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Figure 5. Tumor-bearing Cygh-deficient mice are associated with increased cancer cell proliferation and reduced apoptosis. Az Paraffin-embedded liver
sections from wild-type (+/+) und homozygous (— =) mice treated with 25-ppm DEN for 25 weeks were TUNEL labeled (Ieft) und counterstained with
DAPI (right). Apoptotic cells were present in the tumor (T) area in wild-tvpe mice. NT. nontumor area. Scale bar = 400 pm. B: Paraffin-embedded liver
sections were stained with PCNA. Scale bar = 100 um. The frequency of apoptotic (€) or proliferate (D) cells was determined by counting TUNEL- o1
PCNA-positive cells, respectively (cells with the nucleus stained durk brown in the case of PCNA). in at least 1000 cells from each liver (1 = 3). Expression
levels of Bel-2 (E) and cyclin D1 (F) mRNA in the NT (7= Tto 12)and T (1 = 3 1o 3) areas from 23-ppm DEN-treated mice were determined by RT-gPCR
and normalized to GAPDH. Queh™ ~ (white bars). €yeh™ 7 (gray bars), and C1gh™ = (black hars) mice. Values are given as the mean = SD of all

experiments. *P < 0,05, *P < .01, **P < 0.001. and **** P < (L0001,

amined the effects of Cygb deficiency on the major
pathways implicated in liver cancer.3® As expected,
Cygb loss was associated with an increase in both Akt
phosphorylation and abundance in the livers (Figure
BA). This observation was also evident for Erk signaling
(Figure 6, A and B). Consistent with increased Erk
phosphorylation, Cygb-deficient mice exhibited in-
creased expression of cyclin D1 (Figure 6A), and Jun
and Fos mRNA in nontumor and tumor areas, relative to
wild type (Figure 6C). These results suggested that the
Akt and Erk pathways are activated in response to
Cygb deficiency. The increased levels of Akt and Erk
activation correlated with a marked elevation of IL-6
mRNA in both nontumor and tumor areas in Cygb-
deficient mice (Figure 6D). IL-6 is a tumor-promoting
cytokine that is required for Erk activation and contrib-
utes to alterations in Akt signaling.®' Knowing that IL-6
functions as a downstream mediator for both IL-1 and
tumor necrosis factor-a,32 we examined the expression
of these two cytokines. Remarkably, IL-18 and Tnfa
levels (Figure 8D) increased 10- and 30-fold, respec-
tively, at the mRNA level in the nontumor area of the
liver and increased further in the tumors, relative to wild
type. Cygb-deficient mice also had increased expres-
sion of TgfB3 mRNA (Figure 6D). These data suggest
that Cygb loss can trigger inflammation and lead to the

long-term elevation of tumor-promoting cytokines,
resulting in the development of tumors.

Nitrotyrosine Accumulation in the Livers of
DEN-Treated Cygb-Deficient Mice

Long-term administration of DEN has induced the ex-
pression of the inducible isoform of NO synthase and
3-nitrotyrosine, a marker of peroxynitrite formation, in pre-
neoplastic and neoplastic rat liver tissues.®® In this study,
we detected the overproduction of nitrotyrosine in tumor
and nontumor liver tissues of Cygb-deficient mice, com-
pared with wild-type mice, as shown by IHC (Figure 7A)
and immunoblot analyses (Figure 7B). These results in-
dicate the high production of NO, together with superox-
ide, in Cygb-deficient mice.

Dysregulation of Genes Associated with Cell
Proliferation and Differentiation in
Cygb-Deficient Mice

To further screen for cellular alterations caused by Cygb
gene disruption, we compared gene expression profiles

between Cygb-deficient mice and their wild-type coun-
terparts after 25-ppm DEN treatment for 25 weeks. We
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observed the altered expression of cancer genes, includ-
ing p53, cyclin D2, Pak1 (p21-activated kinase), Src,
Cdkn2a, and Cebpa (CCAAT/enhancer-binding protein
a) (data not shown). We examined in detail the mRNA
levels of these genes by RT-gPCR. Consistent with the high
rate of cellular proliferation in the liver of Cygb-deficient mice
(Figure 5, B and D), we observed overexpression of cyclin
D2 (Figure 8A) and p53 (Figure 8B), which have displayed
high expression in astrocytomas, a type of brain tumor.3*
Pak1 promotes malignant tumor progression, and the Src
proto-oncogene has shown increased expression in human
skin tumors and leukemia.®>® In this study, we found that
the mRNA expression of Pak1, in addition to Src, increased
fivefold in the livers of Cygh ™'~ mice, relative to the wild type
(Figure 8, C and D).

Cdkn2a, a tumor suppressor that negatively regulates the
cell cycle, displayed increased expression at the mRNA level
in the livers of Cygb-deficient mice (Figure 8E), consistent with
other studies®*“° on sarcomas and lung tumors.

Cebpa has the ability to inhibit proliferation, particularly
in hepatocytes.*"*? Down-regulation of CEBPA has been
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Figure 6. Tumor-hearing Crgh-deficient mice exhibited elevated phosphor-
vlated Akt (p-Aky, phosphorviated Erk (p-Erk), and inflammation. CQgb-
deficient mice from Figure 2 were subjected to additional biochemical and
gene expression analyses. A: The liver was lysed and gel separated, and the
levels of p-Akt, p-Erk, total Akt, total Erk, and cyclin D1 were examined by
immunoblot analyses. All blots were reprobed with anti-GAPDH as a loading
control. B: Paraffin-embedded liver sections were stained for phosphorylated
Erk. Scale bar = 100 um. C and D: Relative mRNA levels of Jun and Fos (C)
and IL-6, Tnfa, IL-1B3, and TgfB3 (D) in the nontumor (NT; # = 7 to 12) and
tumor (T; # = 3 to 5) areas of the liver were determined by RT-qPCR and
normalized to GAPDH. Cygh™'™ (white bars), Cygb*’~ (gray bars), and
Cygb™’~ (black bars) mice. Values are given as the mean £ SD of all
experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 7. Peroxynilrite formation in the livers of Qygh-deficient mice. Az Paraffin-
embedded liver sections from wild-type (+/+) and homozygous (—=/=) mice
reated with 23-ppm DEN for 25 weeks were stained with antinitrotyrosine, Nitro-
tyrosine-containing proteins were srongly expressed in the eytoplasm und nudlei of
cancer cells in the tumor area, particularly in the inclusions of cancer cells. Scale
bar = 100 pm. B: Protein homogenates of liver tissues from Qigh™ ™, Q™ ™, and
Cygh™ T mice treated with 25-ppm DEN for 25 weeks were subjected to immuno-
blot detection for nitrotyrosine. GAPDH was used as a loading control. K, kDa
(molecular mass),

reported in human myeloid leukemia.*® Consistent with
these studies, our results showed decreased expression
of Cebpa mRNA in the liver of Cygb-deficient mice, rela-
tive to the wild type (Figure 8F).
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Figure 8. Altered regulation of cancer genes in Cygb-deficient mice. RT-qPCR
analysis of cell growth-reluted gene transcripts cvelin D2 (A), p33 (B), and Pakl
(C) and cell differentiation and apoptosis-related gene transcripts Sre (D),
Cddkn2a (B). and Cebpa (F) in liver from mice teated with 25-ppm DEN for 25

weeks (7= 7 10 12). Levels are normulized to GAPDH. Cygh™ ~ (white bars).
Cyeh™ ™ (gray bars), and Gugh™ ™ (black bars) mice. Values are given as the

mean = SD of all experiments, */2 <0 0.01, **P < 0.001, and **** P < 0.0001.
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Discussion

In the present study, we showed that loss of Cygb in
C57BL/6J mice markedly increased their susceptibility to
DEN-induced tumorigenesis. In the absence of Cygb, liver
tumors developed earlier, were larger, and were more
numerous compared with wild-type mice. By administering
low-dose DEN to adult mice (0.05 ppm), which failed to
induce liver cancer in wild-type mice, we observed the
tumor-promoting effects of Cygb deficiency.

We observed high levels of Cygb expression in hepatic
stellate cells, a liver-specific pericyte, from which Cygb
was originally discovered by proteomic analysis of pri-
mary cultured rat cells and other stromal cells in the
visceral organs, including the pancreas, gut, spleen,
lung, and kidney.'* These stromal cells are pericytes
localized around the capillaries of the organs that are
capable of vitamin A storage. Thus, we propose that
Cygb may be an indicator of a vitamin A-storing pheno-
type of myofibroblasts of endoderm origin. However, as
previously reported,#® Cygb is ubiquitously expressed
in all body organs in human, as in mice and rats. At the
mRNA level, high expression is evident in the adult hu-
man heart and liver; modest expression is evident in the
brain, kidney, trachea, and placenta; and low expression
is evident in the adult skeletal muscle.** Several cancer
cell lines, including HepG2 cells,** the NCI-H2228 lung
cancer cell line, and HCC 1569 breast cancer cells,™
also display CYGB mRNA expression. These observations
indicate the role of Cygb in the regulation of cellular function
originating from the epithelia. In this context, cancer devel-
opment in the liver and lungs in Cyghb™~ mice is antici-
pated. However, the role of mesenchymal cells that express
Cygb highly in tumor development should be further eval-
uated because these myofibroblasts represent important
environmental factors during tumor formation.

Cygb expression is augmented under hypoxia in the
liver, heart, brain, and skeletal muscle and in HN33 cells
(an immortalized mouse hippocampal cell line), BEAS-2B
cells (a transformed human bronchial epithelial cell line),
and Hela cells (a human cervix carcinoma cell line).'®
Overexpression of Cygb protects mouse neuroblastoma
N2a cells and human neuroblastoma SH-SY5Y cells un-
der H,0, exposure and the human neuronal cell line
TE671 under prooxidant Ro19-8022 stimulation.™ 1244
Overexpression of Cygb in the liver, induced by adeno-
associated-virus-induced transfection, protects the liver
from oxidative injury.’® Conversely, the role of Cygb as an
NO scavenger in rat hepatocytes and NIH3T3 fibroblasts
may protect cells from NO-induced toxicity.>*® These re-
ports and our findings regarding the accumulation of nitro-
tyrosine protein adducts in Cygb-deficient mice indicate the
cytoprotective and antioxidative properties of Cygb.

Several tumor suppressor genes are located in both
arms of chromosome 17. TP53, a known tumor suppres-
sor gene at 17p13.1, is one of the most frequently mu-
tated genes in cancers, including hepatocellular carci-
noma.*® BRCAT (breast cancer 1, early onset) at 17q12is
a human tumor suppressor gene encoding the breast
cancer type 1 susceptibility protein,*® which is present in
the breast and other tissues, aiding the repair of dam-
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aged DNA and the destruction of the cell when DNA
cannot be repaired. If BRCAT is damaged, cells dupli-
cate uncontrollably, leading to cancer. Other known
breast cancer—associated genes include septin, DMCT,
and HER2/ErbB2.47*® Because CYGRB exists on chromo-
some 17925, genes on this chromosome appear com-
monly in the tumorigenesis of epithelial cells and mutation
or epigenetic modification of these genes appears to
trigger malignant transformation.

Clinically, liver cancer develops from a fibrotic liver,
with chronic trauma induced by alcohol abuse and hep-
atitis virus B/C infection.*® Chronic inflammation offers an
appropriate environment for cancer development, by pro-
ducing multiple growth factors, extracellular matrices, and
neovascularization involving local hypoxia.s® In this context,
the augmented occurrence of pericellular fibrosis and fi-
brotic reactions (Figure 4, C-E) in Cygb deficiency may be
involved in the development of liver cancer.

In conclusion, to our knowledge, this is the first report
that Cygb deficiency induces susceptibility to cancer de-
velopment in the liver and lungs of mice receiving DEN
treatment. Thus, Cygb-deficient mice may provide a use-
ful animal model to study cancer development in the liver
and lungs; globins, such as Cygb, may shed new light on
the biological features of organ carcinogenesis.
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Rapid Emergence of Telaprevir Resistant Hepatitis C
Virus Strain from Wildtype Clone InVivo

Nobuhiko Hiraga,"* Michio Imamura,"* Hiromi Abe,"? C. Nelson Hayes,* Tomohiko Kono,"?
Mayu Onishi,"* Masataka Tsuge,"” Shoichi Takahashi, Hidenori Ochi,*® Eiji Iwao,* Naohiro Kamiya,*
Ichimaro Yamada,* Chise Tateno,>® Katsutoshi Yoshizato,>® Hirotaka Matsui,® Akinori Kanai,”
Toshiya Inaba,® Shinji Tanaka,"* and Kazuaki Chayama'?3

Telaprevir is a potent inhibitor of hepatitis C virus (HCV) NS3-4A protease. However, the
emergence of drug-resistant strains during therapy is a serious problem, and the susceptibility
of resistant strains to interferon (IFN), as well as the details of the emergence of mutant
strains in vivo, is not known. We previously established an infectious model of HCV using
human hepatocyte chimeric mice. Using this system we investigated the biological properties
and mode of emergence of mutants by ultra-deep sequencing technology. Chimeric mice were
injected with serum samples obtained from a patient who had developed viral breakthrough
during telaprevir monotherapy with strong selection for resistance mutations (A156F
[92.6%]). Mice infected with the resistant strain (A156F [99.9%]) developed only low-level
viremia and the virus was successfully eliminated with interferon therapy. As observed in
patients, telaprevir monotherapy in viremic mice resulted in breakthrough, with selection for
mutations that confer resistance to telaprevir (e.g., a high frequency of V36A [52.2%]). Mice
were injected intrahepatically with HCV genotype 1b clone KT-9 with or without an intro-
duced resistance mutation, A156S, in the NS3 region, and treated with telaprevir. Mice
infected with the A156S strain developed lower-level viremia compared to the wildtype strain
but showed strong resistance to telaprevir treatment. Although mice injected with wildtype
HCV showed a rapid decline in viremia at the beginning of therapy, a high frequency (11%)
of telaprevir-resistant NS3 V36A variants emerged 2 weeks after the start of treatment.
Conclusion: Using deep sequencing technology and a genetically engineered HCV infection
system, we showed that the rapid emergence of telaprevir-resistant HCV was induced by
mutation from the wildtype strain of HCV #n vivo. (HeratorLocy 2011;54:781-788)

hronic hepatitis C virus (HCV) infection is a  ribavirin (RBV).*>”> However, this treatment results in
leading cause of cirrhosis, liver failure, and he-  sustained viral response (SVR), defined as negative for
patocellular carcinoma.” The current standard HCV RNA 24 weeks after cessation of the therapy, in
treatment for patients chronically infected with HCV  only about 50% of patients with genotype 1 HCV
is the combination of peg-interferon (PEG-IFN) and infection with high viral loads.> Given the low

Abbreviations: HCV. hepasizis C viris; HSA, human sersm albumin; PEG-IFN, peg-interferon; RBV, ribavirin: RT-PCR. reverse transcript-polymerase chain
reaction; SCID, severe combined inmunodeficiency; SVR, sustained viral response: uPA, urokinase-type plasminogen activator
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effectiveness of the current therapy, many molecules
have been screened for antiviral activity against HCV
for use in development of novel anti-HCV therapies.
A number of new selective inhibitors of HCV pro-
teins, the so-called STAT-C (specifically targeted antivi-
ral therapy for HCV) inhibivors, are currently under
development. Telaprevir is a reversible, selective, spe-
cific inhibitor of the HCV NS3-4A protease that has
shown potent antiviral acuvity in HCV replicon
assays.® Although the antiviral effect of telaprevir is
quite potent, monotherapy using these drugs results in
rapid emergence of drug-resistant strains.”® Accord-
ingly, these drugs are used in combination with pegy-
lated-IFN and ribavirin for chronic hepatitis C
patients. Because the HCV virus replicates rapidly and
RNA polymerase lacks a proofreading system, HCV
viral quasispecies can emerge e movo, and somc of
these variants may confer resistance. Although a resist-
ant variant is inidally present at low frequency, it may
quickly emerge as the dominant specics during antivi-
ral treatment.”'’ Resistant clones against HCV NS3-
4A protease inhibitors have reportedly been induced in
replicon systems.

The immunodeficient urokinase-type plasminogen
activator (uPA) mouse permits repopulation of the liver
with human hepatocytes, resulting in human heparocyte
chimeric mice that are able to develop HCV viremia af-
ter injection of serum samples positive for the virus."'
We and other groups have reported that the human he-
patocyte chimeric mouse is useful for evaluating the
effect of NS3-4A protease inhibitor.'*'? Using this
mouse model, we developed a reverse genetics systems
for HCV."!> This system is uscful to study characteris-
tics of HCV strains with various substitutions of interest
because the confounding effects of quasispecies can be
minimized. Using ultra-deep sequencing technology, we
demonstrate-the rapid-emergence of telaprevir resistance
in HCV as a result of mutation from wildtype strain
using genetically engineered HCV-infected human he-
patocyte chimeric mice.

Materials and Methods

Animal Treatment. Generation of the uPA*™/
SCID™™ mice and transplantation of human hepato-
cytes were performed as described recendy by our
group.'® All mice were transplanted with frozen
human hepatocytes obtained from the same donor.
Mice received humane care and all animal protocols
were performed in accordance with the guidelines of
the local committee for animal experiments. Infection,
extraction of serum samples, and sacrifice were per-
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formed under ether anesthesia. Mice were injected ei-
ther intravenously with HCV-positive human serum
samples or intrahepatically with /n vitro-transcribed ge-
notype 1b HCV RNA. HCV-infected mice were
administered either perorally with 200-300 mg/kg of
telaprevir  (VX950; MP424; Micsubishi  Tanabe
Pharma, Osaka, Japan) twice a day or intramuscularly
with 1,500 1U/g of IFN-alpha (Dainippon Sumitomo
Pharma, Tokyo). The telaprevir dose was determined
in a previous study in which this dosage range was
found to yield serum concentrations equivalent to
treated human patients.'?

Human Serum Samples. After obtaining written
informed consent, human serum samples containing
genotype 1b HCV were obrained from wwo patents
with chronic hepatitis. The individual serum samples
were divided into aliquots and stored separately in lig-
uid nitrogen until use. The study protocol conforms
w the ethical guidelines of the 1975 Declaration of
Helsinki and was approved « priori by the Institutional
Review Committee.

HCV RNA Transcription and Inoculation into
Chimeric Mice. We have previously established an in-
fectious genotype 1b HCV clone HCV-KT9 derived
from a Japanese patient with severe acute hepatitis
(GenBank access. no. AB435162)."° We cloned this
HCV complementary DNA (cDNA) into plasmid
pBR322 under a T7 RNA promoter to create the plas-
mid pHCV-KT9. Ten ug of plasmid DNA, linearized
by Xbal (Promega, Madison, WI) digestion, were tran-
scribed in a 100 uL reaction volume with T7 RNA
polymerase (Promega) at 37°C for 2 hours and ana-
lyzed by agarose gel electrophoresis. Each transcription
mixture was diluted with 400 pL of phosphate-buf-
fered saline (PBS) and injected into the livers of chi-
meric mice.”® The QuikChange site-directed mutagen-
esis- kit (Stratagene,-Foster - City; - CA) - -was -used--to
introduce a substitution at amino acid 156 of the NS3
region (A156S).

RNA  Extraction and Amplification. RNA was
extracted from serum samples by Sepa Gene RV-R
(Sankojunyaku, Tokyo), dissolved in 8.8 uL RNase-
free. H,O, and reverse transcribed using a random
primer (Takara Bio, Shiga, Japan) and M-MLV reverse
transcriptase (ReverTra Ace, Toyobo, Osaka, Japan) in
a 20-pL reaction mixture according to the instructions
provided by the manufacturer. Nested polymerase
chain reaction (PCR) and quantitation of HCV by
Light Cycler (Roche Diagnostic, Japan, Tokyo) were
performed as reported.'”

Ulira-Deep  Sequencing. We adapted

sequencing-by-synthesis t  simultaneously sequence

multiplex

=376 -



HEPATOLOGY, Vol. 54, No. 3, 2011

HCA RNA (log,, IU/mL)
o

Fig. 1. Changes in serum HCV -
RNA levels in a telaprevir-treated

chronic hepatitis C patient. A 55-
year-old woman infected with geno- :
type 1b HCV was treated with 750 :
mg of telaprevir every 8 hours for i
12 weeks. Serum HCV RNA (upper

panel) and the amino acid (aa) fre-
quencies at aal56 in the HCV NS3
region by ultra-deep sequencing at
the indicated times are shown. The
horizontal dotted line indicates the

detectable limit (1.2 log copy/mL).

multiple genomes using the [llumina Genome Ana-
lyzer. Briefly, cDNA was fragmented using sonication
and the resultant fragment distribution was assessed
using the Agilent BioAnalyzer 2100 platform. A library
was prepared using the Multiplexing Sample Prepara-
tion Kit (Illumina, CA). Imaging analysis and base
calling were performed using Illumina Pipeline soft-
ware with default settings.'” > The N-terminal 543
nucleotides of NS3 protease were analyzed. This tech-
nique revealed an average coverage depth of over
1,000 sequence reads per basepair in the unique
regions of the genome. Read mapping to a reference
sequence was performed using Bowtie.”* Because of
the short 36 nucleotide read length, mapping hyper-
variable regions with multiple closely spaced variants
against a reference sequence yields poor coverage.
Therefore, common variants were identified by relax-
ing the mismatch settings as well as using de novo as-
sembly using ABySS.>> Multiple alternative reference
sequences were included to improve coverage in vari-
able regions. Codon counts were merged and analyzed
using R v. 2.12.

Results

Emergence of a ITelaprevir-Resistant Variant in a
Hepatitis C Patient Treated with Telaprevir and
Analysis of the AI56F Mutation. A 55-year-old
woman infected with genotype 1b HCV was treated
with 750 mg of telaprevir every 8 hours for 12 weeks
(Fig. 1). After 1 weeks of treatment, serum HCV
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RNA rtter decreased below the detectable limit (1.2
log copy/mL). However, HCV RNA titer became posi-
tve by week 4. By week 12, HCV RNA rtiter had
increased to 4.8 log copy/mL and telaprevir treatment
was discontinued. Because direct sequence analysis
showed an A156F murtation in the NS3 region in the
serum samples at 12 weeks, we performed ultra-deep
sequence analysis and confirmed the high frequency
(92.5%) of A156F murtation. Four weeks after cessa-
tion of treatment (at 16 weeks), sequence analysis
revealed that the major strain had reverted to wildtype
(99%). To analyze the replication ability and the sus-
ceptibility of the A156F mutation to telaprevir, 100
uL serum samples containing 101 copies of HCV
obrained at week 12 were injected into human hepato-
cyte chimeric mice. Two wildtype HCV-inoculated
mice became positive for HCV RNA 2 weeks after
inoculation and serum HCV RNA titer increased to
high levels (7.6 and 7.8 log copy/mL, respectively) at
6 weeks after inoculation (Fig. 2). In contrast to wild-
type HCV-infected mice, a mouse inoculated with se-
rum containing the A156F mutant developed measura-
ble viremia at 4 weeks postinoculation, although
serum HCV RNA titer remained low at 6 weeks (5.2
log copy/mL). Eight weeks after inoculation ultra-deep
sequence analysis showed a high frequency (99.9%) of
A156F mutation. From this point the mouse was
administrated 200 mg/kg of telaprevir perorally twice
a day for 4 weeks. However, this treatment resulted in
no reduction in serum HCV RNA level. During the
observation period the A156F mutation remained at
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Fig. 2. Changes in serum virus
titers in HCV-infected mice. Mice
were injected with either wildtype
(closed circles) or A156F-mutated
HCV serum samples (obtained from
an  HCV-infected patient who
received telaprevir monotherapy for
12 weeks; see Fig. 1) (open

1 i
1415 16 18 20

circles). Six weeks after injection
the A156F mutant mouse was
treated with 200 mg/kg of telapre-
. vir orally twice a day for 4 weeks
kY and injected intramuscularly with

26 28

(weeks)

8722 clones

WT 0 034%
N A158F 99.897%
= A1585 0034%
W AT56L 0034%

1,500 IU/g/day of interferon-alpha
for 4 weeks. Serum HCV RNA
(upper panel) and amino acid (aa)
frequencies at aalb6 in the HCV

2460 clones

Wt 0.041%)|
M ATSEF 00 878%)
| A156S 0.041%

asev ooss|  NS3 region by ultra-deep sequenc-
ing at the indicated times are
shown.

high frequency (>99%). To analyze the susceptibility
of the A156F murtation to IEN, wildtype or A15GF-
mutated HCV-infected mice were treated with 1,500
1U/g/day of IFN-alpha for 4 weeks. Treatment resulted
in only a two log reduction in HCV RNA level in
wildtype HCV-infected mice. In contrast, serum HCV
RNA titer decreased below the detecrable limir 1 week
after treatment in an Al56F-infected mouse. Ten
weeks after cessation of IFN-treatment (at week 28),
HCV RNA in the mouse serum remained undetect-
able, suggesting that HCV RNA was eliminated. These
results demonstrate that the A156F variant is associ-
ated with telaprevir-resistance, but the mutant has low
replication ability and a high susceptibility to IFN.
Effect of Telaprevir on HCV-Infected Mice and
Sequence Analysis of NS3 Region. Next we investi-
gated the effect of telaprevir on wildype HCV-
infected mice. Two chimeric mice were inoculated
intravenously with serum samples containing 10° cop-
ies of HCV obtained from an HCV-positive patient
(Fig. 3). Six weeks after inoculation both mice were
administered 200 mg/kg of telaprevir perorally twice a
day for 4 weeks. Serum HCV RNA titer in both mice
rapidly decreased; however, in one of the mice HCV
RNA tditer increased again 3 weeks after the start of
treatment. Ultra-deep sequence analysis of the NS3
region showed that following the start of telaprevir
administration the frequency of the V36A mutation
increased from 18% at 2 weeks to 52% at 4 weeks, at
which point it was accompanied by an increase in the
HCV RNA rtiter. Two weeks after cessation of telapre-

vir treatment (at week 12), ultra-deep sequence analy-
sis revealed that the frequency of the V36A mutant
had decreased to 13% and the frequency of the wild-
type HCV had increased to 84%, although the HCV
RNA tditer increased only slightly.

Intrahepatic Injection of HCV-KT9-Wild RNA
and KT9-NS3-A156S RNA into Human Hepatocyte
Chimeric Mice. We previously established an infec-
tous genotype 1b HCV cdone, HCV-KT9 (HCV-
KT9-wild).}> We created a telaprevir-resistant. HCV
clone by introducing an A156S amino acid substitu-
tion in the NS3 region of HCV-KT9 (KT9-NS3-
A156S) (Fig. 4A). Using wildtype and telaprevir-resist-
ant clones we investigated the replication ability #n
vivo. Mice were injected intrahepatically with 30 pg of
in vitro-transcribed HCV-KT9-wild RNA or KT9-
NS3-A156S RNA. Mice injected with HCV-KT9-wild
developed measurable viremia at 2 weeks postinocula-
tion and by 4 weeks postinoculation HCV RNA had
reached 107 copy/mL (Fig. 4B). On the other hand,
mice injected with KT9-NS3-A156S developed meas-
urable viremia at 4 weeks postinoculation but main-
tained only low levels of viremia. These results suggest
that the telaprevir-resistant HCV clone has a lowered
replication ability compared to the wildtype HCV
clone in vivo.

Treatment with ITelaprevir and Analysis of Muta-
genesis in Mice. Two mice infected with HCV-KT9-
wild and one mouse infected with KT9-NS3-A156S
were treated with 200 mg/kg of telaprevir twice a day
for 2 weeks (Fig. 5A), resulting in 1.4 and 2.7 log
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Fig. 3. Treatment with telaprevir in wildtype HCV-infected mice. Two mice were injected intravenously with 50 ulL of HCV-positive human serum
samples. Six weeks after HCV injection mice were treated with 200 mg/kg of telaprevir orally twice a day for 4 weeks. Serum HCV RNA (upper
panel) and amino acid (aa) frequencies at aa36 in the HCV NS3 region by ultra-deep sequencing at the indicated times are shown.

reductions in HCV RNA level in the two wildtype
HCV-infected mice. In contrast, only a 0.6 log reduc-
tion was observed in the KT9-NS3-A156S-infected
mouse. These results demonstrate that our human he-
patocyte chimeric mouse model infected with 77 vitro-
transcribed HCV RNA provides an effective system
for analysis of the susceptibility of HCV mutants to
antiviral drugs. Interestingly, ultra-deep sequence anal-
ysis showed a rapid emergence of a V3G6A variant in
the NS3 region in mouse serum 2 weeks after treat-
ment (Fig. 5B). Four weeks after cessation of treat-
ment (at week 6) the frequency of the V3G6A variant
had decreased. Mice were then treated with 300 mg/kg
of telaprevir twice a day for 4 weeks, which resulted in
an elevated frequency of V36A variants at 1 (at week
7, 5.4%) and 4 weeks (at 10 week, 41.8%) after treat-
ment and no reduction in serum HCV RNA level.
These results suggest that telaprevir-resistant mutations
emerged de novo from the wildtype strain of HCV,
presumably through error-prone replication and potent
selection for telaprevir escape mutants. During the
telaprevir treatment period no increases of HCV RNA
titers in these mice were observed, probably due to the
low frequency of the resistant strain.

Discussion

Telaprevir is a peptidomimedc inhibitor of the
NS3-4A serine protease that is currently undergoing
clinical evaluation. Despite its effectiveness against
HCV, some patients have shown a rapid viral break-

. 2
through during the first 14 days of treatment.®® Popu-
lation sequencing of the viral NS3 region identified a
number of mutations near the NS3 protease catalytic

NS
—t—fcore| £1 | E2 | ns2 ns3 | aa] nsa8 | nssa NSSB JV
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Fig. 4. Intrahepatic injection of in vitro transcribed HCV-KT9 RNA
and KT9-NS3-A156S RNA into human hepatocyte chimeric mice. (A)
The schematic of infectious genotype 1b HCV clones, HCV-KT9 and
KT9-NS3-A156S. Boxes indicate codons at amino acid 156 in HCV
NS3 region. Ala, alanine; Ser, serine. (B) Changes in serum levels of
HCV RNA in mice intrahepatically injected with either HCV-KTS RNA
(closed circles) or KT9-NS3-A156S RNA (open circles). Data are repre-
sented as the mean = SD of three mice.
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Fig. 5. The effect of telaprevir on mice infected with in vitro-tran-
scribed HCV. Mice were injected with in vitro-transcribed HCV-KT9 RNA
(closed circles and closed triangles) or KT9-NS3-A156S RNA (open
circles). Six weeks after HCV RNA injection, mice were treated perorally
with 200 mg/kg of telaprevir twice a day for 2 weeks. Four weeks after
cessation of treatment mice were treated with 300 mg/kg of telaprevir
twice a day for 4 weeks. (A) Mice serum HCV RNA fiters at the indi-
cated times are shown. Serum samples obtained from one of two
HCV-KT9-infected mice (closed triangles) were used for ultra-deep
sequencing. (B) Amino acid (aa) frequencies at aa36 in the HCV NS3
region based on ultra-deep sequencing are shown.
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domain.?® In particular, variants at NS3 residues 36,
54, 155, and 156 were shown to confer reduced sensi-
tivity to telaprevir.?’

In this study we analyzed the association between the
antiviral efficacy of telaprevir and sequence variants
within the NS3 region using chimeric mice infected with
serum samples obtained from an HCV genotype 1b-
infected patient. One of two HCV-infected mice had a vi-
ral breakthrough during the dosing period (Fig. 3). Ultra-
deep sequence analysis of the NS3 region showed an
increase of the V36A mutant, which has been reported to
confer telaprevir resistance.® Consequently, our results
show evidence of emergence of a telaprevir-resistant vari-
ant previously detected in human clinical trials.

We detected an A156F mutant in the HCV NS3
region in a chronic hepatitis patient who had experi-
enced viral breakthrough during telaprevir monotherapy
(Fig. 1). Likewise, HCV RNA titer in mice infected
with the A156F variant showed no reduction following
2 weeks of telaprevir treatment (Fig. 2). However, 2
weeks of treatment with IFN-alpha rapidly suppressed
scrum HCV RNA tditer below the detectable limit
These results demonstrate that A156F is telaprevir-re-
sistant but has a high susceptibility to IFN.

Interestingly, ultra-decp sequencing revealed that the
wildtype strain was present at low frequency (0.3%) in
the serum inoculum (Fig. 2). However, the frequency
of the wildtype failed to increase over time (Fig. 3),
suggesting that the very small number of wildtype viral
RNA (about 30 copies) may be incomplete or defec-
tive, as a large proportion of viral genomes are thought
to be defective due to the virus's high replication and
muration rates.” Further analysis is necessary in order
to interpret the significance of the presence of very low
frequency variants detected by ultra-deep sequencing.

The short read lengths used in next generation
sequencing also complicates the detection of rare var-
iants, especially when variants are clustered within a
region smaller than an individual read length (e.g., 36
basepairs). Relaxing the matching criteria allows map-
ping of more diverse reads but increases the error rate,
whereas default settings may be geared toward more
genetically homogenous haploid or diploid genomes.
In this study we used de novo assembly to identify
more diverse variants that failed to map to the refer-
ence sequence. Examining the variation in codon fre-
quencies among samples, we created alternative refer-
ence sequences containing a sufficient range of variants
to provide more uniform coverage of variable regions.

Using our previously established infectious HCV-
KT9 genotype 1b HCV clone, we investigated the
antiviral efficacy of telaprevir and the effect of

- 380 -





