using the barcoded primers, and approximately 950 reads were
obtained per sample (Table 2). When the analysis was focused on
core aa 70, the proportion of non-R (Q/H) sequences increased as
disease severity advanced from CH to LC to HCC, as shown in Fig.
2A and Table 3 (P � 0.018). When a mixture of 0.102% or more
was defined as a real mixture, deep sequencing showed the pres-
ence of a mixture at core aa 70 in 71 of the 79 patients (89.9%).

The relationship between disease progression and the occur-
rence of a quasispecies was also analyzed at the codon for core aa
91, which has also been reported to be associated with the out-
comes of IFN therapy and the occurrence of HCC. As with core aa
70, a quasispecies was recognized at this site, and mixtures were
observed in most patients. However, in contrast to the core aa 70
codon, there was no clear relationship with disease progression
(Fig. 2B and Table 3).

Figure 2C and D show the correlation between mixtures in the
core aa 70 and 91 regions and IL28B SNPs. As shown in Fig. 2C
and Table 4, the proportion of mutations in the core aa 70 codon
was highly dependent on the IL28B SNP (P, �0.005 [Table 4]).
Such a relationship was also found between the proportion of
mutations in core aa 91 and IL28B SNPs (Fig. 2D and Table 4),
although its significance was rather weaker (P, 0.010).

FIG 1 The core region of pCV-J4L6S (genotype 1b) from the 25th to the 523rd nucleotide, and from the 9th to the 174th codon, was subjected to deep
sequencing, and the background error rate of pyrosequencing was calculated. In order to show rare background errors, those errors with low percentages are
magnified.

TABLE 2 Amplicon read numbers obtained by deep sequencing of
samples from 79 patients

Group
No. of
patients

Total no.
of reads

Avg no. of reads � SD
(range)/sample

CH 25 22,365 894.6 � 222.8 (367–1,486)
LC 29 28,537 982.5 � 258.1 (660–1,528)
HCC 25 24,284 971.4 � 242.5 (405–1,749)

Total 79 75,186 951.7 � 240.9 (367–1,749)

Deep-Sequencing Analysis of HCV Core Region

December 2013 Volume 87 Number 23 jvi.asm.org 12543

http://www.ncbi.nlm.nih.gov/nuccore?term=AB822372.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AB822459.1
http://jvi.asm.org


Since direct sequencing has also shown an association of sev-
eral sites other than core aa 70 and 91 with the occurrence of HCC
(6), those sites were also investigated for such an association.
However, there was no clear relationship between these sites and
disease progression, except for G209A (core aa R70Q) (see Fig. S1
and Table S2 in the supplemental material).

Phylogenetic tree analysis of HCV core region focusing on
the core aa 70 residue. Because it was clear that the core aa 70
quasispecies state was significantly associated with disease pro-
gression, our next interest was to determine how this single hot
spot is correlated with the remainder of the (almost-entire) core

region. Therefore, phylogenetic tree analysis was performed, and
genetic distances among aa 70-associated core sequences were also
compared statistically. In constructing all phylogenetic trees, the
three bases of the core 70 codon were removed, since the mutation
rate of other parts of the core region is known to be rather low, and
it was possible that the influence of the core aa 70 mutations might
be overestimated in the phylogenetic trees.

At first, to determine the associations among the remainder of
the core sequences across different patients, a phylogenetic tree
was constructed for all 79 patients using dominant core sequences
obtained from each patient. In constructing the tree, two domi-

FIG 2 The core regions of the HCV genomes from 79 patients persistently infected with HCV genotype 1b (25 patients with chronic hepatitis [CH], 29 with liver
cirrhosis [LC], and 25 with hepatocellular carcinoma [HCC]) were subjected to deep sequencing. Each bar represents the result for a single patient. At the specific
locations of core aa 70 and aa 91, no single nucleotide mutation was observed in the previous control plasmid experiment. (A) Disease stages and percentages of
mutations at core aa 70. Nine dots indicate the nine patients with a high mixture rate (between 5% and 95%) at core aa 70 (R and non-R). (B) Disease stages and
percentages of mutations at core aa 91. (C) IL28B SNP and percentages of mutations at core aa 70. (D) IL28B SNP and percentages of mutations at core aa 91.
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nant sequences (the dominant core sequence in isolates with aa
70R and the dominant core sequence in isolates with aa 70non-R)
were included in the analysis for each of the nine patients with
high mixture rates (5% or more) of R and non-R at core aa 70

(Fig. 2A), while one dominant sequence each was included for
other patients. As shown in Fig. 3A and Table 5, genetic dis-
tances calculated between every two core sequences with aa 70R
(R-R) were significantly larger than those between two core
sequences with aa 70non-R (non-R–non-R) or those between a

FIG 2 continued

TABLE 3 Correlation between quasispecies composition and disease
progression

Patient group (n)

Median % (range) with:

R at core aa 70a L at core aa 91b

CH (25) 70.35 (0.00–100.00) 69.12 (0.00–99.40)
LC (29) 43.22 (0.24–100.00) 64.54 (0.00–99.50)
HCC (25) 28.20 (0.00–99.80) 52.23 (0.00–100.00)
a P, 0.018.
b P, 0.630.

TABLE 4 Correlation between quasispecies composition and IL28B
SNP rs8099917

Group (sequence at IL28B
SNP rs8099917)

Median % (range) with:

R at core aa 70a L at core aa 91b

TT (n � 49) 68.15 (0.00–100.00) 68.24 (0.00–100.00)
TG/GG (n � 30) 12.64 (0.00–100.00) 48.76 (0.00–100.00)
a P, �0.005.
b P, 0.010.
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FIG 3 Phylogenetic trees were constructed using core sequences covering almost the entire core region. In the construction of those trees, the three bases of the
core 70 codon were removed in the analysis of all 79 patients. Branches with core aa 70R are indicated by blue circles, while those with core aa 70non-R are
indicated by pink circles. (A) Phylogenetic trees were constructed for all 79 patients by using dominant core sequences obtained from each patient. In the
construction of the tree, two dominant sequences (a dominant core sequence in isolates with aa 70R and a dominant core sequence in isolates with aa 70non-R)
were included in the analysis for each of the nine patients with high mixture rates (5% or more) of R and non-R at core aa 70 (Fig. 2A), while one dominant
sequence each was included for other patients. (B) A phylogenetic tree of the core region was constructed for each patient with a high mixture rate (5% or more)
of core aa 70R and core aa 70non-R. A total of nine patients were included in this analysis (patients 1 to 3 had CH; patients 4 to 7 had LC; and patients 9 and 10
had HCC). Pt, patient.
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core sequence with aa 70R and a core sequence with aa 70non-R
(non-R–R), demonstrating that core sequences with aa 70R
were heterogeneous, while core sequences with aa 70non-R
were homogeneous.

Next, to determine the association of the remainder of the core
sequences in a single patient, phylogenetic trees were also con-
structed for each of the nine patients with high mixture rates (5%
or more) of R and non-R residues at core aa 70 (Fig. 3B). As shown
in Fig. 3B, HCV isolates with core aa 70R and those with core aa
70non-R formed distinctly clustered subgroups on the phyloge-
netic tree, according to the mutation status at core aa 70. Com-
parison of genetic distances also proved the finding that HCV
isolates with core aa 70R and those with core aa 70non-R form
distinctly clustered subgroups on the phylogenetic tree in a single
patient, since genetic distances calculated between every two core
sequences with aa 70R (R-R) or between every two core sequences
with aa 70non-R (non-R–non-R) were significantly smaller than
those between a core sequence with aa 70R and a core sequence
with aa 70non-R (non-R–R). On the other hand, no significant
difference was found when the genetic distance between two core
sequences with aa 70non-R (non-R–non-R) and that between two
core sequences with aa 70R (R-R) were compared in a single pa-
tient (Table 5).

Since the genetic relationships of the remainder of the core
sequences were found to differ significantly according to the core
aa 70 residue, we then investigated whether there are any common
haplotypic sequences specific to each residue. In the comparison
of dominant sequences in all 79 patients, most amino acid substi-
tutions clustered in three amino acids (aa 70, aa 75, and aa 91)
both in core sequences with aa 70R and in those with aa 70nonR,
but no other substitutions specific to each core aa 70 residue were
found (Fig. 4).

Quasispecies at core aa 70 and clinical characteristics. To
clarify the association of the core aa 70 quasispecies with the clin-
ical picture, levels of gamma-glutamyl transpeptidase (�-GTP),
albumin, platelets, and alpha-fetoprotein, as well as disease pro-
gression in the liver, were investigated for correlation with the core
aa 70R/non-R mixture ratio. As shown in Fig. 5A and B, the values
for these clinical parameters became significantly more abnormal
as the proportion of non-R residues increased, showing that a high
proportion of non-R residues at core aa 70 was significantly asso-
ciated with disease severity and hepatocarcinogenesis.

DISCUSSION

This study examined, for the first time, the relationship between the
progression of liver disease and the quasispecies nature of the HCV
core region (already known to be associated with liver disease pro-
gression) by deep sequencing, with the focus on the core aa 70 resi-
due. The analysis revealed that core aa 70 existed as a mixture of
“mutant” Q/H (non-R) and “wild-type” R residues in most of the
patients and that the proportion of mutant residues increased as liver
disease advanced to LC and HCC. Meanwhile, phylogenetic analysis
showed that the viral sequences of the almost-entire core region dif-
fered genetically depending on the status of core aa 70.

Before starting the analysis, we verified the rate of background
error associated with the process of pyrosequencing by analyzing
the control plasmid pCV-J4L6S (Fig. 1). Homopolymers of re-
peated bases, a weak point of pyrosequencing, were generated at
two sites, with the same base appearing five and six times. The
overall mutation rate at other sites was 0.092% � 0.005%, and a
mutation rate of 0.102% (mean 
 2 SDs) or higher was defined as
significant in the analysis, in order to avoid detecting background
errors.

We focused our analysis on the quasispecies state of core aa 70,

TABLE 5 Comparison of genetic distances among core subgroups related to aa 70 residues

Patient(s)a

Genetic distance (mean � SD) between two core
sequencesb Comparison of genetic distance measurements

Non-R–non-R Non-R–R R-R

Non-R–R vs
non-R–non-R Non-R–R vs R-R Non-R–non-R vs R-R

Larger genetic
distance P

Larger genetic
distance P

Larger genetic
distance P

All (n � 79) 0.0349 � 0.0101 0.0379 � 0.0109 0.0401 � 0.0113 Non-R–R �0.001 R-R �0.001 R-R �0.001

CH
Pt 1 0.0086 � 0.0042 0.0098 � 0.0037 0.0064 � 0.0042 Non-R–R �0.001 Non-R–R �0.001 Non-R–non-R �0.001
Pt 2 0.0097 � 0.0048 0.0104 � 0.0041 0.0087 � 0.0038 Non-R–R �0.001 Non-R–R �0.001 Non-R–non-R 0.009
Pt 3 0.0107 � 0.0058 0.0137 � 0.0050 0.0034 � 0.0022 Non-R–R �0.001 Non-R–R �0.001 Non-R–non-R �0.001

LC
Pt 4 0.0078 � 0.0036 0.0103 � 0.0038 0.0053 � 0.0029 Non-R–R �0.001 Non-R–R �0.001 Non-R–non-R �0.001
Pt 5 0.0118 � 0.0090 0.0232 � 0.0085 0.0159 � 0.0170 Non-R–R �0.001 Non-R–R �0.001 No difference 0.991
Pt 6 0.0115 � 0.0057 0.0121 � 0.0055 0.0108 � 0.0056 Non-R–R �0.001 Non-R–R �0.001 Non-R–non-R �0.001
Pt 7 0.0141 � 0.0085 0.0146 � 0.0070 0.0136 � 0.0067 Non-R–R 0.002 Non-R–R �0.001 Non-R–non-R �0.001

HCC
Pt 8 0.0124 � 0.0063 0.0225 � 0.0060 0.0181 � 0.0094 Non-R–R �0.001 Non-R–R �0.001 R-R �0.001
Pt 9 0.0082 � 0.0042 0.0162 � 0.0047 0.0078 � 0.0050 Non-R–R �0.001 Non-R–R �0.001 Non-R–non-R �0.001

a Pt, patient.
b Non-R–non-R, comparison of two core sequences with residues other than R at aa 70; Non-R–R, comparison of a core sequence with a residue other than R at aa 70 and a core
sequence with aa 70R; R-R, comparison of two core sequences with aa 70R. Genetic distances were calculated for all patients by using dominant sequences and for a single patient
by using quasispecies sequences.
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FIG 4 Dominant core amino acid haplotypic sequences dependent on the core aa 70 residues are given for all 79 patients. Two dominant sequences (a dominant
core sequence in isolates with aa 70R and a dominant core sequence in isolates with aa 70non-R) were included for each of nine patients with high mixture rates
(5% or more) of R and non-R at core aa 70, while one dominant sequence each was included for other patients. Therefore, a total of 88 haplotypic sequences are
shown here. Since most amino acid mutations were observed in the limited core region, only that part of the core sequence is shown. The HCV-J isolate is used
as the reference sequence for the core region.
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because the presence of a quasispecies was expected at this posi-
tion, considering reports by previous studies of its association
with liver disease progression and the frequent observation of
time-dependent changes (8, 9). R and non-R residues were mixed
in 89.9% of the 79 patients examined in this study, indicating that
the absence of a mixture was rare. Furthermore, the percentage of
total isolates encoding non-R residues at this position showed a
relationship with the advance of chronic liver disease, as shown in
Fig. 2A and Table 3. Therefore, with regard to the relationship
between the advance of liver disease and core aa 70, it may be
accurate to say that a change in the ratio of amino acids at core aa

70, rather than mutation of core aa 70, was related to the advance
of liver disease.

Because information for almost the entire core region was ob-
tained from each patient, our next interest was to determine
whether core aa 70 is associated with other viral regions. In other
words, we sought to determine whether HCVs with core aa 70R
and HCVs with core aa 70non-R are phylogenetically distinct vari-
ants. To clarify the issue, phylogenetic tree analysis using domi-
nant sequences for the (almost-entire) core regions from all 79
patients was performed at first. This analysis disclosed, after the
calculation of genetic distances, that core sequences with aa

FIG 5 The advance of liver disease (A) and the levels of �-GTP, albumin (Alb), platelets (PLT), and alpha-fetoprotein (AFP) (B) were investigated for correlation
with the ratio of R to non-R at core aa 70. Results for R/R 
 non-R ratios of �95% (R), �5% and �95% (mixed), and �5% (non-R) are shown. **,
Cochran-Armitage analysis.

Deep-Sequencing Analysis of HCV Core Region

December 2013 Volume 87 Number 23 jvi.asm.org 12549

http://jvi.asm.org


70non-R were significantly more homogeneous than those with aa
70R, demonstrating that the hot spot core aa 70 residue is signif-
icantly associated with the remainder of the core sequence. Al-
though the underlying mechanism is unclear, we speculated that
the close correlation between core aa 70 residues and IL28B SNPs
might have contributed to the result. That is, since endogenous
IFN levels are known to be upregulated in patients with IL28B
minor types (TG/GG) relative to those in patients with the IL28B
major type (TT) in its natural state (28), it is possible that HCVs
with core aa 70non-R, which are closely linked to IL28B TG/GG,
are under strong antiviral pressure induced by IFN, resulting in
the selection of more-homogeneous HCVs, which can survive in
such an environment.

Considering this possibility, we proceeded to perform phylo-
genetic analyses of core sequences in single patients with high-
percentage mixtures (5% or more) of R and non-R residues at core
aa 70 by using deep-sequencing data, since the influence of endog-
enous IFNs was considered equal for all HCV isolates in a single
patient. The deep-sequencing data showed that the genetic het-
erogeneity of core sequences in a single patient did not differ ac-
cording to the core aa 70 residue but that core sequences formed
distinct subgroups on the phylogenetic tree according to the core
aa 70 residue (Fig. 3B), and this result was also proved by the
calculation of genetic distances (Table 5). However, since no com-
mon haplotypic sequences specific to each residue at core aa 70
were found across the patients (Fig. 4), we cannot determine
whether core aa 70R and aa 70non-R HCVs are phylogenetically
distinct variants. It is possible that the result simply reflects a ma-
jor evolutional event of core aa 70 mutations followed by deriva-
tive variants; however, extension of the investigation and analysis
to viral regions beyond the core region might reveal such associa-
tions. However, due to the technical limitations of second-gener-
ation sequencers, deep-sequencing analysis of the long amplicon
is difficult, and new technology is needed.

With regard to the mechanism underlying the relationship be-
tween the core protein and disease progression and hepatocarci-
nogenesis, a study using transgenic mice showed that the core
protein induces HCC (29). Fat metabolism was accelerated in the
liver, leading to inflammation, iron metabolism, oxidative stress,
and insulin resistance, which were considered to be the carcino-
genic factors (30–32). Clinically, mutation of the core and the
concentration of �-GTP in serum, a marker of steatosis, are re-
lated, and the relationship between IL28B SNP and liver steatosis
or �-GTP has been elucidated (33). In this study, moreover, we
have confirmed the correlation between the core aa 70 mixture
ratio, determined by deep-sequencing analysis, and clinical pa-
rameters reflecting disease progression, illustrating the significant
association of core aa 70 with disease progression (Fig. 5A and B).

In conclusion, the quasispecies state of the core region was
analyzed by deep sequencing. It was found that the status of the
quasispecies was closely related to the advance of HCV-associated
liver disease. In order to understand the mechanism of hepatocar-
cinogenesis, it is desirable to elucidate pathogenesis further by
detailed examination of the quasispecies of the HCV core gene.
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