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from Vietnam, Thailand, Myanmar, China, Hong Kong
and HBV/Ce from Japan, Korea. The subtypes (subgeno-
types) of the 16 strains were confirmed by a phyloge-
netic analysis of the complete genome (Fig. 2a). Taking
advantage of the five SNPs of T1041, C1044, A1050,
A1053 and C1155, a RFLP method with three endonncle-
ases was developed for distinguishing between HBV/Cs and
HBV/Ce. PCR products of 309bp in size (nt 964-1272),
amplified on HBV/Cs strains, were split by Asel diges-
tion into two fragments of 88 and 221bp and/or BstEIl
digestion into two fragments of 76 and 233bp (Fig. 3),
while those on HBV/Ce strains were not. In contrast, the
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products of 309bp, amplified on HBV/Ce strains, were
broken down by Necil digestion into two fragments of
192 and 117bp, while those on HBV/Cs strains were
not.

Total 49 HBV/C samples, consisting of 24 in Hong Kong
and 25 in Japan, were examined for the specificity of the novel
PCR-RFLP method. Based on the PCR-RFLP, the 24 strains
from Hong Kong were classified into HBV/Cs, and the 25
from Japan were HBV/Ce. To confirm the reliability of the
PCR-RFLP method, the precore region plus core gene was
sequenced directly on all 49 samples. All the 24 HBV/Cs
and 25 HBV/Ce samples determined by PCR-RFLP were
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Fig.2. (a) A phylogenetic tree constructed on the complete genome sequences of 29 HBV strains. Eight HBV/C1 (Cs) and eight HBV/C2 (Ce) strains (shown in
Fig. 1) are compared along with four other HBV/C (C3 and C4) and nine HBV strains representative of the other seven genotypes (Aa, Ae, Ba, Bj, D-H). (b) A
phylogenetic tree constructed on the X gene, precore and core gene sequences spanning 398 bp. Together with the above 29 representative sequences retrieved
from database, 24 HBV/C1 (Cs) strains determined by PCR-RFLP belong to HBV/C1 (Cs) and 25 HBV/C2 (Ce) strains by PCR-RFLP had a cluster with the
representative HBV/C2 (Ce) strains from database. All strains in this study are shown in bold. Each representative strain from the database are identified with
accession numbers, followed by subtype and the country of origin in abbreviation for Cambodia (Camb), Hong Kong (HK), Japan (JPN), Myanmar (Myan)
and Vietnam (Viet). The length of the horizontal bar indicates the number of nucleotide substitution per site.
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completely classified into each subtype (subgenotype) by 3.3. Mutations in the enhancer, BCP and precore region
sequencing. To evaluate the sensitivity of the method, serial in patients infected with HBV/C1 and C2

dilution of each HBV/Cs and HBV/Ce clones was used for

the hemi-nested PCR, and its detection limit was five copies An alignment of sequences covering the BCP and the
per assay. encapsidation signal (¢) in HBV/Cs and HBV/Ce allowed
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@ [Hemi-nested PCR |

HBV964F (964-986*): 5'-ATT AGA CCT ATT GAT TGG AAA GT-3'
HBVI70F2 (970-992): 5'-CCT ATT GAT TGG AAA GTATGT CA-3'
HBV1272R (1272-1253): 5-AGT ATG GAT CGG CAG AGG AG-3'

*AB014394
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Fig. 3. (a) The strategy of a novel subtyping assay of HBV/C based on PCR-RFLP with BstETl, Asel, Ncil restriction enzymes. HBV/Cs is digested by BstEll
and/or Asel, while HBV/Ce is digested by only Ncil. (b) Identification of restriction patterns obtained by restriction endonuclease digestion. Using hemi-nested
PCR followed by cleavage with three kinds of restrict enzyme, it was possible to distinguish between HBV/Cs and HBV/Ce.

the identification of specific substitutions for HBV/C1 and
HBV/C2 strains at nt 1721, 1757, 1775, 1856 and 1858
(Table 2). The prevalence of T1653, A1896 and A1899
substitutions was significantly higher in HBV/Ce than that
in HBV/Cs, while the prevalence of A1727 and A1898
substitutions was higher in HBV/Cs. Double mutation in
BCP (T1762/A1764) was highly prevalent in both sub-

types (subgenotypes). Interestingly, the precore stop mutation
(A1896), accompanied by a C-to-T substitution at nt 1858
forming a base pair with it, was found only in HBV/Ce strains
(45/162, 28%), whereas no mutation was found in HBV/Cs
strains due to C1858. Another precore mutation (A1898),
accompanied by a C-to-T mutation at nt 1856, was found in
HBV/Cs strains (7/58, 12%) (Table 2).
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Table 2

Subtype-specific mutations in basic core promoter and encapsidational signal of HBV/Cs and Ce strains

Nucleotide position Cs This study (n=24) Database (n=34) Ce This study (n=25) Database (n=137) P-valne
1653 T 2 (8%) 0 T 7(28%) 37 (27%) <.0001
1721 A 22 (92%) 33 (97%) G 24 (96%) 137 (100%) <.0001
1727 A 19 (79%) 30 (88%) A 13 (52%) 59 (43%) <.0001
1757 A 13 (54%) 10 (29%) G 25 (100%) 137 (100%) <0001
1762/1764 T/A 21 (88%) 13 (38%) T/IA 20 (80%) 65 (47%) NS
1775 G 15 (63%) 28 (82%) A 25 (100%) 132 (96%) <.0001
1856 T 9 (38%) 6 (18%) C 25 (100%) 137 (100%) <.0001
1858 C 23 (96%) 23 (68%) T 25 (100%) 137 (100%) <.0001
1896 A 0 0 A 6 (24%) 39 (28%) <.0001
1898 A 7 (29%}) 0 A 0 0 <0001
1899 A 1 (4%) 1 (3%) A 4 (16%) 19 (14%) 0.029

4. Discussion

Chronic patients infected with HBV/C have a more

aggressive clinical course than those infected with HBV/B
[3,18]. In this study, we focused on HBV/C because it is
prevalent mainly in Asia and seems to contribute to pro-
gressive liver disease and poor clinical outcomes in infected
patients. Phylogenetic analyses of the complete genome show
at least 4 subtypes (subgenotypes) of HBV/C (C1-4) with
different geographic distribution (Fig. 2a) [19,20]. HBV/CI
was found only in Southeast Asia including Vietnam, Myan-
mar, Thailand, Laos, Bangladesh, Hong Kong and southern
China, while HBV/C2 was found in far East Asia including
Japan, Korea and northern China. Additionally, two another
subtypes (subgenotypes) of HBV/C were named as C3 and
C4 [19,20]. C3 was found in a large area of the Pacific from
New Zealand to Polynesia, while C4 was isolated from Abo-
rigines in Northeast Australia [17]. However, as C3 and C4
strains were rarely found in most Asian countries, we focused
the classification between Cs (C1) and Ce (C2) in the present
study.

A total of 118 complete genome sequences of the HBV/C
strains isolated in the different geographic regions were ana-
lyzed phylogenetically in the recent study [13]; the phylo-
genetic subclusters within HBV/C were subsequently des-
ignated respectively to the geographic regions, i.e. “Cs” for
Southeast Asian (Vietnam, Thailand, Myanmar and South-
ern China), and “Ce” for far East Asia (Korea, Japan, and
Northern China). According to this classification, 80% of the
patients in Hong Kong were belonged to the Cs and 20% to
the Ce [13]. When taken in account both facts, i.e. evident
geographic origins of these subtypes (subgenotypes) and the
phylogenetic confirmation, the designation using the small
Jetters (indicating possible origins) appears to be logical, sim-
ilarly to the previously reported Asian “Ba” and Japanese
“Bj” [5,7], Africa/Asian Aa and European Ae [8]. Hence,
“Cs” and “Ce” designation was applied to the present study.

Based on five SNPs between HBV/Cs and HBV/Ce, we
developed a novel PCR-RFLP method for distinguishing
between HBV/Cs and HBV/Ce with high reliability. All 49
samples examined were completely classified by the PCR-
RFLP. This method allows the classification between these

subtypes (subgenotypes) without using expensive, lator- and
time-consuming methods such as sequencing and molecular
evolutionary analyses. Examining additional 171 complete
sequences from database, only 9 sequences of HBV/Ce have
exceptional mutations at the restriction site of Ncil, indicating
that less than 5% of the strains known up to date are unclas-
sified by this method, and require sequencing as previously
described [17].

Some specific mutations were detected in the encapsida-
tion signal site; the precore stop mutation (A1896), accom-
panied by a C-to-T substitution at nt 1858 forming a base
pair with it, was found only in HBV/Ce strains, and another
precore mutation (A1898), accompanied by a C-to-T muta-
tion at nt 1856, was found only in HBV/Cs strains (Fig. 4).
These mutations could stabilize the & loop structure and the
former HBeAg-negative mutants bearing a TAG stop codon
mutation at codon 28 (A1896) uniformly replicate at least
20-fold better than mutants bearing a TGA stop codon at the
same amino acid position enhance viral replication [21]. This
C1858 variant was frequntly found in HBV/A and HBV/F
[22). Additionally, A1899 mutation was more prevalentin the
HBV/Ce. As previously reported, the effects caused by these
two closely linked mutations (A1896 and A1899) on viral
replication are not independent each other [21). The stringent
selection for a highly efficient RNA encapsidation element
may play a crucial role in the natural occurrence of these
two closely linked precore mutations. Our replication model
also shows that the combined mutations can induce higher
replication in vitro (unpublished data). Hence, these several
virological differences between the two subtypes (subgeno-
types) might influence clinical outcomes such as fulminant
hepatitis or hepatocarcinogemesis.

The biologic function of HBeAg remains controversial.
Although HBeAg is not required for viral replication, it
appears to be necessary for the establishment of chronic infec-
tion in animal models [23]. The most common mutation in
the precore sequence that abrogates the synthesis of HBeAg
is a stop-codon mutation (G1896A). As all HBV/Ce strains
possessed T1858 and most HBV/Cs had C1858, the HBV/Cs
with C1858 might be responsible for a delayed seroconver-
sion for the loss of HBeAg in the carriers of HBV/Cs. The
clinical significance of C1858 and T1858 among HBV/C
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Fig. 4. Conformation of the pregenome encapsidation (g) signal for (a) HBV/Cs and (b) HBV/Ce. The precore mutation, G1898A accompanied by T1856
forming a base pair with it, was found only in HBV/Cs strains. In contrast, the precore stop mutation, G1896A accompanied by T1858, was found only in

HBV/Ce strains. A1899 mutation is significantly predominant in HBV/Ce strains.

is not well known. A previous study among multi-ethnic
carriers in Hawaii indicated no significant difference in clin-

ical characteristics between C1858 and T1858 variants [24]. .

However, as the number of patients was not enough to clar-
ify the significance of this variation, further clinical studies
would be required on a case—control study with large-scale
cohorts.

A previous study [12] indicated that the amino acid
changes specific to HBV/Cs and HBV/Ce were concentrated
in the pre-S1, S and P regions, but not in the X and core
regions. The pre-S1 region contains the HBV receptor for
entering hepatocytes [25] and also has sites for transcrip-
tional factors [26]. Another study [13] showed three amino
acids differences in polymerase region. Therefore, the rela-
tionship between HBV/Cs and HBV/Ce and their virulence in
chronic liver diseases including hepatocellular carcinoma are
of great interest, since the prevalence of HB V-related hepato-
cellular carcinoma is extremely high in Asia compared with
other regions.

In conclusion, a new PCR-RFLP method involving 5
SNPs was developed for specifically distinguishing between
HBV/Cs and HBV/Ce. The two subtypes (subgenotypes)
have distinct geographic distribution and virological charac-
teristics. The novel PCR-RFLP would be useful in evaluating
clinical, epidemiological and virological differences between
HBV/Cs and HBV/Ce infections in countries where HBV
genotype C endemic.
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Abstract

Objective: A recent study suggested that the substitution
of amino acid 415 of HCV NSEB from phenylalanine to
tyrosine in patients with HCV genotype 1a infection is
induced by ribavirin and responsible for resistance to
ribavirin therapy. The aim of this study was to evaluate
whether specific variations in the HCV NS5B sequence
in Japanese patients with HCV genotype 1b (HCV/1b) in-
fection are associated with treatment response or se-

The sequencas reported in this paper have been deposited in the
GenBank/DDBJ/EMBL databases (accession numbers AB189078-
AB189119).

lected by treatment with interferon-a/ribavirin combina-
tion therapy. Metheds: Eighteen Japanese patients with
HCV/1b infection receiving interferon-a/ribavirin combi-
nation therapy for 24 weeks were studied. Five patients
treated with interferon-a monotherapy for 24 weeks
were also studied as controls, The entire HCV NS5B se-
quence before and after therapy was determined. Re-
sults: All HCV isolates had tyrosine at position 415 of
NS5B before and after therapy. Further analysis showed
that no specific amino acid substitutions were identified
to associate'with clinical response and no specific amino
acid substitutions were induced/selected by the clinical
treatment. Conclusion: No specific HCV NS5B nucleo-
tide/amino acid sequence variations, including amino
acid 415 of NS5B, were identified as being associated
with clinical treatment response or selected by the com-
bination therapy in Japanese patients with HCV/1b infec-
tion.
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Introduction

Hepatitis C virus (HCV) is a single-strand RNA virus
of approximately 9,500 nucleotides and is a major etiol-
ogy ol parenteral non-A non-B hepatitis [f, 2]. Natural
history studies have shown that a significan( proportion
of patients with chronic hepatitis C will eventually de-
velop cirrhosis and hepatocellular carcinoma [3]. In West-
em countries, HCV-related end-stage liver disease is 2 ma-
jor indication for liver transplantation [4]. In 1998, the
United States Food and Drug Administration approved
the interferon-a/ribavirin combination therapy for pa-
lients with chronic hepatitis C. A different treatment reg-
imen of interferon-a/ribavirin combination therapy was
also approved by the Japanese Health Authority in 2002,

Ribavirin, a synthetic guanosine analog, is an antiviral
drug approved for the treatment of respiratory syncytial
virus [5] and, in combination with interferon-a, for the
treatment of clinically compensated chronic hepatitis C.
Ribavirin monotherapy has been shown to reduce serum
alanine transaminase (ALT) levels, but no significant re-
duction in serum HCV RNA levels was observed in most
trealed palients. Most patients who responded to ribavi-
rin monotherapy relapsed biochemically after cessation
of therapy [6]. Subsequently, it was shown that the com-
bination of interferon-« and ribavirin has a much better
efficacy than interferon-a monotherapy which was the
gold standard of therapy for patients with chronic hepa-
titis C in the late 1990s [7-9]. However, in patients with
HCV genotype-1 infection and high viral load, the re-
sponse rate to interferon-a/ribavirin combination thera-
py is still at the 20-30% level, in contrast to a much high-
er response rate of 80% in patients infected with HCV
genotypes 2 and 3 [10].

The non-structural (NS) genomic region of the HCV
genome encodes the viral RNA-dependent RNA poly-
merase, an essential viral replicating enzyme [11]. A re-
cent study suggested that ribavirin treatment in HCV
genotype la infection might exert selective pressure in
favor of a HCV variant with tyrosine (Y) instead of phe-
nylalanine (F) at the 415 position of NS5B. The investi-
gators suggested that this amino acid substitution may
lead to viral resistance to ribavirin treatment, as corrobo-
rated by their in vitro studies [12].

In Japan, most patients had HCV genotype 1b infec-
tion with a high viral titer. The aim of the present study
was to evaluate whether variations in the HCV NS5B re-
gion play a role in determining the clinical response to
interferon-a/ribavirin therapy in Japanese patients with
HCYV genotype 1b infection.

(3]
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Patients and Methods

In a clinical study comparing interferon-a/ribavirin combina-
tion therapy with interferon-a monotherapy, 70 Japanese patients
with HCV genotype 1b infection were recruited in our centers, in-
cluding 64 patients receiving the combination therapy and 6 pa-
tients receiving interferon-o monotherapy. All patients gave wiit-
ten informed consent. All patients were seropositive for antj-HCV
and HCV RNA, and genotyping showed HCV genotype 1b infec-
tion in all patients. They were all seronegative Jor HBsAg and anti-
HIV, and other causes of liver disease were excluded using standard
clinical and laboratory criteria. All patients received treatment in
Nagoya City University Hospital and its affiliated hospitals from
January 2001 to March 2003. The study was conducted in accor-
dance with the ethical guidelines of the Declaration of Helsinki.
Treatment regimen consisted of intramuscular injection of inter-
feron-a2b (Schering KK, Osaka, Japan) at a dose of 6 million units
(MU) daily for 2 weeks, followed thrice weekly injection for 22
weeks, combined with oral ribavirin 600-800 mg/day (Schering
KK) based on body weight for patients with combination therapy.
Patients were followed for an additional 24 weeks after cessation
of therapy to determine the long-term clinical response. The 24-
week treatment protocol was approved by the J apanese Health Au-
thority back in 1999. More recenlly, the Japanese Health Author-
ity has approved studies based on 48 weeks of treatment.

Clinical treatment response was classified into (1) sustained vi-
rologic response (SVR), defined as undetectable serum HCV RNA
and normal ALT at week 24 afler cessation of the treatment; (2)
relapsers (Rel), defined as converting to negative for serum HCV
RNA during therapy but relapsed 1o positive serum HCY RNA
within 24 weeks after cessation of treatment, and (3) non-respond-
ers (NR), defined as patients who retained serum HCV RNA at the
end of treatment. Of the 64 patients who received interferon-o/
ribavirin combination therapy, only 45 completed the treatment
without a dose reduction/discontinualion, the others had a dose
reduction or treatment discontinuation due to side effects, OF the
45 patients who completed their therapy, a SVR was observed in 7
patients (15.6%), 25 patients were Rel (55.6%), and 13 patients
were NR (28.9%). There were no significant differences in gender
distribution, age, pretreatment ALT level, serum HCV RNA level,
blood hemoglobin level, and platelet count between patients in the
SYR, Rel and NR groups,

Eighteen patients with different clinical response profiles
(SVR 4, Rel 8, NR 6) were randomly selected for this study. Five
of the 6 patients who received interferon-« were also included to
serve as controls (SVR 1, Rel 1, NR 3). As the Japanese Health
Authority did not authorize the ribavirin monotherapy arm in any
clinical protocol due to a poor benefit to risk ratio, there was no ac-
cess to ribavirin monotherapy for Japanese patients as controls.
Serum samples before and afler therapy were used for this study.
The serum samples were collected and serum separated from clots
within 3 h and stored at -80°C.

All patients gave written informed cousent and this study was
approved by the local institutional review board.

Methods

Nucleic acids were extracted using a SepaGean RV-R Nucleic
acid extraction kit (Sanko Junyaku Co., Ltd., Tokyo, Japan) in ac-
cordance with the manufacturer’s protocol. The extracted RNA
was reverse-transcribed to ¢cDNA using SuperScript 11 RNase H-
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Table 1. Background of the patients

studied Patient Clinical Gender HCV Age  Pretreatment
No. treatment genotype years RNA level - ALT Hb
fesponse KIU/mi - TUA . - mgdl -
M1 SVR M Ib 43 >850 361 14.0
M2 Rel M b 53 560 54 14.6
M3 NR M b 42 700 212 14.5
M4 NR F b 44 620 209 13.8
M3 NR M Ib 51 >830 108 13.6
Cl SVR M b 54 830 112 15.1
C2 SVR F 1b 60 >850 51 14.2
C3 SVR M 1b 35 >850 134 16.6
C4 SVR F Ib 54 >850 26 12.6
Cs Rel M b 32 410 51 14.2
Cé6 Rel M ib 67 190 154 139
Cc7 Rel M 1b 68 460 164 13.0
C8 Rel M 1b 68 >850 98 12.7
co Rel M ib 47 560 50 15.6
C10 Rel F 1b 64 >850 16 13.7
Cl1 Rel M 1b 44 >850 56 15.5
Ci12 Rel F 1b 70 >850 142 12.2
Cl13 NR M Ib 61 >850 61 13.5
Cl4 NR M ib 67 260 139 131
Cl15 NR M Ib 52 >850 113 11.7
Cli6 NR M b 70 400 101 16.7
Ci7 NR M 1b 29 >850 53 14,1
C18 NR F 1b 60 >850 90 14.3
Mean £SD 5413 697217 111x77 141=%1.3

M1-5 = Patients treated with interferan-a monotherapy; Cl1-18 = patients treated with
interferon-qt/ribavirin combination therapy; ALT = serum alanine transaminase; Hb =

hemoglobin.

Reverse Transcriptase (Invitrogen Corp., Carlsbad, Calil., USA)
and random hexamer primer (Takara Shuzo Co. Ltd, Tokyo, Ja-
pan) as described previously [13].

The complete HCV NS5B sequence was determined in all sam-
ples. Brielly, cDNA was amplilied by a long polymerase chain reac-
tion (PCR) with LA Taq (Takara Shuzo Co. Ltd, Tokyo, Japan).
The long PCR (ragments (around 2.1 kbp) were generated with
primers 7355F-NK (CCTGACAGAGTCCACCGTGTCTICTG
CCTT) and 9440R-NK (GTTGGGGAGCAGGTAGATGCCT
ACCCCTAC). The first-round PCR product was further amplified
using hemi-nested primers including 7378F-NK (AGCTCGC-
TACTAAGACCTTTGGCAGCTCCG) and 9440R-NK, The am-
plicons were then cloned into pCR2.1-TOPO vector (Invitrogen
Corp), and nucleotide sequences were determined using Prism Big
Dye (Applied Biosystems, Foster City, Calif., USA) with an ABI
3100 DNA automated sequencer.

The sequences generated were used to confirm HCV genotypes
and to identify specific nucleotide mutations and amino acid sub-
stitutions that may be associated with interferon-o/ribavirin treat-
ment. Additionally, to determine whether ribavirin servesasa RNA
mutagen, two models were used to estimate evolutionary distances:

HCV NS5B Sequence and [FN/Ribavirin
Therapy

Tamura-Nei model for all codon substitutions, and Pamilo-Bianchi-
Li model for synonymous and non-synonymous substitutions.
Aminoacid sequences of the HCV NS5B region in various HCV
genotypes were obtained from GenBank/DDBJ database. They
were aligned to show amino acid 415 of the HCV NSSB region.

Statistical Analysis

The ¥* test, Fisher's exact test and Student's 1 test were used
where appropriate.

Results

Nucleotide Substitutions in the HCV NS5B Region

before and after Therapy

The mean pair-wise genetic distances of all codon sub-
stitutions among 14 patients (4/18 had a SVR and were
negative during follow-up) receiving combination thera-
py were 0.00668 £ 0.00702, which wasnot different from

Intervirology 839 3
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Fig. 1. The site map of amino acid mutations in the NSSB regicn in patients receiving interferon-o monotherapy
versus interferon-a/ribavirin combination therapy. The vertical bars indicate the sites of amino acid substitutions

after therapy.

the 4 patients (1/5 had a SVR) receiving interferon-a
monotherapy 0.00627 + 0.00444 (p = NS). The nucleo-
tide substitution rate was also not different between the
2 groups after taking account of the bias towards synony-
mous substitutions (0.01778 + 0.0237 vs. 0.01603 =+
0.01208, p = NS).

Amino Acid Substitutions in the NS5B Region

In the 5 patients receiving interferon-a monotherapy
{1 was SVR and negative for HCV RNA during follow-
up), 7 amino acid substitutions in the NS5B region were
detected. In the 1 8 patients treated with interferon-a/rib-
avirin combination therapy (4 were SVR and negative for
HCV RNA during follow-up), 17 amino acid substitu-
tions were detected (fig. 1; table 2-4). There were no ami-
no acid substitutions specific to the clinical treatment re-
sponse idenlified. Note thal with reference (o the amino
acid residue at the NS5B 415th site, all 18 in 23 (since
3/23 were SVRs) patients with HCV genotype 1b infec-
tion had Y before and after trealment.

There was also no difference in the number of sites of
amino acid substitutions in the HCY NS5B region be-
tween 17 in the patients treated with combination thera-
py and 7 in the patients receiving interferon-a monother-
apy (0.2055% (17/591 x 14) vs. 0.2961% (7/591 x 4)
the NS5B region consists of 591 amino acids).

3
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Amino Acid Alignment in the NS5B Region of

Different HCV Genotypes

A total of 150 complete amino acid sequences derived
from the nucleotide sequences of the HCV NS5B region
{rom different HCV genotypes (from genotype la to 6)
were obtained from the GenBank/DDBJ database. All 17
HCV-1a sequences had F at position 415 of the NS5 rc-
gion. In contrast, 104/106 HCY genotype 1b sequences
had Y at position 415 of NSSB. Forother HCV genotypes,
only HCV genotype 1c and 1 of 6 genotype 3 sequences
had F at position 415 of the NSSB region (fig. 2; table 5).

Discussion

This study showed three important points. First, most
HCV genotypes 1b had Y, instead of F in position 415 of
the HCV NSS5B region. Second, interferon-a/ribavirin
treatment did not induce any specific amino acid substi-
tutions in the HCV NS5B region in Japanese patients
with HCV genotype b infection. Third, interferon-a/rib-
avirin treatment did not induce more nucleotide muta-
tions or amino acid substitutions compared to inter-
feron-a monotherapy in Japanese patients with HCV
genotype 1b infection.

Sugihara et al.



Table 2. Amino acid substitutions in HCV NS5B in the patients studied

NSSB  aa 5th 25th 46th 107th 110th 117th 124th 131th
before  after before after before after before after before after before  after before after before after

Mi SVR T ND A ND S ND D ND N ND N ND K ND E ND
M2 Rel T T A A S S D D N N N N K K E E
M3 NR T T A A ) S D D N N N N K X E E
M4 NR 8 T P P G G D N S N N N K K E E
M3 NR T T A A S S D D N N N N K K E E
Ct SVR T ND P ND G ND D ND N ND N ND K ND D ND
C2 SVR T ND A ND S ND D ND N ND N ND K ND D ND
C3 SVR T ND A ND G ND D ND N ND N ND K ND E ND
C4 SVR T ND A ND G ND D ND S ND N ND K ND E ND
Cs Rel T T A A G G D D N N N N K K D D
C6 Rel T T P P S § D D ) ) N N K K E E
C7 Rel T T A A S S D D N N N N K K E E
C8 Rel T T P P S § D D N N N N E E E E
C9 Ret T T p P S S D D N N N N K K E E
Cl0 Rel T T A S C S D D N N N N K K E E
Cl1 Rel T T A A S S D D N N N N K K E E
Ci2 Rel T T A A G G D D S S N N K K E E
Cl3 NR T T Iy A S ) D D N N D N K E E E
Cl4 N T T A P S S D D N N N N E E E E
Cl5 NR T T A A S S D D N N N N K K v \
Cl6 NR T T A A S S D D S 5 N N K K E E
Ct7 NR T T A A S s D D N N N N K K E E
Cl8 NR T T A A S R D D N N N N K K D E

ND = Not detected; M 1-5 = patients treated with interferon-a monotherapy; C1-18 = patients treated with interferon-o/ribavirin combination therapy.

Table 3. Amino acid substitutions in HCV NS3B in the patients studied

NSSB  aa 141th 147th 158th 171th 183th 185th 186th 209th
before  after before after before after before  after before after before  after before after - before after

Ml SVR K ND v ND R ND E ND P ND A ND v ND K ND
M2 Rel K K A A R R E E P L A A \' \ K K
M3 NR K K A% A2 R R E E P P A A v v K K
M4 NR K K v v R R E E P P A A v v K K
M5 NR K K v A R R E E P P A \ v v R K
Ci SVR K ND v ND R ND E ND P ND A ND v ND K ND
2 SVR K ND Y ND R ND E ND P ND A ND \% ND K ND
C3 SVR K ND I ND R ND E ND P ND A ND v ND K ND
Cc4 SVR K ND [ ND R ND E ND P ND A ND v ND K ND
C5 Rel K v v \s R R E E P p A A v \'% K K
C6 Rel K K \% v R R E E P P A A v v K X
(o] Rel E K \ I R R E E P P A A \% \% K K
C8 Rel K K [ 1 R R E E P P A A v v K K
(o] Ret K K \ A R R E | P P A A A A% K K
Clo Rel K K i l R R E E P P A A \ v K X
Cit Rel K K \% N R R E E P P A A G G K K
Ci2 Rel K K \' v R R E E P P A A \4 Y K K
Cl13 NR K K \% \'% R R E E P P A A v v K K
Cl4 NR K K A% \' R R E E P P A A v v K X
Cl5 NR K K N4 v R R E E P p A A v Y K K
Clé NR K K v \ R G E K P P A A \ G K K
c1? NR K K A% \4 R R E E p P A A A% v K X
Ci8 NR K 1N \% \ R R E E P P A A A \' K K

ND = Nol detected; M 1-3 = patients treated with interferon-a monotherapy; C1-18 = patients treated with interferon-o/ribavirin combination therapy.

HCV NSSB Sequence and IFN/Ribavirin
Therapy
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Table 4. Amino acid substitutions in HCV NS5B in the patients studied

NS5B  aa 213th 246th

353th 386th 405th 415th 520th
before  after before  after before  after “before after before  after before after before after

Ml SYR C ND A ND P ND R ND v ND Y ND T ND
M2 Rel C C A A P P R C \'s \' Y Y T T
M3 NR C C A A P P R R A Y Y Y T T
M4 NR C C A A l. L R R Y \' Y Y T T
M3 NR C C A A P p R R \' A% Y Y T T
1 SVR ND A ND [ ND R ND \ ND Y ND T ND
2 SYR T ND A ND P ND R ND \% ND Y ND T ND
C3 SYR N ND A ND P ND R ND \% ND Y ND T ND
C4 SYR C ND A ND P ND R ND \4 ND Y ND T ND
C5 Ret N N A \ p P R R A Y Y Y T T
Co Rel C C A A L L R R A Y Y Y T 1

c7 Rel N N A A p L R R \4 A% Y Y T T
C8 Rel C C A A L L R R \ \% Y Y T T
(] Rel N N A A P p R R \' v Y Y T T
Cto Rel N N A A L L R R \' \% Y Y T T
Cll Rel S 8 A A P P R R v \4 Y Y T T
Cl2 Rel C C A A P P R R v Y Y Y T T
Cl3 NR S N A A P P R R v \2 Y Y T T
Cl4 NR C C A A P P R R v v Y Y T T
Cl3 N T T A A P P R R \4 v Y Y T T
Cl6 NR R C A A P P R R 1 v Y Y T T
Cl17 NR C C A A P P R R v \4 Y Y T T
Ci8 N. C C A A P P R R v \4 Y Y T T

ND = Not detected; M1-5 = patients treated with interferon-a monotherapy: C1-18 = patients treated with interferon-c/ribavirin combination therapy.

Table 5. Amino acid residues at position 415 of NS5B in various
HCV genotypes

HCV No.  Position 415 of NS5B

genotype F % Y %
fa 17 17 100 0 0
b 106 2 2 104 08
le 2 2 100 0 0
2a 18 o] 0 18 100
2b 3 0 0 3 100
3 é 1 17 5 83
4 1 0 0 1 100
5 2 0 0 2 100
6 S 0 0 5 100

Understanding the molecular mechanism(s) of action
ofinterferon-a/ribavirin therapy and delerminants/resis-
tance to therapy may lead to the design of better treat-
ment strategies. The currently proposed mechanisms of
action of ribavirin in combination therapy with inter-
feron-a for HCV include: (1) inducing a Th2 to Thi bias

6 Intervirology 839

in favor of a host antiviral response; (2) blocking the host
enzyme inosine monophosphate dehydrogenase to re-
duce the availability of the guanosine pool; (3) inhibition
of viral RNA-dependent RNA polymerase, and (4) serv-
ing as a RNA mutagen to introduce mutations into the
HCYV genome [14]. Recently, it was observed that a HCV
variant with amino acid substitution from F 10 Y at the
NS5B 415th position was consistently detected in pa-
tients with HCV genotype 1a infection during ribavirin
monotherapy. It was suggested that this amino acid sub-
stitution was selected by ribavirin therapy and was re-
sponsible for viral resistance during therapy [12].

This study showed that amino acid substitution at the
NS5B 415 position is irrelevant in Japanese patients with
HCV genotype 1b infection. First, all the Japanese pa-
tients with HCV genotype 1b that we studied had Y at
the 415 position of the NSS5B region. Second, this is con-
firmed by the HCV gene and deduced amino acid se-
quences available in the Genbank/DDRJ database. Such
a pattern with F at the 415 position of HCV NS5B region
was commonly observed in HCV genotypes la and lc,
and only occasionally in genotypes 1b and 3. To argue
that F at position 415 is an important phenotype as a re-

Sugihara et al.



aa 415

D10749-1a 404 PVNSWLGNIIMFAPTLWARMILMTHFFSVLIARDQLEQALDCEIYGACYSIEPLDLPPII
AFD09606-1a 404 o'ritvrveneranonanenrnnanas e
AFOL1751-2a 404 vtvvnvinriinin e e S
AFOIL752-18 409 vttt e it e e N
AFOLIL753-1a 404 ottt ettt e S
AFLT7037-38 404 i vte ettt e e e e A
AF271632-18 404 o oottt it e e e e
BF200978-1a 404 ' utr e tiee it e e S B
AJ278830-1a 404 .T. ...t B
M62321-1a 04 v o ettt e e e e e e e
DYDZ0B-1b 404 .o e e I.L.OE. ..K. . oQuvevrrnennrn, Q..
ABO16785-1b 404 ........... Y e I.L.OE...K....Qu..oTevnvnenn. 0..
ABO4908T-1b 404 ........... Yot T.L.QE...K....Q. .. .Veorinn., Q..
AB049088-1b 404 ........... S v TLLLOE, Kt Qe e Q..
AB049089-1b 404 ........... Yo e e I.L.QE., . R.v . Qv nQuuuen Q..
AB049090-1b 404 ........... Yo I.L.QE. .. K. ' Qur oo Terennnnns Q..
AF1865052-1b 404 ..., ... ... Yoo Veoooo.n I.L.QE...K....Q....H......... Q..
AF165053-1b 404 ........... Yo e T.L.QE...K....Q. .o e, .. Q..
AF165054-1b 404 ........... L S I.L.QE...K....Qu...Tu'svun... Q..
D50481~-1b 404 .. ... ... .. Y e e e I.L.QE.. . K.... Q.. oo, Q..
AY051292-1c < V.. V....... I...QEH.GK......... VH.VQ..... E.

D14853-1c 404 ... V.Ve..o... T.,.QEH..K......... VH.VQ..... E..
DO0944-2a 404 ... ... QY...T....Ve.. ... I.M.Q.T.D.N.NF.M,..V..VS..... AL
AB047640-2a 404 .......... QY...I.V..V....... I.M.Q.T.D.N.NF.M..SV..V5..... A..
AB047641-2a 404 AL, QY. ..XI....V....... I.M.Q.T.D.N.NF.M...V..VS.,.... A.

AF238486-2b 404 ... ..., QY...I. V.. VI...... I.L.Q. T.N.N.NF.M...V..VUN..... A.

D10988-2b 404 ... ... Y...I.V..VI...... I.L.Q. T.N.N.NF .M, ..V..UN..... A..
AB030907-2b 404 .......... QY...I.V..VI...... I.L.Q.T.N.N.NF.M,..V. . VN..... A..
AF046866-3a 404 ... ... Y...IL.V..VM...... I.QSQEI.DRP..F.M,,.T..VT..... A,

D17763-3a 404 ... Y., I.V..VM...... I.QSQEI.DRP,.F.M...T..VT..... A..
D28917-3a 404 ....... S...¥.. . I.V..VH...... I.QSQEI.DRP..F.M,..T..VT..... A..
Y¥11604-4 404 ... VY., TV, ...I.QSQEA..K...FDM, . VT...T..... A..
v13184-5a 404 .. ... ... Yoreina, IV ..o QSQE.. .KT . AF.M, . S5V..VT..... AL
AP064490-5a 404 ........... Yoo, V.. een QSQE...K..AF.M,.5V..VT..... A,
D63822-6 404 ... ... Y. . I.V..V... ... GI.QPQE..HK...FDM,.VT.N.T..... Q..
D84262-6 404 ..., Y. IV, V..., I.QCQE...A. NFDM..VT,.VT..... A,

Fig. 2. The alignment of the deduced amino acid sequences of various HCV genotypes in the NS5B region based
on 150 sequences available in the GenBank/DDBJ database.

sponse 1o therapy determinant is difficult since most iso-
lates of HCV genotypes 2 and 3, which are known to re-
spond very well to combination therapy, have Y at posi-
tion 415 of NS3B. One has to postulate that there are
other significant viral or host factors related to HCV gen-
otypes 2 and 3 thal make them more susceptible to re-
sponse to combination therapy to offset the Y lactors at
position 415 of HCV NS3B. Also, the clinical observation
that HCV genotype la (with F in position 415) and geno-
type 1b (with Y in position 415) had a similar clinical
treatment response rate to interferon-a/ribavirin therapy
also suggests that the amino acid in position 415 is not a
key determinant to clinical response to interferon-a/riba-
virin combination therapy,

HCV NSSB Sequence and IFN/Ribavirin
Therapy

The entire NS5B region was studied before and after
therapy and no specific amino acid substitutions were
found to be associated with relapse or no response. There-
fore, this study ruled out the possibility of a viral amino
acid substitution in the NS5B region as a major viral de-
terminant for response to therapy or a viral resistance
factor.

Finally, ribavirin has been suggested to be a viral mu-
tagen. In this study, the number of nucleotide mutations
and amino acid substitutions in the NS5B region did not
increase with interferon-a/ribavirin combination therapy
compared with interferon-a monotherapy. Certainly, the
best approach is to study ribavirin monotherapy in Japa-
nese patients with HCV genotype 1b infection. However,

Intervirology 839



the risk 1o benefit ratio precludes this type of therapy for
testing in Japan. Nevertheless, the present study showed
that the mutagen cffect of ribavirin was not observed in
Japanese patients with genotype 1b infection after a 6-
month course of interferon-a/ribavirin combination ther-
apy.
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Molecular Tracing of the Global Hepatitis C Virus Epidemic
Predicts Regional Patterns of Hepatocellular Carcinoma

Mortality
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Background & Aims: Molecular evolutionary analysis
based on coalescent theory can provide important
insights into epidemiologic processes wotldwide. This
approach was combined with analyses of the hepatitis
C virus (HCV) epidemiologic-historical background and
HCV-related hepatocellular carcinoma (HCC) in differ-
ent countries. Methods: The HCV gene sequences of
131 genotype 1b (HCV-1b) strains from Japan, 38
HCV-1a strains from the United States, 33 HCV-1b
strains from Spain, 27 HCV-3a strains from the former
Soviet Union (FSU), 47 HCV-4a strains from Egypt, 25
HCV-5a strains from South Africa, and 24 HCV-6a
strains from Hong Kong isolated in this study and
previous studies were analyzed. Results: The coales-
cent analysis indicated that a transition from constant
size to rapid exponential growth (spread time) oc-
curred in Japan in the 1920s (HCV-1b), but not until
the 1940s for the same genotype in Spain and other
European countries. The spread time of HCV-1a in the
United States was estimated to be in the 1960s,
HCV-3a in the FSU, HCV-5a in South Africa, and
HCV-6a in Hong Kong in the 1960s, mid-1950s, and
late 1970s, respectively. Three different linear pro-
gression curves were determined by analysis of the
relationship between HCV seroprevaience and HCC
mortality in different geographic regions; a steep as-
cent indicated the greatest progression to HCC in
lapan, a near horizontal line indicated the least pro-
gression in the United States and the FSU, and an
intermediate slope was observed in Europe.
Conclusions: These findings strongly suggest that the
initial spread time of HCV is associated with the pro-
gression dynamics of HCC in each area, irrespective of
genotype.

hronic hepatitis C virus (HCV) infection s an cn-
Cdcmic disease affecting millions of individuals
worldwide. 2 HCV infection usually is clinically mild, buc
the stages of more than 200 of patients can progress during
che clinical course. occasionally culminating in hepatocel-
lular carcinoma (HCCO) over the course of 2-3 decades, the
latter especially in Japan, Spain, and Italy. ™ Because the
time lag berween HCV infection and cancer development
is several decades,® it is important o estimate the demo-
graphic hiscory of HCV infection to predict the future
burden of discasc.

HCV is classificd into 6 major genorypes.”” Wichin
the genotvpes there are many subrypes, with varying
geographic diseributions and modes of cransmission.”
Subtypes la (HCV-1a). 1b. 2a, 2b. and 3a are distribured
globally and account for the majority of HCV infections
worldwide. '™t The rapid spread and global dissemina-
tion of these subtypes arises from their ethicient paren-
teral trapsmission via transfusion ot conraminated blood
products, medical procedures, and illegal injection drug
use. Ocher endemic and epidemic HCV strains are found
in rescricted  geographic areas, including HCV-da in
Egypt, Sa in South Africa, and 0Ga in southcast Asia
(Hong Kong).” Because HCV was not identified until
1989, it is ditficult to estimate epidemic dynamics asso-

ciated with the subtypes prevalent before this time.

Abbreviations used in this paper: FSU, former Soviet Union; IDU,
injection drug use: Sj, Schistosoma japonicum: SRDT. single rate-dated
tips.

©, 2008 by the American Gastroenterological Association
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Table 1. Characteristics of the Population in Each Country

GASTROENTEROLOGY Vol. xx, No. x

United Japan §j Japan
States group non-Sj Spain FSU Egypt South Africa Hong Kong
38 642 674 33 274 47 25 24
Mean age 48.2 = 11.7 69.9 - 7.7 67.2 2 8.8 529 - 110 24.7 » 36 38.8 + 9.0 56.8 L 10.5 49.1 = 154
Sex (M/F} 24714 34/30 33/34 17./16 22/5 33/14 17/8 12/12
HCV subtypes 1la 1b ib ib 3a 4a Ba Ga
Divergence 1920 1812 1918 1892 1958 1902 1937 1963
Spread time 1965 1923 1940 1942 1963 1930 1955 1977
(1958-1970) {1890-1937; 11933-1948; {1934-1955) (1958-1974)  11917-1940) (1948-1962) :11068-1982)
Growth rate, 15298 06667 .12008 09715 15625 .09004 19762 17120
1.106181~ {.044460- ;. Q9R260- 1.074642- (.121928- {.074114~ (.107049- {.090839-
.213943; .094732) .149888) .140650) 215722 .%15969) .356198) .280186!
Risk factors DU PAT DU, 1DU. 1DU PAT Transfusion, DU
transfusion. transfusion. medical
medical medical

MOTE. 95% confidence intervals shown in parentheses.

PAT. parenteral antischistosomal therapy: transtusion. hiood transfusion: medical. medical procedures.
“Eight sequences in the United States. 131 in Japan. 20 in the FSU, and 47 in Egypt were obtained from our previous data. <-4
“Divergence time indicates the mast recent common ancestor (MRCA} point of each subtype.

However, using methods based on coalescent theory -
the epidemic history of HCV popularion can be recon-
structed  from observed  genetic diversicy of  che viral
straing.'* Recently, the molecular clock cheory has been
applied successfully to estimate che molecular evolutionary
race in long-term serial scrum samples obrained from HCV-
infected patients in the United States and Japan: a 30-year
lag in HCV spread time was shown berween these coun-
rries. Insofar as a long duration of HCV intection is a critical
determinant for the development of HCC, the molecular
clock predicted that the incidence of HCC will increase in
the United Staces over the next 2-3 decades! Fand approach
the high rates currently observed in Japan.

In a previous study.’* the spread of HCV-fa, 1b, 4, and
6 infections worldwide was analyzed by the use of HCV
sequences obrained from DNA databases: however, corol-
lary clinical and demographic data were limited. In che
present study, new sequences from wider geographic re-
gions and with more extensive climcal nformation are
presented. Specifically, HCV-la strains in the United
States, HCV-1b in Japan.t »> HCV-1b in Spain, HOV-34
in the tormer Soviet Union (FSU) 7 HOV-4a in Egype 'S
HCV-5a in South Africa, and HCV-6a in Hong Kong were
analyzed by a coalescent-based approach using principles of
both population genctics and machemaric epidemiology.!
Furthermore, the relationship berween the escimated spread
time and HCC moraaliny in each country is discussed.

Materials and Methods

HCV Serum Samples From the United
States, Spain, FSU, South Africa, and Hong
Kong

To clucidare the epidemic history of HCV population
in cach country, 30 HCV-la, 33 HOV-1L, T HCV-34, 25

HCV-3a, and 24 HCV-6a samples were obained from che

following bloud banks or hospitals, respectively: National In-
stutes of Health (Unired Srates), Hospital Vall d'Hebron
{Spain), National Reference Luborarory of Minisery of Health
(Uzbekistan), University of the Witwatersrand and Naoonal
Health Laboratory Services/University of Cape Town (South
Africa), and Queen Mary Hospital (Hong Kong). The samples
were collected between 2000 and 2003, Along with our pre-
vious data,' '~ the characreristics of the populacions studied
are shown in Table 15 the mean age of the Japanese population
was the oldest and that of the populations from che FSU and
Egypt was significantly younger. The study protocol con-
tormed to the 1975 Declaration of Helsinki, and was approved
by the Ethic Commitrees from cach insticution. Every paticnt
gave wiitten informed consent ro participate in the virologic
reseacch of HCV at cach blood cenrer or hospital. None of the
patients had been treated wirh interferon therapy for HCV

infection.

HCV Gene Sequences

The HCV subtypes studied in cach country are
shown in Table 1, including 38 HCV-1a sequences from the
Untied States (30 newly determined and 8 previously re-
ported sequences' 'k 131 previously reporred HCV-1h se-
quences including 64 from Schisrosuima japonicnm (S j)-posi-
tive sera and 67 from Sj-negative (non-Sj) sera in Japan'®;
33 HCV-1b sequences from Spain; 27 HCV-3a sequences
from the FSU (7 newly determined and 20 previowsly
reported sequences'™ ), 47 previously reporred HCV-4a
sequences from Egypt'®; 25 HCV-3a sequences from South
Africa; and 24 HCV-6a sequences from Hong Kong. The
GenBank/DDB] accession numbers of the sequences ob-
rained in rhe present study are AB204592-AB204708,

Japanese HOV-1b and Egyptian HCV-4a sequences were

obrained from aur previous dara (ABTO3424-AB105457,
AF27J800-AF271812).7% 1 Available relaced sequences in
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Figure 1. Phylogenetic trees constructed on NS58 sequences of {Aj HCV-1a and HCV-1b strains and (B) HCV-3a. -4a, -5a. and -6a strains. The
HCV-1a strains in the United States and HCV-1b strains in Japan (§f and non-Sj) and Spain had each significant cluster. and HCV-3a in the FSU,
HCV-4a in Egypt. HCV-Sa in South Africa. and HCV-6a in Hong Kong. The numbers in the tree indicale bootstrap reliability by the interior branch
test. Exceptional strains were labeled according to their country of origin. Significant clusters were subjected to population history analyses.

Figure | were recruired from the Hepatitis Virus Database

(htop:i/s2as02. genes.nig.ac.ip).
Genotyping and Seguencing

Nucleic acids were extracted from the serum samples
using a SepaGene RV-R Nucleie acid exeracting kit (Sanko

Junyaku Co., Lid., Tokyo, Japan) in accordance with rhe
manufacturer’s protocol. Viral RNA way ceverse-transcribed to
complementary DNA using SuperSeript H RNase H™ Reverse
Transcriptase (Invirogen Carp.. Carlsbad, CA) and random
hexamer primer (Takara Shuzo Co. Ltd, Tokvo, Japan) as

described previously. ' A sequence spanning 339 nucleotides

AQ:R



10

| tapraid2,/2g0-gast, zg0-gast 26000306 /2g02624d062 | xppws | S=1 ] 1/27/06 | Art: 2624 | DTD5.0

4 TANAKA ET AL

in the NSSB region was amplificd by polymerase chamn reac-
tion with primers described previousty. 't Polvmerase chain
reacrion produces were sequenced direetly wich Prism Big Dye
(Applicd Biosystems, Foster Ciry, CAY in an ABI 3100 DNA
automated sequencer, To reduce che aumber of arrifcial sub-
stturions arising in polymerase chain reaction, Platinam Pfx
DNA Polymerase tInvirogen Corpl) wich a very high fideliry
was used. The sequences determined were used to confirm
HCV genotypes and o construct phvlogenceric trees. To con-
fitm the relisbilicy of the phylogenetic cree, bourserap reliabil-
ity was performed by the interior branch rest.2 The overall
mean generic distances in all nudeoride posicions and synon-
ymous and  nonsvnonymous  positions were estimated by
MEGA version 20141

Analysis of Isolation and Migration of HCV
Sequences Among Countries

The phylogeny of che HCV-Ta, -1b. and -3a sequences
from all of the countries under jovestigation were estumated by
the Neighbor=Joming method=- using the MEGA sofrware
(version 3140 The analvais of isolation and mugration of the
sequences was performed by using a merthod conducred by
Nakano et al.”* The migration histories of the HCV-1a, -1b,
and -3a infections were inferred from the phylogeny by che
parsimony method whereby the states are the sampling coun-
tries of cach sequence and the srate changes represent migra-
vion events, We calculared the expectations and che stacistical
signihicances based on the null disteiburion generated by 1000
times randomization of che sequences wich fixing the topology
of the phylogeny, where che null hvpothesis is thar all of che
sequences were sampled from a hyporhetic panmictic popula-

tion, using software we developed ourselves.

Estimating Evolutionary Rates and Dating
the Origin of HCV

A reconstrucred cree was buile oo the NSSB se-
gquence of 339 nucleotides by a heuristic maximum-likeli-
hood topology search with stepwise addition and che near-
est-ncighbor-interchange  algorithms.  Tree  likelihood
scores were calculared using the HKY83+G method with
the moleculur dock entorced by PAUP version 4.0b8. By
using the estimated topology. all possible root positions
were evaluared under a single rare-dared rips (SRDT) modet
with the computer software TipDare v1.2 and the root that
vielded the mghest likelihood was adopred.” The program
provided a maximum-likclihood estimare of the rate and
also the associared dare of the most recent common ancestor
of the sequences, using a model thar assumed a constane rate
of nucleotide substitution. The moleeular clock was cested
by a likebhood rario rest berween chie SRDT maodel and a
gencral unconstrained branch feageh model (different rate
model). To confirm the reliability of the phylogenetic ree,

bootstrap resampling tests also were performed 1000 times.

GASTROENTEROLOGY Vol. xx, No. x

Demographic Model

As estimares of the demographic history, a nonpara-
metric funcrion, known also as the sbydine plor, was obrained by
transforming coalescent intervals of an observed gencalogy into
a piecewise plot thar represents an etfective number of infec-
tions through rime.' =% A parametric maximum-likelihood
was estimated by several models with the compurer software
Genie v3.5 ro build a stacistical framework for inferring the
demographic history of a population on phylogenics recon-
serucred on sampled DNA sequences.?” This mode] assumes a
continuous epidemic process in which the viral cransmission
parameters remain constant through tme. Model ficting was
evaluated by likelihood-ratio tests of the parametric maxi-

mum-likelibood estimates. -2

Results

Analysis of Isolation and Migration of HCV
Sequences Among Countries

Preliminarily, all sequences generated in o chis
study were subjecred to phylogenetic analyses rogether
with all previously reported sequences available from
DDBJ/GeneBank. The most significant phylogenetic
clusters containing a total of 325 represenratives of the
HCV endemic populations from ditferent regions (Table
D) were determined and subjecred ro further maximum-
likelihood phylogenetic analysis with enforced molecular
clock, as previously described ' Figure 1 shows the
phylogenies of the HCV-1a and -1b (Figure 1A) and
HCV-3a, -da, -2, and -6a (Figure 1B) sequences ob-
rained in che present study along wich closely relared
sequences. As shown i Figure 1A, 4 clusters of HCV-1b
sequences were found, and some sequences from China,
Korea, and the United Kingdom belonged to che Japa-
nese 57 group. Also. 2 S/-positive serains cluscered with
non-§; strains in Japan. To measure country-wise clus-
tering  statistically, the isolation and migration  of
HCV-1b sequences were analyzed by use of a parsimony
method. The estimated number of changes in location
between groups te, migration events) was 7 for HCV- b,
whereas the expecred number of location changes for che
1000 simulaced trees created with randomized locations
was 40.38 for HCV-1b (Tuble 2). The observed number
of migration cvenes was significantly smaller (P << .001)
than that expecred under the null hypothesis of complete
geographic mixing: theretore, chis hypothesis can be
rejected. This resule suggeses char there is considerable
subdivision by location among the HCV-1b scrains sam-
pled. The parsimony analysis also provided clues about
the movement of HCV-1b strains among the 6 groups.
Table 2 shows the ditference berween the observed and
expected number of changes for cach pair of countries. In
most cases, the observed number of migration events was

AQ 157
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Table 2. isolation and Migration of HCV Subtype 1b Among 6 Groups

Japan {§)) Korea China United Kingdom Spain Japan (non-5j)
Number of observed changes
In tree (total. 7)
Japan (§)) - 1 2 1 0 o]
Korea 0 . 0 0 0 0
China 0 0 - 0 0 o
United Kingdom 0 0 0 0 0
Spain 0 0 0 6] 0
Japan (non-S;} 2 0 0 0 0
Number of expected changes
per tree (lotal. 40.38)
Japan (5)) - .09 3.30 48 3.22 8.16
Korea 0 . 0 0 0 0
China .02 0 - 01 63 1.36
United Kingdom .02 0 .01 - .01 .03
Spain 1.23 .02 63 .09 - 1.39
Japan {non-Sf} 10.27 13 4.26 65 4.31 -
Pvalue (total. P = .001)
Japan {S)) - NS NS NS 027 -.001
Korea NS - NS NS NS NS
China NS NS - NS NS NS
United Kingdom NS NS NS - NS NS
Spain ) NS NS NS NS - NS
Japan {non-Sj) =001 NS 012 NS 011 -

smaller than expected, indicating no significant move-
ment of HCV-1b strains among these groups. For
HCV-la and -3a, the observed number of migration
events was significantly smaller than the expected pum-
ber. again suggesting signiticantly less overall migration

than would be expecred by chance.
The Origin of HCV Subtypes in Each Country

Figure 2 shows a comparison of genetic distances
estimated on all synonymous and nonsynonymous nucle-
otide positions berween HCV strains in cach country,
The genetie distances were the greatest among HCV-1hb

Ball
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Figure 2. The overall mean genetic distances of all nucleotides po-
sitions, synonymous positions. and nonsynonymous positions in each
country.

strains in the Japanese $/~-positive group. followed by the
Egyptian HCV-4a, Spanish HCV-1b, South African
HCV-5a, and HCV-1b strains in the Japanese non-S/
group. The genetie distances among the US HCV-1a, cthe
ESU HCV-3a, and Hong Kong's HCV-6a were similar
and comparatively smaller. These dara indicare char the
Japanese HCV-1b population 1s the oldest, and Hong
Kong's HCV-6a population s the youngest among che
populations scudicd.

The molecular evolutionary rate was estimared by 2
independent methods. First, our previous linear regres-
ston analyses indicated char a molecular evolutionary rate
was .58 (range. .33-.61) X 1077 nucleotide substiru-
cions/site/y. ' Second, TipDate v1.2 was used to compure
the different-rate model with dhe single rate and SRDT
models. The SRDT model provides an adequate it to
most datasets (P > .03); the rates were similar (range.
S0-72) X 107 nucleotide substitutions/site/y. Al-
though the SRDT model was rejected (P <0 .09) in ]
dataset, simulations have shown that even when che
molecular clock 1s rejected. che confidence limits of the
substitution rate sometimes may include che true race.2¢
Hence, we used the substicution rate estimated previ-
ously: .58 X 1077 substiturions/site/y for the NSSB
region.

Based on TipDare 2 to investigate the origin of HCV
subtypes we converted the genctic distance in the phy-
logenetic tree into a timescale by using the molecular

clock. According to the timescale, the most recent com-
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mon ancestor for HCV subtvpes i cach country was
established (Table 1): the divergence time ot che most
recent common ancestor for HCV-1b in the Japanese
S j-group was estimated before 1850, followed by chat of
Spanish HCV-1b strains (in 1892). The divergence rime
in the other groups was estimated to be o the 20ch
century. Notably, HCOV-3a and HCV-6a strains have
been introduced relatively recently 1nro che FSU (in
1958) and Hong Kong (in 1963), respectively (Table 1),

Historical Analyses of the HCV Population
by Using the Coalescent Theory

The level of population subdivision shown in the
parsimony analysis described carlier suggeses that much
of the transmission of the sumpled HCV serains occurred
within the sampled groups. Theretore, the epidemic
history of HCV scrains in each group was estimated from
separace trees.

Based on the phylogencric analysis, ehe effective num-
ber of HCV infections chrough time. N (7). was analyvzed
using a skvline plot for the HCV serains. The parameters
for several models in Genie vi3.9 were examined. Time (1)
then was transtormed to year using the same rate, as-
suming the collecting time to be the present. Figure 3
shows the skvline plots and HCV population growth in
cach country according to a piccewise expansion growth
model that was evaluated by likelihood-ratio testing
(data not shown).2*> An expansion growth model gave
the best fic for only the §/-positive HCV-1b population,
but because this likelthood ratio was almost the same as
that of the piccewise expansion growth model, all pop-
ulations were applicd to the same piccewise expansion
growth model. Our estimartes of the effective numbers of
HCV infections showed a eransition from constant size to
rapid exponential growth in che 1920s among the Jap-
anese Sj-posicive HCV-1b population. as we have re-
ported carlicr.”® This indicates the oldest outbreak
among all scudied popalations, whereas the exponential
growrh amang the Japanese Sy-negative HCV-1b popu-
lation was dated 10 che 19405, which is close in time to
the HOV-1b populations in Spain (Figure 34 ) and other
European countries,*™* and the HCV-4u populacion in
Eaypr.t¥ The exponential groweh of the HCV-5a popu-
lation in South Africa occurred in che 1950s (Figure 3B),
and comparatively recent HCV endemics were dated in
the 1960s for both HCV-Ja in the Unired States (Figure
3C)and HCV-3a in che FSU (Figure 3D, and in the late
1970s for HCV-6a in Hong Kong (Figure 3E).

The exponential growth rates also vared among the
subeype populations (Table 1), The escimared rates for
HCV-3a 1 South Africa. HCV-ta in Hong Kong,
HCV-3a in the FSU. and HCV-1a in the Uniced States

GASTROENTEROLOGY Vol. xx, No. x

were higher than those for HCV-1b in Japan, HCV-1b in
Spain, and HCV-4a in Egvpt. Hence, our findings iodi-
cate that the particular epidemics worldwide, assoctated
with the corresponding HCV subrype. had different pat-
terns in terms of divergence time, exponential spread
time, and the dynamic groweh rate. The different ages of
the studied viral subpopulations, bese assessed by synon-
ymous genctic distance values, are shown in Figure 2.

Relative Population Size of HCV Subtypes
in Each Country

Current estimates of the HOV subrype distribu-
rion in cach sampled country were used to transform
the epidemic histories shown 1n Figure 5 and previous
cata' +423% o reflect the relative historical levels of HCV
subtype infection in each country (Figure 4). As shown in
Figure 4, 3 differcnt growth patterns were found: onc is
the oldest historical pattern of HCV-1b in the Japanese
§7 group. and the second group consists of HCV-1b in
the Japancse non-S7 group, HCV-1b in Spain. and
HCV-4a in Egvpt. The hase group, with che latest expo-
nential groweh, includes 4 ditferene subeypes in indepen-
dent countries: HCV-1a in the United Srates, HCV-3a in
the FSU, HCV-5a in South Africa, and HCV-6a in Hong
Kong.

Discussion

The world map of HCC occurrence still contains
many wide gaps owing to difficulties collecting exace
clinical and epidemiologic data from many countrics.
The positive corrclation between HCV seroprevalence
and HCC mortality was documented in a recenr Luro-
pean repore.”” However, most of the HCV seroprevalence
data worldwide are derived from studies of blood donors
who represent a sclecrive relatively low-risk, vounger
population. Theretore this approach underestimares the
absolute burden of infection™ and complicates a com-
parative analysis of the resules obrained in different coun-
trics, especially tor the age-specific HCV seroprevalence.

Because HCC is associated direccly with the duracion
of HCV intection in a given carrier, the time of exposure
to HCV infection is another ericical determinant of HCC
incidence at the population level. To investigate furcher
the relative role played by the duracion of HCV infec-
tion, we analyzed current and previously published daca
from populations throughout che world for rthe general
and age-related HCV seroprevalence, the estimared time
of HCV exponential spread, the association with primary
risk factors for virus transmission, and HCC mortality,

The past population dynamics of a virus can be in-
terred from viral gene sequence data using a population



