TasLE 1: Viral infections in humans associated with autoimmune
diseases.
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PBC because of the tendency of several viruses to target
particularly the liver. There are several mechanisms by which
viruses are thought to induce an autoimmune response.
These include the expression of some autoantigens, the
expression of major histocompatibility complex molecules,
and changes in cytokine production [16]. To understand
the etiology of PBC associated with infection, several factors
should be considered and especially animal models may be
useful [14, 17]. The association of betaretroviral protein
production and aberrant PDC-E2-like protein expression in
the IL-2Ra~~ mouse and Nonobese diabetic (NOD).c3c4
mouse was reported recently [18].

In this paper, we introduce three typical animal models
of PBC: the dominant-negative form of transforming growth
factor-f3 receptor type II (dnTGFBRII) mouse, IL-2Ra™'~
mouse, and NOD.c3c4 mouse are enumerated and described
[19-21]. Additionally, we discuss previous reports of viral
infection associated with PBC and consider the etiology of
PBC from our analysis of results in NOD.c3c4 mouse.

2. Murine Model of PBC

2.1. DnTGFBRII Mouse. TGE-f is the most widely distribu-
ted cytokine with pleiotropic effects on cell growth and imm-
unological controls, specifically having a promoting effect on
the development of the regulatory T-cell compartment [22].
dnTGEBRII mice were originally developed by Gorelik and
Flavell for the purpose of analyzing the role of this receptor,
which regulates the activation of the T cell function [23).
To disrupt the intracellular domain of the normal receptor
in this mouse, the receptor is incompetent of transduction
after TGF-f ligation. The expression of dnTGFSRIL is limited
by the CD4 promotor which lacks CD8 silencer, and this
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transgenic mouse spontaneously develops features character-
istic of PBC [23]. These features include the expression of
AMA with specificity against PDC-E2, BCOADC-E2, and
OGDC-E2, as in human PBC. Pathologically, the infiltration
of lymphoid cells, especially CD4* and CD8* lymphocytes,
in the portal tracts causes biliary duct destruction [19] and
the accumulation of natural killer T cells (NKT) in the intra-
hepatic bile duct lesions, resembling the condition found
in human PBC [24]. Although the granuloma formations
around the portal tracts seen in human PBC are not present,
some lymphocytic aggregations like immature granuloma
formation could be observed [25]. Furthermore, the serum
levels of cytokines such as IFN-y, TNF-a,IL-12p40, and IL-6
are significantly increased, as seen in human PBC [26, 27].

2.2. IL-2Ra™~ Mouse. In 2006, Aoki et al. reported a
male child with a genetic deficiency of IL-2 receptor alL-
2Ra,)CD25) expression who had liver dysfunction with sero-
logical expression of PBC. Histologically, there was lymphoid
infiltration in the portal tracts and serum antibody to PDC-
E2. The deficiency of CD4* CD25" subset of regulatory
T cells was considered a key to elucidating of this clinical
condition [20]. Based on these findings, Wakabayashi et al.
established IL-2Ra ™~ mice and evaluated their hepatic imm-
unopathology [28]. These mice also show AMA positivity
against PDC-E2 that localizes to the inner lipoyl domain
of the autoantigen. Lymphoid cells, composed of CD4* and
CD8* lymphocytes, infiltrate into portal tracts without a sig-
nificant increase in NKT. Although mild interface hepatitis
and biliary duct destruction are seen in the liver, granuloma
formations around the portal tracts are not observed [28].
The circulating cytokine profiles are similar to those of
dnTGEFBRII mice, showing elevations of IFN-y,TNF-a,IL-
12p40, and IL-6, as identified in the serum of patients with
PBC [26, 27, 29].

2.3. NOD.c3¢4 Mouse. NOD.c3c4 mice were generated by
the introgression of large genetic intervals on chromosome
3 and 4 into a NOD background (21, 30]. NOD and
genetically modified NOD mice have been reported to
progress to not only spontaneous autoimmune diabetes
but also rheumatoid arthritis, Sjogren’s syndrome, and
thyroiditis [31-34]. NOD.c3c4 mice derived from NOD
strains are considered to be an animal model of PBC with
autoimmune biliary destruction [21, 30]. Most importantly,
these mice show antibodies to PDC-E2. They express AMA
positivity, unlike the dnTGFBRII mice and IL-2Ra™/~ mice,
and the rate of positivity has reached 50~60% [35]. Portal
tract infiltration with CD3*, CD4*, and CD8* lymphocytes
results in chronic nonsuppurative destructive cholangitis and
epithelioid granuloma formations [21, 30]. However, the
morphological features of the bile ducts lesions differ from
those in human PBC, in which characteristic biliary cyst
formations as well as apparent hepatomegaly are described
[36].
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TaBLE 2: Antiviral trials for PBC.
Trial Method Subject Design  Primary outcome Year  Reference
Serological improvements
of alkaline phos-phatase,
Pilot studies of single and L . Randomized AST and ALT. Histological
. . . Lamivudine + Zidovu- . :
combination antiretroviral dine versus Lamivudin Human controlled improvement in 2004 [43]
therapy ¢ amvudme trial (RCT) necroinflammatory score
and a reduction in bile
duct injury.
Clinical trial: randomized Lamivudine + Zidovu- fg‘;‘;ﬁgﬁﬁfg‘“’emms
controlled trial of lamivudine  dine + UDCA versus Human RCT hosphatase. ATT and 2008 [44]
and zidovudine (Combivir) ~ UDCA Bapr e
Randomized controlled trial of R One case showed a
lamivudine Lamivudine versus UDCA ~ Human RCT Jecrease of AMA titers. 2010 [45]
Histological improvement
in necroinflammatory
Combination antiretroviral Lamivudine + Zidovu- NOD.c3c4 ;E;:Zi??iz{fdu;?n mn 2007 (46]
therapy with Combivir dine versus Placebo mouse . jury. 7o
improvement on bile duct
cyst. Decrease in viral
burden.
Highly active antiretroviral Serological improvements
gy act Combination of reverse in alkaline phos-phatase
therapy with reverse trans- . NOD.c3c¢4
. e transcriptase and protease and AST. Complete 2008 (471
criptase inhibitors and protease mouse

inhibitor inhibitor

disappearance of
cholangitis.

3. Possibility of Viral Infection Associated
with PBC

It has been thought that some viruses may associate with
human diseases of oncogenesis or autoimmunity because of
their genome integration or specific viral-encoding proteins.
Especially, in 1998, Munoz et al. described that there was
an antibody for human immunodeficiency virus-1 (HIV-
1) in the serum of PBC patients [37]. To investigate for a
possible immune response to the p24 gag protein of HIV-
1, moderate-to-strong reactivity was found in about 30% of
the patients with Sjogren’s syndrome, as compared with less
than 1% of healthy controls [38], and the 36% of systemic
lupus erythematosus (SLE) patients produced antibodies to
the p24 gag protein [39]. Mason et al. discovered HIV-1
p24 gag protein seroreactivity in 35% of patients with PBC,
29% of patients with SLE, and 39% of patients with either
primary sclerosing cholangitis or biliary atresia, compared
with only 4% of patients with alcohol-related liver disease or
alphal-antitrypsin-deficiency liver disease, and only 4% of
healthy volunteers. Moreover, Western blot reactivity to the
human intracisternal A-type particle (HIAP) proteins related
to HIV-1 was found in 51% of patients with PBC, in 58%
patients with SLE, and in 17% of those with other biliary dis-
eases. None of the 23 patients with either alcohol-related liver
disease or alphal-antitrypsin deficiency and only one of the
healthy controls showed the same reactivity to HIAP proteins
[40]. Therefore, these antibody reactivities found in patients
with PBC may be attributable to an immune response to

uncharacterized viral proteins that share antigenic determi-
nants with HIV-1-related retroviruses.

In 2003, a human betaretrovirus clone sequence was
originally detected from the biliary epithelium cDNA library
of a patient with PBC. When searching viral data registered
in BLASTN, the initial partial pol gene fragment was found
to exhibit 95% to 97% identities with mouse mammary
tumor virus (MMTV) and with retrovirus sequences derived
from human breast cancer samples within the overlapping
sequence [12, 41]. Using a specific MMTV antibody, viral
proteins were shown in the perihepatic lymph nodes but not
in liver tissue samples from patients with PBC [41]. However,
Selmi et al. expressed an opposing view concerning this result
[42].

Some pilot studies were conducted to determine
whether antiviral therapy impacted the disease progres-
sion (Table 2). First, Mason et al. performed a trial with
reverse-transcriptase inhibitors (lamivudine group versus
lamivudine/zidovudine group) for patients with PBC. The
lamivudine/zidovudine group showed significant serological
improvement in the activities of alkaline phosphatase, AST
and ALT, and histological assessment revealed an improve-
ment in the necroinflammatory score and a reduction in
bile duct injury compared to the lamivudine group [43].
A further clinical trial was performed with a combination
of lamivudine and zidovudine versus ursodeoxycholic acid
(UDCA). Significant differences were observed in the antivi-
ral therapy versus UDCA with serological improvements in
serial alkaline phosphatase, ALT and AST as well as the
clinical score [44]. Thus, reverse-transcriptase inhibitors are
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expected to suppress retroviral proliferation and contribute
to the improvement of PBC. We once investigated the
efficacies of 90 day’s administration of lamivudine to 20 PBC
patients with unsatisfactory biochemical responses to UDCA
in a randomized double blind control trial. As a result, no
significant biochemical difference was seen between both
groups. However, of interest, one case showed a decrease
of AMA titers and biochemical response [45]. These results
were similar to those of studies conducted by Mason et al.
[43]; yet the true efficacy should be evaluated in large-scale
control trials.

4. Are NOD.c3c4 Mice Infected
with a Retrovirus?

NOD.c3c4 mice have been described as a mouse model with
several features similar to PBC [30]. However, these mice
develop marked biliary cyst formation that is not shown
in human PBC. In human PBC, the destruction of chol-
angiocytes leads to ductpenia [48]. When we analyzed the
gene expression of the cholangiocytes of such mice using
microarray analysis, there was consistent liver-specific down-
regulation in the expression of Fas antigen (CD95) [36]. Fas
(CD95) antigen is a member of the tumor necrosis factor
family that binds to Fas ligand (FasL). This gene is situated
at chromosome 19 in mouse [49]. Fas/FasL interactions play
an important role in apoptosis [49-51]. Fas is detected in
hepatocytes and plays an important role in inflammation
and cell death in hepatitis virus-infected liver [52]. The Fas
system on cholangiocytes has been also reported in human
and rats, and enhanced expression of FasL on cholangiocytes
has been implicated in progressive bile duct loss in PBC
through apoptosis [53]. Furthermore, FasL expressed by
cholangiocarcinomas was reported to induce lymphocyte cell
death and escape immune surveillance [54]. It has been
reported that the Fas/FasL system is strongly associated
with biliary pathological conditions. It was thought that,
because of the downregulation of Fas antigen, the apoptosis
of cholangiocytes cannot easily occur and therefore biliary
cyst formation was found in NOD.c3¢4 mice [36]. However,
it was considered that there are also other factors because
the degree of the cyst formation differed according to the
individual though the genetic expression was the same.

In 2007, Chen et al. reported that MMTV gag and
pol gene expression was 4- to 25-fold higher in all three
autoimmune biliary disease models, NOD.c3c4, dnTGF-
BRIL, and IL-2Ra™~, as compared to control mice when
using real-time RT-PCR to quantify MMTV using gag and
pol primers [55]. A randomized study was conducted using
NOD.c3c4 mice treated with a combination therapy of
lamivudine and zidovudine or with placebo (Table 2). Serial
hepatic biochemistry studies showed diminished alkaline
phosphatase in the mice treated with combination therapy.
Histological evaluation showed a significant decrease in the
necroinflammatory score and the grade of the bile duct
injury in the combination therapy group. However, therapy
had little improvement on bile duct cyst formation. When
compared to mice receiving placebo group, combination
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therapy group reduced viral burden measured by the pol
and gag gene RT-PCR [46]. Moreovet, Graham et al. treated
NOD.c3c4 mice with combination of reverse transcriptase
inhibitors and protease inhibitor. Hepatic biochemistry
showed significant improvements in alkaline phosphatase
and AST, and the cholangitis completely disappeared [47].
Thus, the detection of MMTYV in the NOD.c3c4 mice and
resolution of biliary disease with antiviral therapy supports
the retroviral hypothesis for PBC.

However, in order to prove that viral factors are involved
in the pathogenesis of PBC, it is necessary to understand and
elucidate the mechanism of viral replication, reproduction,
the transcription of the virus genomes, the pathogenic roles
of viral tropics, the integrated state, and the interaction
with the host’s immune system, especially the mechanism
by which autoimmune tolerance is broken. Therefore, it is
premature to relate the cause of the clinical condition of PBC
to viral infection based only on the present report. However,
given the unprecedented progress of biotechnology, a more
detailed understanding of these issues can be expected in the
near future.
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Hepeatitis C virus (HCV) is a positive-strand enveloped RNA virus that shows diverse viral populations even in one individual.
Though Sanger sequencing has been used to determine viral sequences, deep sequencing technologies are much faster and can
perform large-scale sequencing. We demonstrate the successful use of Illumina deep sequencing technology and subsequent
analyses to determine the genetic variants and amino acid substitutions in both treatment-naive (patient 1) and treatment-
experienced (patient 7) isolates from HCV-infected patients. As a result, almost the full nucleotide sequence of HCV was detect-
able for patients 1 and 7. The reads were mapped to the HCV reference sequence. The coverage was 99.8% and the average depth
was 69.5 X for patient 7, with values of 99.4% (coverage) and 51.1 X (average depth) for patient 1. In patient 7, amino acid (aa) 70
in the core region showed arginine, with methionine at aa 91, by Sanger sequencing. Major variants showed the same amino acid
sequence, but minor variants were detectable in 18% (6/34 sequences) of sequences, with replacement of methionine by leucine
ataa 91. InNS3, 8 amino acid positions showed mixed variants (T72T/1, K213K/R, G237G/S, P264P/S/A, S297S/A, A358A/T,
§457S/C, and I6151/M) in patient 7. In patient 1, 3 amino acid positions showed mixed variants (L14L/F/V, S61S/A, and I586T/1).
In conclusion, deep sequencing technologies are powerful tools for obtaining more profound insight into the dynalnlcs of vari-

ants in the HCV quasispecies in human serum.

epatitis C virus (HCV) is a positive-strand enveloped RNA
| %virus of approximately 9,600 nucleotide (nt) bases, consisting
of a single open reading frame and two untranslated regions, and
belongs to the genus Hepacivirus within the family Flaviviridae
(6). The single open reading frame encodes a polyprotein of 3,011
amino acids (aa) that is cleaved by viral and cellular proteases into
10 different proteins. The three structural proteins, which consti-
tute the viral particle, include the core protein and the envelope
glycoproteins E1 and E2. Two regions in E2, known as hypervari-
able regions 1 and 2, are reported to have extreme sequence vari-
ability. The seven nonstructural components include the p7 poly-
peptide, the NS2-3 protease, the NS3 serine protease and RNA
helicase, the NS4A polypeptide, the NA4B and NS5A proteins,
and the NS5B RNA-dependent RNA polymerase (RARp) (29). At
both ends of the open reading frame lie the 5'- and 3'-
untranslated regions (5'-UTR and 3’-UTR). The nucleotide se-
quence of the 5-UTR is relatively well conserved among different
HCV genotypes. The HCV 5’-UTR contains an internal ribosome
entry site (IRES) that directs the cap-independent initiation of
virus translation and forms on four characteristic stem-loop
structures (17, 18). HCV displays very high genetic variability
both in populations and within infected individuals, where it ex-
ists as a cluster of closely related but distinct variants, termed
“quasispecies,” as occurs in many other RNA viruses with a poly-
merase enzyme lacking proofreading ability (6, 8, 26).

Current standard treatment of chronic HCV infection is based
on the combination of pegylated alpha interferon (peg-IFN-a)
and ribavirin (RBV). However, patients with a high load of geno-
type 1b virus (>1 X 10°log IU/ml) do not achieve high sustained
virological response (SVR) rates (<50%), even when the most
effective combination treatment (IFN plus RBV) is administered
for 48 weeks (14, 25). Some investigations concerning therapeutic
prediction based on virological features revealed that substitu-
tions of arginine for glutamine at amino acid (aa) 70 and/or leu-

0095-1137/12/$12.00 Journal of Clinical Microbiology p. 857-866

cine for methionine at aa 91 in the core region are independent
and significant factors associated with SVR or that patients whose
viruses have more than 4 amino acid changes in the NS5A inter-
feron sensitivity-determining region (ISDR) (aa 2209 to 2248)
have high responses to [FN therapy compared to those for patients
with HCV-] (mutant type), whereas patients whose viruses have
no amino acid changes (wild type) or 1 to 3 amino acid changes
(intermediate type) have low responses (1, 2, 9, 10).

Recently, direct-acting antiviral (DAA) molecules active on
HCYV, such as NS3/4A protease inhibitors, nucleoside/nucleotide
analogue inhibitors of RdRp, nonnucleoside inhibitors of RARp,
and NS5A inhibitors, have been developed. These DAA molecules,
either alone or in combination with peg-IFN plus RBV, were re-
cently described as showing large antiviral effects (15, 21). How-
ever, the problem that we have to consider next is viral resistance
to DAAs due to the selection of viral variants that contain amino
acid substitutions altering the drug target and rendering virus less
susceptible to the drug’s inhibitory activity (35). Additionally,
drug-resistant variants already preexist as minor populations
within a patient’s quasispecies. Drug exposure intensively inhibits
replication of the drug-sensitive viral population, and the resistant
variants gradually predominate in the HCV population (7). In the
future, to determine the most appropriate treatment for HCV
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patients, analysis of the nucleotide or amino acid sequence of
HCV will become important.

Initial attempts to identify the HCV genome sequence relied
on Sanger sequencing and the use of PCR primers targeting rela-
tively conserved regions, methods that would likely fail if the virus
had more variants (32-34). In recent years, new technologies have
been developed that are able to sequence viruses from environ-
mental samples without using specific primers, cloning, and re-
sorting by recombinant DNA techniques and thus can obtain the
sequence information for the complete virome in an unbiased
way. Metagenomic approaches such as deep sequencing have
proven increasingly successful at identifying variants or mutations
of the nucleotide sequence (23, 42, 45).

Here we demonstrate the successful use of Illumina deep se-
quencing technology and subsequent analyses to determine the
genetic variants and amino acid substitutions of both treatment-
naive (patient 1) and treatment-experienced (IFN) (patient 7) iso-
lates of HCV without using specific HCV primers.

MATERIALS AND METHODS

Patients. Two patients with chronic hepatitis C virus infection with ge-
notype 1b virus and one healthy control were enrolled in this study. Each
serum sample was collected before treatment with peg-IFN-a and RBV
and was stored at —20°C until testing. In the laboratory data, the HCV
load was 6.8 log IU/ml for patient 1, who was treatment naive, and 7.0 log
1U/ml for patient 7, who was treated with IFN-a2b and RBV for 6 months
in 2002, but with no treatment effect (Cobas TagMan HCV test; Roche
Molecular Systems, Pleasanton, CA). More clinical information is de-
scribed in Table 1.

Sanger sequencing in the core region and NS5A ISDR. Total RNA
was extracted from 100-pl serum samples by use of a MagMAX viral RNA
isolation kit (Ambion, Austin, TX), and the RNA preparation thus ob-
tained was subjected to cDNA synthesis with reverse transcriptase (Super-
Script ITT RNase H™ reverse transcriptase; Invitrogen) and to PCR ampli-
fication using Prime Star HS DNA polymerase (TaKaRa Bio, Shiga, Japan)
with nested primers derived from the core region and the NS5A ISDR of
the HCV genome. Nested PCR amplification of the core region of the
HCV genome was carried out with primers C008 (sense; 5'-AAC CTC
AAA GAAAAA CCAAACG-3") and CO11 (antisense; 5'-CAT GGG GTA
CAT YCC GCT YG-3') in the first round, for 35 cycles (98°C for 10's, 55°C
for 15s,and 72°C for 1 min, with an additional 7 min in thelast cycle), and
with primers C009 (sense; 5'-CCA CAG GACGTY AAG TTC CC-3') and
C010 (antisense; 5 -AGG GTATCG ATG ACCTTA CC-3') in the second
round, for 25 cycles. Nested primers derived from the NS5A ISDR of the
HCV genome were designed to amplify a 188-bp product, using primers
C004 (sense; 5'-ATG CCC ATG CCA GGT TCC AG-3") and C005 (anti-
sense; 5 -AGC TCC GCC AAG GCA GAA GA-3') in the first round and
primers C006 (sense; 5'-ACC GGA TGT GGC AGT GCT CA-3') and
C007 (antisense; 5’ -GTA ATC CGG GCG TGC CCATA-3') inthe second
round. The PCR products were sequenced directly on both strands by use
of a BigDye Terminator, version 3.1, cycle sequencing kit on an ABI Prism
3100 genetic analyzer (Applied Biosystems, Foster City, CA). Sequence
analysis was performed using Genetyx-Mac ver. 12.2.6 (Genetyx Corp.,
Tokyo, Japan) and ODEN (version 1.1.1) from the DNA Data Bank of
Japan (National Institute of Genetics, Mishima, Japan) (19).

Library preparation and Illumina sequencing. Total RNA was ex-
tracted from 800 pul of serum by use of a MagMAX viral RNA isolation kit
(Ambion) according to the manufacturer’s protocol, with the slight mod-
ification that carrier RNA was not included. A library was prepared from
approximately 200 ng of total RNA by use of an mRNA-seq sample prep
kit (Ilumina, San Diego, CA). The quality of the library was evaluated
with Bioanalyzer (Agilent, Santa Clara, CA). Before deep sequencing, we
confirmed the presence of the HCV genome in the libraries by conducting
quantitative PCR with StepOnePlus (Applied Biosystems), using SYBR Ex
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TABLE 1 Clinical data for patients enrolled in this study®

No. of aa substitutions

in NS5A ISDR

0
0

Therapeutic

effect
NA

HCV

HCV RNA

Patient (storage
date of sample)

Coreaa 70 Coreaa 91

Wild type

IFN-a2b plus RBV (March-September 2002) Nontherapeutic Wild type

load (log IU/ml) genotype Past treatment (period)

Sex Age (yr) Diagnosis
43

1 (October 2008) Male

7 (May 2010)

Wwild type
Mutant
NA

None

1b
1b
NA

Chronic hepatitis C 6.8

Chronic hepatitis C 7.0

Control

57

Male

NA

NA

NA

2 Abbreviations: aa, amino acid; IFN, interferon; NA, not applicable; RBV, ribavirin. All patients were negative for hepatitis B surface antigen (HBsAg) and hepatitis B surface antibody (HBsAb).

NA

NA

9 (January 2011) Female 64
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FIG 1 Evaluation of the quality of libraries. (A) The library was well refined for patient 7, but the primer and adaptor dimers were mixed in the libraries of
patients 1 and 9, obtained using Bioanalyzer (Agilent). The horizontal axis shows the DNA size, and the vertical axis shows the quantity of DNA. The blue arrows
indicate the desired products, and the red arrows indicate the primer or adaptor dimers. The peaks of the wave at 35 bp and 10,380 bp express the marker. (B)
Amplification plots for patients 1 (treatment naive) and 7 (treatment experienced), showing the presence of the HCV genome in the libraries by quantitative PCR

with StepOnePlus (Applied Biosystems).

Tagq premix (TaKaRa, Shiga, Japan) and the specific primers C112 (sense;
5'-GCW GTS CARTGG ATG AAC CG-3') and C113 (antisense; 5'-GCT
YTCMGG CACRTA GTG CG-3'), derived from the 81-bp region encod-
ing HCV NS4B, and then loaded each sample into two or three lanes of a
flow cell. Libraries were clonally amplified on the flow cell and sequenced
on an Ilumina IIx genome analyzer (SCS 2.8 software; Ilumina, San
Diego, CA), with a 76-mer single end sequence. Image analysis and base
calling were performed using RTA 1.8 software.

Analysis. Seventy-six-mer single-end reads were classified by strict bar
codes, split into individual reads, and stripped of any remaining primer
sequences by using CLC Genomics Workbench (4.6) (http://www.clcbio
.co.jp). Sequence reads aligned to the human genome by hgl9 (http:
//hgdownload.cse.ucsc.edu/goldenPath/hgl9/bigZips/chromFa.tar.gz),
GenBank (http://hgdownload.cse.ucsc.edu/goldenPath/hg19/bigZips
/mrna.fa.gz), RefSeq (http://hgdownload.cse.ucsc.edu/goldenPath
/hgl9/bigZips/refMrna.fa.gz), and Ensembl (ftp://ftp.ensembl.org/pub
/release62/fasta/homo_sapiens/cdna/Homo_sapiens.GRCh37.62.cdna
.all.fagz and fip:/ftp.ensembl.org/pub/release62/fasta’/homo_sapiens/
ncrna/Homo_sapiens.GRCh37.62.ncrna.fa.gz) were removed in the first
mapping analysis of the human genome. Sequence reads not of human
origin were aligned with 970 reference HCV sequences registered at the
Hepatitis Virus Database server (http://s2as02.genes.nig.ac.jp/index
.html) by use of BWA (0.5.9-r16), allowing mismatches within 5 to 10
nucleotide bases (24). The reads could be defined as being of HCV origin
by identification with reference to the HCV sequences, allowing mis-
matches within 10 nucleotide bases. Duplicate reads were completely ex-
cluded to avoid sequence bias, using Samtools (0.1.16) (24). Additionally,

March 2012 Volume 50 Number 3

the variants compared with HCV-] were identified by Samtools. The re-
sult of the analysis was displayed using Integrative Genomics Viewer
(IGV; 2.0.3) (36).

Ethics statement. Written informed consent was obtained from each
individual, and the study for detecting host genomes was approved by the
Ethics Committee of the Tohoku University School of Medicine (2010-
404).

RESULTS

Evaluation of the quality of the libraries. We conducted deep se-
quencing analysis for two patients (patient 1 [treatment naive] and
patient 7 [treatment experienced, with IFN]) who had been infected
with chronic hepatitis C virus of genotype 1b, as well as one healthy
control (patient 9) (Table 1). Since there is only a small quantity of
circulating RNAs, including those of viral origin, in serum, it was
important to evaluate the quality of the libraries. The library for pa-
tient 7 showed good quality using an Agilent bioanalyzer, but the
primer and adaptor dimers were mixed in the libraries of patients 1
and 9 (Fig. 1A). Before deep sequencing, we evaluated whether the
HCV genome was included in the libraries, and the amplification
plots for quantitative PCR showed that the HCV genome could be
detected in the libraries from both patients 1 and 7 with the specific
primers C112 and C113, derived from the NS4B region (Fig. 1B).
Distribution of free RNA in human serum. To characterize
the metagenomics of HCV infection in humans, we analyzed
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TABLE 2 Distribution of viral reads in human serum

No. (%) of reads

Sample Patient 1 (treatment naive) Patient 7 (treatment experienced) Patient 9 (healthy control)
Total reads 27,717,487 (100.00) 94,151,356 (100.00) 15,032,130 (100.00)
Adaptor and primer reads 6,502,508 (23.46) 28,605,006 (30.38) 5,713,994 (38.01)
Modified total reads 21,214,979 (76.54) 65,546,350 (69.62) 9,318,136 (61.99)

Reads of human origin 19,761,560 (71.30) 58,446,916 (62.08) 8,660,143 (57.61)
Unknown reads 1,453,419 (5.24) 7,099,434 (7.54) 657,993 (4.38)

the samples by single-end deep sequencing on three lanes for
patient 7 and on two lanes for patient 1 and control patient 9,
using an Ilumina IIx genome analyzer. After trimming the
reads to exclude ambiguous nucleotides, primers, or adaptor
sequences, 96,079,465 high-quality 76-bp reads were subjected
to analysis. From the initial set of reads, a total of 86,868,619
reads were able to be aligned to human genomic DNA.

We then mapped the remaining 9,210,846 reads, including
1,453,419 reads for patient 1, 7,099,434 reads for patient 7, and
657,993 reads for patient 9 (Table 2).

Mapping of the HCV genome sequence. The reads were
aligned to 970 HCV genome sequences by using BWA, allowing
mismatches within 5 to 10 nucleotide bases. Accordingly, MD5-1
(GenBank accession no. AF165053) was expected to be the closest
HCV strain to that in patient 1, and MD2-2 (GenBank accession
no. AF165048) was expected to be the closest to that in patient 7.
The reads obtained from healthy subject 9 were not aligned to
MD5-1 or MD2-2, allowing mismatches within 10 nucleotide
bases (see the supplemental material). Whereas some strains, for
example, HC-J4, HCV-KT9, and HC-J6, could be mapped to the
reads from healthy subject 9, all of the reads were aligned at the
3’-UTR of the U-rich region, and we could not evaluate whether
they were of HCV origin. Therefore, we constituted the HCV ge-
nome sequences of patients 1 and 7 without the 3'-UTR. In this
alignment, the duplicate reads were completely excluded. For pa-
tient 1, 6,303 reads were mapped on MD5-1, allowing for 10 mis-
matched nucleotide bases. The coverage was 99.4%, and the aver-

age depth was 51.1X (Fig. 2). For patient 7, 8,583 reads could be
identified with MD2-2. The coverage was 99.8%, and the average
sequencing depth was 69.5X (Fig. 2).

Notably, the genome sequence could not be obtained for only
8 ntinthe5'-UTR and 52 nt in the core region for patient 1 and for
18 nt in the E2 region for patient 7.

Amino acid substitutions in the core region and the NS5A

ISDR. To identify potential mutations at key sites in the genome

that mediate the effect of IFN-based therapy, we compared the
HCV genome obtained from patient 7 with HCV-], which is
known as the prototypical HCV 1b strain and whose complete
genomic sequence has been determined (20). A previous study
reported that there were substitutions of aa 70 and/or 91 in the
core region and that the number of substitutions within three
bases in the region of aa 2209 to 2248 (NS5A ISDR) might be
associated with resistance to IFN-based therapy (1, 2, 9, 10). Po-
sition 70 in the core region showed arginine, with methionine ataa
91, by Sanger sequencing. In deep sequencing, major variants
showed the same amino acid sequence, but minor variants were
detectable in 18% (6/34 sequences) of sequences, with replace-
ment of methionine by leucine at aa 91 (Fig. 3A). In the NS5A
ISDR, no substitution was indicated for major variants, the same
as in direct sequencing by Sanger sequencing, but 16% (14/89
sequences) of sequences showed minor variant replacements of
aspartic acid by valine at aa 2220 (Fig. 3B). We validated that more
than 10% of the detected variants were effective. For patient 1,
core aa 70 (arginine), core aa 91 (leucine), and the number of

Gbp 1,000 by 20006p 3000 bg 4,000 bp 5.000 bp 6,000 bp 7.00C bp 8.000bp 9,000 bp
I[ 1 1 1 I ] | I 1 I i | 1 1 1 | )
5UTR Et :

Core

l

Coverage 99 4 % Average depth 51,

‘No.7 8,583 reads

; Coverage 99 8 % Average depth 69. 5X

FIG 2 Mapping to the HCV reference genome. For patient 1, 6,303 reads were mapped to MD5-1. The coverage was 99.4%, and the average depth was51.1X.
For patient 7, 8,583 reads were aligned to MD2-2. The coverage was 99.8%, and the average depth was 69.5%.

860 jcmasm.org

Journal of Clinical Microbiology

- 964 -

1s9nb Aq z10zZ ‘£z Aenuge4 uo /610 wse wol//:diy woly papeojumo(



A) Core aa. 70 and aa. 91

530 bp seobp 550 bp 550 bp 570 bp 580 bp 590 bp 800 bo
i 1 1

llumina Deep Sequencing To Differentiate HCV Variants

&10bp
] ]

ALBECTCOCE 6

& BGTSQGCTE&GCGCGGOT
GﬁCCTGSQCIC»XﬁCCﬂf}G@T

C3TEGC0CC

Core aa. 70 Core aa. 91

Sanger sequencing R ™
Wild Mutation
R R{100 %) M(72%)/L (18%
Deep sequencing wi Mutation/Wild
HCV-J ild utation/Wil
A A GGCVTCQC" CCCEAGGGT!\G»&CC TG{SGCTCAFE’”CGGGTI\CcCﬁ;XaGQ:CCCTCTPTGECA g

B) NS5A-ISDR

6,950 bp
i

TerThTEscARTesssschrckiseTacs
3 SLAATGABBRCPI
'\'redccccrc’(.ﬁreﬁca gca

GTSEeER

T

4 G Lo tscech
TEXEEAC L
[kt &

ACBAGHRT cssiscac s
; N

A bp Y.M;J tp 7,060 bp
i i

Sanger sequencing Wild type

Deep sequencing  aa. 2220: D (84 %)/L (16 %)

CAL‘L&GA E1e]
&
AG

FIG 3 Amino acid substitutions of aa 70 and 91 in the core region (A) and aa 2209 to 2248 of the NS5A ISDR (B). Mutations in these regions were reported to
affect the outcome of IFN-based therapies for chronic hepatitis C patients. The lower two lines show the nucleotide sequence and amino acid sequence of HCV-].
Amino acid abbreviations: F, phenylalanine; S, serine; Y, tyrosine; C, cysteine; W, tryptophan; L, leucine; P, proline; H, histidine; Q, glutamine; R, arginine; I,
isoleucine; M, methionine; T, threonine; N, asparagine; K, lysine; V, valine; A, alanine; D, aspartic acid; E, glutamic acid; G, glycine.

NS5A ISDR mutations (zero) were the same as those by Sanger
sequencing.

Amino acid substitutions in NS3 and NS5B. The recent devel-
opment of DAA molecules, such as protease inhibitors and poly-
merase inhibitors, has raised the concern that resistance may
weaken the effects of DAA-based therapy (35). It is necessary to
obtain the amino acid sequences of NS3 or NS5B variants bearing
substitutions which alter the target of the drug. In NS3 in the virus
from patient 7, 26 amino acids were changed in comparison with

March 2012 Volume 50 Number 3

the prototype strain HCV-]. Eight amino acids showed mixed
variants, with T72T/1 (57 variants [75%]/21 variants [27%]),
K213K/R (18 variants [26%]/52 variants [74%]), G237G/S (41
variants [46%]/49 variants [54%]), P264P/S/A (20 variants
[42%]/19 variants [40%]/9 variants [19%]), S297S/A (63 variants
[81%]/15 variants [19%]), A358A/T (20 variants [21%]/75 vari-
ants [79%)]), S457S/C (56 variants [64%]/32 variants [36%]), and
16151/M (42 variants [46%]/49 variants [54%]) substitutions (Ta-
ble 3). For NS5B, the full amino acid sequence was observed, and
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TABLE 3 Amino acid substitutions compared with HCV-J in NS3 and NS5B from viruses of patients 1 and 7

Protein and patient ~ Nucleotide position ~ Amino acid position ~ Prototypeaminoacid ~ Nucleotide sequence®  Amino acid substitution?

NS3
Patient 1 3426 7 S gCC A
3447 14 L (Clt/g)TT L/F/V (67 [89]/6 [8]/2 [3])
3495 30 D GAg E
3513 36 L gTt v
3588 61 S (T/g)CG S/A (48 [71]/20 [29])
3591 62 K AgG R
3618 71 1 gIC v
3645 80 Q G L
3663 86 P CaG Q
3747 114 \% aTc I
3801 132 I gI'C v
3855 150 v GcT A
3915 170 I eT(A/g) v
4149 248 I gTC \4
4152 249 E GAc D
4191 262 G aGC S
4194 263 G Gt A
4218 271 C gGC G
4302 299 T tCC S
4392 329 1 gTC \%
4479 358 A aaC N
4551 382 T tCg S
4554 382 G GcC A
4563 386 L gI'C v
4659 418 F TaT Y
4758 451 L gI'G \Y
4782 459 A tCG S
4815 470 N gGg G
4935 510 S aCa T
5007 534 S gGC G
5076 557 L tTC F
5163 586 I A(T/c)A /T (4 [12]/30 [88])
5232 609 v alC I
5268 621 A aCA T
Patient 7 3495 30 D GAg E
3513 36 L gTt v
3531 42 S aCT T
3549 48 v aTC 1
3621 72 T A(C/t)C T/ (57 [73]/21 [27])
3663 86 P CaG Q
3672 89 P tCC S
3687 94 M tTG L
3747 114 v aTc 1
3801 132 1 gI'C \Y
3855 150 v GcT A
3915 170 I gTA v
4044 213 K A(A/g)g K/R (18 [26]/52 [74])
4116 237 G (G/a)G(C/t) GIS (41 [46]/49 [54])
4149 248 1 gTt A
4152 249 E Gac D
4194 263 G Get A
4197 264 P (Cit/g)cC P/S/A (20 [42]/19 [40)/9 [19])
4218 271 C gGC G
4296 297 N (T/g)CG S/A (63 [811/15 [19])
4302 299 T tCC S
4479 358 A (G/a)CC AT (20 [21]/74 [79))
4542 379 A tCA S
4551 382 T tCA S
4554 383 G acC T
4563 386 L aTC I
4659 418 F TaT Y
4758 451 L gI'G A%
4776 457 N T(C/g)G/t) SIC (56 [64]/32 [36])
4782 459 A tCg/a S
4815 470 S gcg A
5076 557 L tIC F
5172 589 K AgG R
5250 615 I AT(A/g) /M (42 [46}/49 [54])
5259 618 Y TtC F
(Continued on following page)
862 jcm.asm.org Journal of Clinical Microbiology

- 966 -

1989n6 Aq 2107 ‘sz Ateniga4 uo /610" wse wol//:dny wouy pepeojumoq



llumina Deep Sequencing To Differentiate HCV Variants

TABLE 3 (Continued)

Protein and patient ~ Nucleotide position ~ Amino acid position ~ Prototype amino acid ~ Nucleotide sequence? ~ Amino acid substitution”

NS5B
Patient 1 7659 25 p gCG A
7689 35 S Aac N
7701 39 S gCC A
7725 47 L CaG Q
7827 81 R Aaa K
7839 85 I gTA v
7878 98 K AgA R
7914 110 S AaC N
7932 116 \4 aTt I
7944 120 R CaC H
7956 124 E aAG K
7989 135 D aAc N
8025 147 v aTt I
8151 189 P tCC S
8205 207 T gCC A
8223 213 C aaC N
8238 218 S gCA A
8289 235 T gtT \%
8370 262 v aTt 1
8484 300 T tCT S
8532 316 N tgC C
8589 335 A aaC N
8598 338 A GtC \%
8784 400 v GcT A
8937 451 C acT T
8976 464 E cAg Q
9153 523 K Aga R
9177 531 K AgG R
9252 556 N AgC S
9276 564 L ¢TG v
9306 574 L TegG w
Patient 7 7599 5 T tCA S
7689 35 S Aa(c/t) N
7701 39 S gCC A
7725 47 L Caa Q
7827 81 R Aaa K
7839 85 I glg A%
7878 98 K AgA R
7914 110 S AaC N
7926 114 R Aaa K
7956 124 E aAG K
8151 189 P tCC S
8205 207 T gCC A
8223 213 C acC T
8238 218 S gCA A
8277 231 N AgT S
8289 235 T gtT \%
8298 238 S gCA A
8370 262 \Y% aTC I
8484 300 T tCT S
8532 316 N tgC C
8589 335 A agC S
8784 400 \Y% GcT A
8937 451 C acT T
8940 452 Y cAC H
8946 454 1 gIT v
8976 464 E cAA Q
9177 531 K AgG R
9213 ' 543 S TtC F
9231 549 G aaC N
9252 556 N AgC S
9306 574 L TegG w
« Uppercase letters indicate prototype nucleotides, and lowercase letters indicate mutations.
bThe numbers and percentages of amino acid bases are displayed in parentheses and brackets, respectively.
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31 amino acids were altered in comparison with HCV-J. No mixed
variants were seen (Table 3). With patient 1, full amino acid se-
quences were detected for NS3 and NS5B. Compared with HCV-J,
31 amino acids were altered in NS3, and 3 amino acids showed
mixed variants, with L14L/F/V (67 variants [89%]/6 variants
[8%]/2 variants {3%]), S61S/A (48 variants [71%]/20 variants
[29%]), and I5861/T (4 variants [12%]/30 variants [88%]) substi-
tutions (Table 3). In NS5B, 31 amino acids were converted (Table
3). Note that more than 10% of the minor variants were con-
firmed as effective.

DISCUSSION

In this study, we attempted to detect the HCV genome directly in
human serum without using specific primers and succeeded
in determining and certifying nearly the full genome sequence
and a high genetic diversity by using deep Illumina sequencing.
HCV has already been reported to be a highly variable virus
with a quasispecies distribution, large viral populations, and
very rapid turnover in individual patients (6, 26). Previous
studies using metagenomic sequencing of other viruses from
human clinical samples mostly employed pyrosequencing (11,
12, 23, 30, 46). The longer reads from pyrosequencing (250 to
450 bp) facilitate the assembly of individual reads into contigs,
which facilitates the classification of the sequence data by
homology-based BLAST alignment. In contrast to metag-
enomic analysis using pyrosequencing, lllumina short-read se-
quencing enables a greater depth (by an order of magnitude)
that is reflected in a very low detection limit. A recent report
revealed that viral transcripts could be found at frequencies of
<1 in 1,000,000 (28). However, because of short reads, de novo
assembly without any reference is difficult to conduct, so it is
not suitable for discovering an unknown viral genome. How-
ever, it seems quite useful for resequencing or detection of
variants of known viruses for which abundant nucleotide se-
quence data have already been reported.

We defined the Illumina 76-mer reads as being of HCV
origin by relying on the 970 HCV genome sequences in this
study. HCV shows considerable genetic diversity and has been
classified into 11 genogroups or 6 groups by the core, El, or
NS5B region, with nucleotide divergence. Only about 75% sim-
ilarity was shown in the variable region, even for the same
group (38, 39, 44). The reads were aligned to each of the 970
HCV sequences, allowing mismatches within 10 nucleotide
bases. Under these conditions, we could not map the reads of
HCV isolates without the 3'-UTR region for patient 9, who had
not been infected with HCV. This is because the 3'-UTR has a
U-rich region, and it is impossible to decide the reads of HCV
origin with specificity. Therefore, we aligned the reads to the
full HCV sequence without the 3'-UTR for patients 1 and 7.

Many variants with different nucleotide bases, known as
quasispecies, were detected in both patients 1 and 7. Taking a
close look at the mixed variants with amino acid substitutions
in NS3, patient 7 showed 8 variants, while there were only 3
variants in patient 1. Recent studies reported that HCV
genomic sequences in treatment relapsers displayed signifi-
cantly more mutations than those in nonresponders. HCV se-
quence analysis of a 4-year post-antiviral-therapy follow-up
revealed that the vast majority of mutations selected during the
therapy phase were maintained in the relapsers, while very few
new mutations arose during the 4-year posttherapy span (5,
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47), Based on the experiments mentioned above, treatment
with IFN may lead to the emergence of mutations. Deep se-
quencing is considered a useful tool for detecting viral variants
and determining the mutational rate without cloning.

Although there were only a few detected reads of HCV ori-
gin obtained from serum, metagenomic analysis could be con-
ducted with the enormous data sets generated by deep sequenc-
ing. Consequently, almost the full genome sequence of HCV
was demonstrated by using computational analysis of sequen-
tial alignments of individual reads, with average depths of
51.1X and 69.5 X. However, the regions for which we could not
obtain the sequence were 8 nt in the 5'-UTR and 52 nt in the
core region for patient 1 and 18 nt in the E2 region for patient
7. Since the 5'-UTR forms on characteristic stem-loop struc-
tures, Sanger sequencing is generally difficult (31). Similarly,
even deep Illumina sequencing appears to be difficult. Since the
E2 region, known as a hypervariable region, is reported to have
extreme sequence variability, it was predicted that there would
be too many mismatches with the reference HCV genome and
that the reads could not be mapped by this analysis. Analysis of
this hypervariable region will require further work.

Comparing the qualities of the libraries from patients 1 and
7, that of patient 7 was well refined; hence, the quality of the
library is important for gaining large amounts of expected
reads. However, a lot of duplicate reads were found for patient
7, and in fact, to analyze the full sequence of HCV, it is consid-
ered sufficient to use two lanes for Illumina sequencing.

Amino acid substitutions of core aa 70 and 91 and within the
NS5A ISDR, as well as genetic polymorphisms in the host
IL28B gene, encoding IFN-A-3 on chromosome 19, affect the
outcome of interferon-based therapies for chronic hepatitis C
patients (1, 2, 9, 10, 16, 40, 43). Even if only the amino acid
substitution of a major variant were assumed, an accurate ther-
apeutic effect would be impossible to predict. The proportion
of minor variants may change the therapeutic effect, and vari-
ants cannot be detected only by direct sequencing using Sanger
sequencing. In fact, patient 7 showed a methionine at aa 91 in
the core region and no substitution in the NS5A ISDR by direct
Sanger sequencing, but deep sequencing indicated minor vari-
ants (at aa 91 in the core region [18% of sequences] and in the
NS5A ISDR [15% of sequences]).

Recently, DAA molecules have been developed for HCV
therapies, and these drugs may lead to the selection of resistant
viruses if administered alone. The first-generation NS3/4A in-
hibitors are telaprevir and boceprevir, and most of the reported
clinical data on drug resistance were obtained from patients
treated with telaprevir. As an illustration, based on in vitro
studies, telaprevir resistance related to amino acid substitu-
tions V36A/M/C, T54A/S, R155K/T/Q, A155V/T, and A156T
has been reported (4, 22, 37). Substitutions that generated bo-
ceprevir resistance included those detected in a patient treated
with telaprevir, plus V170A/T and V55A substitutions (13, 41).
Of the nonnucleoside inhibitors of RdRp displaying inhibitory
activities against the RdRp enzyme at NS5B, few have been
reported in the in vivo resistance data (27). This is because
studies of antiviral efficacy are generally limited to 3 to 5 days.
Yet, for example, the S282T substitution has been reported to
confer a loss of in vitro sensitivity to nucleoside/nucleotide
analogue inhibitors (3). In the future, the triple combination of
peg-IFN-w, RBV, and a protease inhibitor or several combina-
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tions of DAAs will soon become the standard therapy for
treatment-naive and treatment-experienced patients with HCV ge-
notype 1. In this study, though neither patient 1 nor patient 7
showed drug-resistant variants, it would be very important for the
selection of therapy to identify resistant or minor variants prior to
treatment. Additionally, when treatment has failed, it is necessary
to consider viral factors as a cause.

In conclusion, deep sequencing technologies are a powerful
tool for obtaining more profound insight into the dynamics of
variants in the HCV quasispecies in human serum. Although
the cost of deep sequencing is still much greater than the re-
agent costs for Sanger sequencing, it is still attractive in clinical
medicine because deep sequencing is able to generate much
more information on the viral genome sequences in internal
organs. The cost will decrease in the future as the technology of
deep sequencing develops. As DAA combination treatment of
HCV infection is developed, obtaining sequence information
on variants in individual cases by use of deep sequencing will be
feasible for determining optimal antiviral treatment.
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Yang F, Priester S, Onori P, Venter J, Renzi A, Franchitto A, Munshi
MK, Wise C, Dostal DE, Marzioni M, Saccomanno S, Ueno Y, Gaudio
E, Glaser S. Castration inhibits biliary proliferation induced by bile duct
obstruction: novel role for the autocrine trophic effect of testosterone. Am J
Physiol Gastrointest Liver Physiol 301: G981-G991, 2011. First published
September 8, 2011; doi:10.1152/ajpgi.00061.201 1.—Increased cholangio-
cyte growth is critical for the maintenance of biliary mass during liver injury
by bile duct ligation (BDL). Circulating levels of testosterone decline follow-
ing castration and during cholestasis. Cholangiocytes secrete sex hormones
sustaining cholangiocyte growth by autocrine mechanisms. We tested the
hypothesis that testosterone is an autocrine trophic factor stimulating biliary
growth. The expression of androgen receptor (AR) was determined in liver
sections, male cholangiocytes, and cholangiocyte cultures [nomal rat intra-
hepatic cholangiocyte cultures (NRICC)]. Nommal or BDL (immediately
after surgery) rats were treated with testosterone or antitestosterone antibody
or underwent surgical castration (followed by administration of testosterone)
for 1 wk. We evaluated testosterone serum levels; intrahepatic bile duct mass
(IBDM) in liver sections of female and male rats following the administration
of testosterone; and secretin-stimulated cAMP levels and bile secretion. We
evaluated the expression of 17B-hydroxysteroid dehydrogenase 3 (17B-
HSD3, the enzyme regulating testosterone synthesis) in cholangiocytes. We
evaluated the effect of testosterone on the proliferation of NRICC in the
absence/presence of flutamide (AR antagonist) and antitestosterone antibody
and the expression of 178-HSD3. Proliferation of NRICC was evaluated
following stable knock down of 173-HSD3. We found that cholangiocytes
and NRICC expressed AR. Testosterone serum levels decreased in castrated
rats (prevented by the administration of testosterone) and rats receiving
antitestosterone antibody. Castration decreased IBDM and secretin-
stimulated cAMP levels and ductal secreion of BDL rats. Testosterone
increased 178-HSD3 expression and proliferation in NRICC that was
blocked by flutamide and antitestosterone antibody. Knock down of 178-
HSD3 blocks the proliferation of NRICC. Drug targeting of 178-HSD3 may
be important for managing cholangiopathies.

biliary epithelium; biliary secretion; 173-hydroxysteroid dehydroge-
nase 3; secretin; sex hormones

IN ADDITION TO PLAYING A KEY role in the ductal secretion of
water and bicarbonate (mainly regulated by secretin) (3, 30),
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cholangiocytes are the target cells in a number of chronic
cholestatic liver diseases (termed cholangiopathies), including
primary sclerosing cholangitis and primary biliary cirrhosis
(PBC) (5, 8). During the progression of cholangiopathies, the
balance between the proliferation/loss of cholangiocytes is
critical for the maintenance of biliary secretory function and
intrahepatic bile ductal mass (5, 8, 34, 36). Cholangiocytes
respond to cholestasis and liver injury with changes in prolif-
eration and ductal bile secretion (2, 3, 18, 22). In response to
bile duct ligation (BDL), there is enhanced biliary hyperplasia
and secretin-stimulated choleresis (a functional marker of
cholangiocyte growth) (2, 3, 18, 22), whereas, following the
administration of hepatotoxins (e.g., carbon tetrachloride),
there is loss of cholangiocyte mass and secretory function (36).
Indeed, proliferating cholangiocytes serve as neuroendocrine
cells secreting and responding to a number of hormones and
neuropeptides contributing to the autocrine and paracrine path-
ways that modulate the homeostasis of the biliary epithelium
(8, 16, 18, 19, 22, 23, 39).

Cholangiocyte growth/apoptosis is regulated by a number of
factors, including gastrointestinal hormones, the second mes-
senger system, cAMP, and sex hormones, including estrogens,
prolactin, follicle-stimulating hormone, and progesterone (7, 8,
17, 23, 39, 49). Regarding sex hormones, estrogens have been
shown to sustain cholangiocyte proliferation and reduce
cholangiocyte apoptosis (6, 7). Prolactin is expressed and
secreted by cholangiocytes and stimulates the growth of
cholangiocytes by an autocrine mechanism (49). Progesterone
enhances the proliferative activity of female and male cholan-
giocytes via autocrine mechanisms, since cholangiocytes pos-
sess the enzymatic pathway for steroidogenesis (23). Follicle-
stimulating hormone increases cholangiocyte proliferation by
an autocrine mechanism via cAMP-dependent phosphorylation
of ERK1/2 and Elk-1 (39).

Testosterone is an anabolic steroid that is primarily secreted
in the testes of males and the ovaries of females, although
small amounts are also secreted by the adrenal glands. Testos-
terone is thought to predominantly mediate its biological ef-
fects through binding to the androgen receptor (AR) (43).
Similar to other members of the nuclear receptor superfamily,
ARs function as a ligand-inducible transcription factor. ARs
are expressed in the liver by hepatocellular carcinoma, hepa-
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tocytes in areas of ductular metaplasia, and in a number of
metastatic adenocarcinomas, including bile duct cholangiocar-
cinoma (26, 44, 47). However, no information exists regarding
the expression and role of testosterone and its receptors in the
regulation of cholangiocyte growth and ductal secretory activ-
ity in cholestasis. The rate-limiting step in the synthesis of
testosterone from androstenedione (a product of dehydroepi-
androsterone and progesterone, both of which are products of
pregnenolone and cholesterol) depends on the enzyme 17B-
hydroxysteroid dehydrogenase 3 (178-HSD3) (20). On the
basis of these findings, we performed experiments aimed to
demonstrate that: /) reduction of testosterone serum levels
decreases cholangiocyte proliferation; 2) testosterone adminis-
tration stimulates biliary growth and prevents the decrease in
biliary hyperplasia induced by castration; 3) cholangiocytes
express 17B-HSD3 and secrete testosterone regulating biliary
by an autocrine mechanism; and 4) silencing of 173-HSD3 (the
enzyme regulating testosterone synthesis) (20) decreases bili-
ary proliferation in vitro. The data suggest an autocrine com-
pensatory role of testosterone in sustaining cholangiocyte pro-
liferation in cholestasis, a pathological condition characterized
by testicular atrophy and lowered serum testosterone levels
(14, 33, 54, 57).

MATERIALS AND METHODS

Materials. Reagents were purchased from Sigma Chemical (St.
Louis, MO) unless otherwise stated. The monoclonal mouse antibody
(clone PC-10) reacting with proliferating cellular nuclear antigen
(PCNA) and the goat polyclonal antibody (antibody raised against a
peptide mapping within an internal region of AR of human origin)
reacting with both subtypes of AR were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The AR antibody (G-13) is recom-
mended for the detection of AR of mouse, rat, and human origin. The
substrate for y-glutamyltranspeptidase (y-GT), N-(y-L-glutamyl)-4-
methoxy-2-naphthylamide, was purchased from Polysciences (War-
rington, PA). The enzyme-linked immunosorbebt assay (ELISA) kit
used for measuring testosterone levels in serum and supernatant of
primary cultures (after 6 h of incubation at 37°C) of isolated cholan-
giocytes from the selected groups of rats and primary cultures of rat
intrahepatic cholangiocyte cultures [normal rat intrahepatic cholan-
giocyte cultures (NRICC)] from normal male rats (4) was purchased
from Cayman Chemical (Ann Arbor, MI). The RIA kit (*25I-cAMP
Biotrak Assay System, RPAS509) for the determination of intracellular
cAMP levels in purified cholangiocytes was purchased from GE
Healthcare (Piscataway, NJ).

Animals. Female and male 344 Fischer rats (150-175 g) were
purchased from Charles River (Wilmington, MA) and maintained in a
temperature-controlled environment (20-22°C) with 12:12-h light-
dark cycles. Animals were fed ad libitum standard chow and had free
access to drinking water. The studies were performed in: /) normal
and BDL female and male rats treated with sesame oil (vehicle) or
testosterone in sesame oil (2.0 mg/100 g body wt) (10); 2) normal
male rats with castration (bilateral orchiectomy) (40) or sham; and
3) BDL (for collection of liver blocks and cell isolation) (3) male rats
(immediately after surgery) (3) that underwent sham or castration (40)
followed by daily intraperitoneal injections of sesame oil or testos-
terone in sesame oil (2.0 mg/100 g body wt) (10) for 7 days. In other
experiments, we treated BDL (immediately after surgery) male rats
with nonimmune serum or a polyclonal immune-neutralizing testos-
terone antibody (6.5 nmol/dose ip every day, a dose similar to that
used by us for immunoneutralizing other sex hormones such as
progesterone) (23) for 7 days before collecting serum and liver blocks
for the determination of biliary growth and apoptosis. Immediately
after bile duct incannulation (for bile collection) (3), male rats under-
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went sham for castration or castration (followed by the administration
of sesame oil or testosterone in sesame oil, 2.0 mg/100 g body wt for
1 wk) (10) before evaluating the effect of intravenous infusion of
secretin on bile and bicarbonate secretion (3). Because there was no
difference in biliary growth (data not shown) between normal rats
treated with sesame oil and sham rats for castration or BDL rats
treated with sesame oil or nonimmune serum and BDL sham rats for
castration, we used only normal and BDL rats as controls in our study.
Seven days later, the animals were killed for the collection of serum,
liver block, bile, and cholangiocytes. Before each procedure, animals
were anesthetized with pentobarbital sodium (50 mg/kg body wt ip)
according to the regulations of the panel on euthanasia of the Amer-
ican Veterinarian Medical Association and local authorities. All ex-
periments were reviewed and approved by the Scott & White Hospi-
tal/Texas A&M Health Science Center Institutional Animal Care and
Use Committee.

Purification of cholangiocytes and hepatocytes. Virtually pure
cholangiocytes (~98% by y-GT histochemistry) (46) were isolated by
immunoaffinity separation (27) using a mouse monoclonal antibody
(IgM, kindly provided by Dr. R. Faris, Brown University, Providence,
RI) that recognizes an unidentified antigen expressed by all intrahe-
patic rat cholangiocytes (27). Cell viability (by trypan blue exclusion)
was ~98%. Hepatocytes were isolated from normal and BDL male
rats as described (27). Male NRICC, which display morphological,
phenotypic, and functional phenotypes similar to that of freshly
isolated cholangiocytes, were developed, characterized, and main-
tained in culture as described by us (4).

Expression of AR and 17B-HSD3. The presence of AR was eval-
uated by: 7) immunofluorescence (16) in frozen liver sections (4-5
wm thick) and immunohistochemistry (39) in paraffin-embedded liver
sections (4-5 pm thick) from normal and BDL male rats; and
2) RT-PCR (1) and fluorescence-activated cell sorter (FACS) analysis
(45) in cholangiocytes and hepatocytes from normal and BDL male
rats. In NRICC, the expression of AR was also evaluated by RT-PCR
and immunofluorescence (39). For all immunoreactions, negative
controls (with normal serum from the same species substituted for the
primary antibody) were included.

With regard to RT-PCR (performed using the Gene Amp RNA PCR
kit from Perkin-Elmer, Branchburg, NJ), specific oligonucleotide
primers were based on the sequence of the rat AR (11) (sense,
5'-CCCTGTGTGTGCAGCTAGAA-3' and antisense, 5'-TAGACA-
GGATCTGCCCTGCT-3"), with an expected fragment length of 247
bp; we used RNA (1 g) from rat testicles and yeast-transfer RNA as
positive and negative controls, respectively. The comparability of the
RNA used was assessed by RT-PCR for the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (sense 5'-GT-
GACTTCAACAGCAACTCCCATTC-3" and antisense 35'-GTTA-
TGGGGTCTGGGATGGAATTGTG-3"), with an expected fragment
length of 294 bp; primers were based on the rat GAPDH sequence
(15); rat kidney and yeast transfer RNA were the positive and negative
controls for the GAPDH gene, respectively. Standard RT-PCR con-
ditions were used, consisting of 35 step cycles: 30 s at 94°C, 30 s at
60°C for AR and 52°C for GAPDH for 45 s at 72°C. FACS analysis
for AR was performed in isolated cholangiocytes and hepatocytes
from normal and BDL rats using a C6 flow cytometer and analyzed by
CFlow Software (Accuri Cytometers, Ann Arbor, MI). At least 20,000
events in the light scatter (side scatter/forward scatter) were acquired.
The expression of AR was identified and gated on fluorescence
channel 1-A (FL1-A)/count plots. The relative quantity of AR (mean
selected protein fluorescence) was expressed as mean FLI-A (sam-
ples) per mean FL-1A (secondary antibodies only). The standard
errors were calculated as (CV FL1-A) X (mean FL1-A)SQR(count
1), where CV is coefficient of variation and SQR is square root.

We evaluated the expression of 178-HSD3 (37) by: 1) immuno-
fluorescence (16) in frozen liver sections (45 wm thick) and immu-
nohistochemistry (39) in paraffin-embedded liver sections (4-5 pm
thick) from normal and BDL male rats; 2) real-time PCR (16) and
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FACS analysis (45) (see above) in freshly isolated male cholangio-
cytes; and 3) real-time PCR and immunofluorescence (16) in male
NRICC. For all immunoreactions, negative controls (with normal
serum from the same species substituted for the primary antibody)
were included. Following immunofluorescence for AR and 17B-
HSD3, images were visualized using an Olympus IX-71 confocal
microscope. Light microscopy photographs of liver sections stained
for AR and 17p-HSD3 were taken by Leica Microsystems DM
4500 B Light Microscopy (Weltzlar, Germany) with a Jenoptik
Prog Res C10 Plus Videocam (Jena, Germany). The positivity of
bile ducts for AR and 173-HSD3 was evaluated as described by us
(25). When 0-5% of bile ducts were positive for AR and 178-
HSD3, we assigned a negative score; a = score was assigned when
6—-10% of bile ducts were positive; a + score was assigned when
11-30% of bile ducts were positive; a ++ score was assigned with
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31-60% of bile ducts positive; and a +++ score was assigned
when >61% of bile ducts were positive. Two pathologists per-
formed the evaluations in a blinded manner.

For real-time PCR, total RNA was extracted from cholangio-
cytes by the RNeasy Mini Kit (Qiagen, Valencia, CA) and reverse
transcribed using the Reaction Ready First-Strand cDNA synthesis
kit (SuperArray, Frederick, MD). These reactions were used as
templates for the PCR assays using a SYBR Green PCR master mix
and specific primers designed against the rat 178-HSD3
NM_054007 (51) and GAPDH, the housekeeping gene (SuperAr-
ray), in the real-time thermal cycler (ABI Prism 7900HT sequence
detection system). A AACr (delta delta of the threshold cycle)
analysis was performed using normal cholangiocytes as the cont-
rol sample. Data are expressed as fold change of relative mRNA
levels = SE (n = 6).

Fig. 1. A: image showing that intrahepatic
bile ducts from normal and bile duct ligation
(BDL) male rats express androgen receptor
(AR) (red staining). Colocalization with
CK-19 (green staining) of bile ducts express-
ing the AR (red staining) is also visible. Bar = 50
um. B: by immunohistochemistry, normal
cholangiocytes and hepatocytes express low
levels of AR, expression that increased follow-
ing BDL (A and B; see Table 1). Original
magnification, X40. C: by RT-PCR, the message
for AR was expressed by freshly isolated cholan-
glocytes from normal (NR) and BDL rats and
normal rat intrahepatic cholangiocyte cultures
(NRICC); the housekeeping gene, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH),
was expressed similarly by these cells. MW,
mol wt. D: by immunofluorescence, NRICC
also expressed the protein for AR. Bar = 20
pm. E and F: fluorescence-activated cell sorter
(FACS) analysis shows the presence of the
protein for AR in freshly isolated cholangio-
cytes and hepatocytes from normal and BDL
male rats; the expression of AR seemed up-
regulated (*P < 0.05) in BDL cholangiocytes
compared with normal cholangiocytes. Data
are means = SE of 3 determinations.

Negative

1

Hepatocytes
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Table 1. Semiquantitative analysis of AR expression in liver
sections from normal and BDL male rats

Normal BDL
Cholangiocytes + ++
Hepatocytes pud +

AR, androgen receptor; BDL, bile duct ligation. Grading scale: - = 0-5%; + =
6-10%; + = 11-30%; ++ = 31-60%; +++ = >61%.

Evaluation of testosterone serum levels, cholangiocyte apoptosis,
and intrahepatic bile duct mass in liver sections. Testosterone serum
levels in female and male rats were measured by commercially
available ELISA kits (Cayman Chemical). Cholangiocyte apoptosis
was evaluated in paraffin-embedded liver sections (4-5 wm thick) by
a quantitative terminal deoxynucleotidyl transferase biotin-dUTP nick
end-labeling (TUNEL) kit (Apoptag; Chemicon International) (39).
The percentage of TUNEL-positive cholangiocytes was counted in six
nonoverlapping fields (magnification X40) for each slide; the data are
expressed as the percentage of TUNEL-positive cholangiocytes. The
number of intrahepatic bile ducts in frozen liver sections (45 wm
thick) was determined by the evaluation of intrahepatic bile duct mass
(IBDM) by point-counting analysis (35, 56). IBDM was measured as
the percentage area occupied by y-GT-bile duct/total area X 100 (35,
56). Morphometric data were obtained in six different slides for each
group; for each slide, we performed the counts in six nonoverlapping
fields (n = 36). Following the selected staining, sections were coun-

TESTOSTERONE REGULATION OF CHOLANGIOCYTE PROLIFERATION

terstained with hematoxylin and eosin and analyzed for each group
using a BX-51 light microscopy (Olympus, Tokyo, Japan).

Measurement of basal and secretin-stimulated cAMP levels and
bile secretion. At the functional level, cholangiocyte proliferation was
evaluated by measurement of basal and secretin-stimulated cAMP
levels in purified cholangiocytes by RIA (17, 22, 32) and bile and
bicarbonate secretion in bile fistula rats (3), two functional indexes of
cholangiocyte proliferation (3, 17, 22). For the measurement of cAMP
levels (17, 22), purified cholangiocytes (1 X 10°) were incubated for
1 h at 37°C and incubated for 5 min at room temperature with 0.2%
BSA (basal) or 100 nM secretin with 0.2% BSA (17, 22, 32).
Following anesthesia with pentobarbital sodium, rats were surgically
prepared for bile collection (3). When steady-state bile flow was
reached [60-70 min from the infusion of Krebs-Ringer-Henseleit
(KRH) solution], the animals were infused by a jugular vein with
secretin (100 nM) for 30 min followed by a final infusion of KRH for
30 min. Bile was collected every 10 min in preweighed tubes that
were used for determining bicarbonate concentration. Bicarbonate
concentration (measured as total COz) in the selected bile sample was
determined by an ABL 520 Blood Gas System (Radiometer Medical,
Copenhagen, Denmark).

Effect of testosterone on the expression of 17B3-HSD3 and prolif-
eration of NRICC: Effect of pharmacological inhibition and molecu-
lar silencing of 17B-HSD3 on NRICC proliferation. To obtain a
dose-response curve, NRICC were treated with vehicle (1% methanol,
where testosterone is dissolved, basal value) or testosterone (107> to
10711 M for 7 days in 1% methanol) before evaluating cell prolifer-
ation by MTS assays (16). We also evaluated the effects of testoster-
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titestosterone antibody decreased testoster-
one serum levels in both normal and BDL
rats compared with rats treated with nonim- B
mune serum. The administration of testoster-
one to BDL castrated rats partly prevented
castration-induced reduction of testosterone
serum levels. Data are means * SE of 12
cumulative determinations. *P < 0.05 com-
pared with the corresponding values of nor-
mal rats. #P < 0.05 compared with the
corresponding values of normal rats. &P <
0.05 compared with the corresponding val-
ues of BDL rats.
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Table 2. Measurement of IBDM in the experimental groups
of animals

Treatments IBDM, %
Male
Normal 0.26 = 0.04
BDL 6.32 = 0.672
BDL testosterone 10.4 = 0.80°
BDL + antitestosterone antibody 1.8 = 0.140
BDL + castration 0.32 = 0.04°
BDL + castration + testosterone 5.48 = 0.63
Female
Normal 0.77 £0.14
BDL 401 £0.21*
BDL + testosterone 6.68 = 0.89°

Values are means = SE. IBDM, intrahepatic bile duct mass. P < 0.05 vs.
[BDM of normal rats (a) and vs. IBDM of BDL rats (b).

one on the expression of message for 178-HSD3 in NRICC. NRICC
were stimulated with vehicle (1% methanol, where testosterone is
dissolved, basal value) or testosterone (100 nM for 6, 24, 48, and 72
hin 1% methanol) before measuring 173-HSD3 mRNA expression by
real-time PCR (see above) (16).

In separate experiments, NRICC (after trypsinization) were seeded
into 96-well plates (10,000/well) in a final volume of 200 wl of
medium and allowed to adhere to the plate overnight. NRICC were
incubated at 37°C with 0.2% BSA (basal), flutamide (a specific
antagonist of AR, 10 uM) (28), or antitestosterone antibody (100
ng/ml with 0.2% BSA) for 48 h before evaluation of proliferation by
MTS assays (16).

Furthermore, following stable transfection of 178-HSD3 in NRICC
(24), we measured the basal proliferative rates of the cells (after
incubation for 24, 48, and 72 h at 37°C) by PCNA immunoblots and
MTS assays (16). NRICC lacking 17B-HSD3 was established using
SureSilencing shRNA (SuperArray) plasmid for rat 173-HSD3 con-
taining a marker for neomycin resistance for the selection of stably
transfected cells, according to the instructions provided by the
vendor as described by us (13). A total of four clones were
assessed for the relative knock down of the 173-HSD3 gene using
real-time PCR (~80% knock down), and a single clone with the
greatest degree of knock down was selected for subsequent exper-
iments. In control vector- and 178-HSD3-knocked cells, we also
evaluated the amount of secreted testosterone (by ELISA kits) after
incubation for 24 h at 37°C.
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Statistical analysis. All data are expressed as means + SE. Differ-
ences between groups were analyzed by the Student’s unpaired #-test
when two groups were analyzed and ANOVA when more than two

groups were analyzed, followed by an appropriate post hoc test. A
value of P < 0.05 was considered significant.

RESULTS

Expression of AR. By both immunofluorescence and immu-
nohistochemistry in liver sections, we demonstrated that intra-
hepatic bile ducts from normal and BDL male rats express AR
(Fig. 1, A and B). Colocalization of CK-19 (a cholangiocyte-
specific marker) (18) with intrahepatic bile ducts expressing
AR is visible in Fig. 1A. By immunohistochemistry, normal
cholangiocytes and hepatocytes express low levels of AR,
expression that increased following BDL (Fig. 1, A and B, and
Table 1). By RT-PCR, the message for AR (247 bp) was
expressed by freshly isolated cholangiocytes and hepatocytes
from normal and BDL male rats and NRICC (Fig. 1C); the
housekeeping gene, GAPDH mRNA (294 bp), was similarly
expressed by these cells (Fig. 1C). By immunofluorescence,
NRICC also expressed the protein for AR (Fig. 1D). We also
demonstrated by FACS analysis the presence of AR in freshly
isolated cholangiocytes and hepatocytes from normal and BDL
male rats (Fig. 1, E and F); the expression of AR was upregu-
lated in BDL compared with normal cholangiocytes (Fig. 1E).

Evaluation of testosterone serum levels, cholangiocyte apop-
tosis, and IBDM in liver sections. Parallel to previous studies
(53, 54), testosterone serum levels were lower in female and
male BDL rats compared with their corresponding normal rats
(Fig. 24). The serum levels of testosterone were lower in
female rats compared with the corresponding values of male
rats (Fig. 2B). The administration of testosterone increased
testosterone serum levels in normal and BDL male rats (Fig. 2,
A and B). Castration significantly decreased testosterone serum
levels in normal and BDL male rats (Fig. 2B) (31). Similarly,
administration of neutralizing antitestosterone antibody de-
creased testosterone serum levels in both normal and BDL
male rats compared with rats treated with nonimmune serum
(Fig. 2B). The administration of testosterone to BDL castrated
rats partly prevented castration-induced reduction of testoster-
one serum levels (Fig. 2B). In female and male BDL rats, there

Fig. 3. Measurement of basal and secretin-stimulated cAMP
levels in purified cholangiocytes. In normal and BDL rats
(without castration), secretin increases cAMP levels of purified
cholangiocytes. In purified cholangiocytes from normal and
BDL castrated rats, there was ablation of the stimulatory effects
of secretin on cAMP levels. *P < 0.05 vs. the corresponding
basal cAMP levels. #P < 0.05 vs. basal cAMP levels of normal
cholangiocytes. Data are means = SE of 6 experiments,
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