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Abstract

Background

Hepatocellular carcinoma (HCC) is a common complication of chronic viral hepatitis. In sup-
port of this notion, we have reported that hepatitis B surface antigen (HBsAg)-specific CD8*
T lymphocytes critically contribute to inducing chronic liver cell injury that exerts high carci-
nogenic potential in a hepatitis B virus (HBV) transgenic mouse model. The dynamics of the
molecular signatures responsible for hepatocellular carcinogenesis are not fully understood.
The current study was designed to determine the serial changes in gene expression profiles
in a model of chronic immune-mediated hepatitis.

Methods

Three-month-old HBV transgenic mice were immunologically reconstituted with bone mar-
row cells and splenocytes from syngeneic nontransgenic donors. Liver tissues were
obtained every three months until 18 months at which time all mice developed multiple liver
tumors. Nitrative DNA lesions and hepatocyte turnover were assessed immunohistochemi-
cally. Gene expression profiles were generated by extracting total RNA from the tissues and
analyzing by microarray.

Results

The nitrative DNA lesions and the regenerative proliferation of hepatocytes were increased
during the progression of chronic liver disease. In a gene expression profile analysis of liver
samples, the chemokine- and T cell receptor (TCR)-mediated pathways were enhanced dur-
ing chronic hepatitis, and the EGF- and VEGF-mediated pathways were induced in HCC.
Among these molecules, the protein levels of STAT3 were greatly enhanced in all hepatocyte
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nuclei and further elevated in the cytoplasm in HCC tissue samples at 18 months, and the lev-
els of phosphorylated TP53 (p-p53-Ser 6 and -Ser 15) were increased in liver tissues.

Conclusions

HBV-specific immune responses caused unique molecular signatures in the liver tissues of
chronic hepatitis and triggered subsequent carcinogenic gene expression profiles in a
mouse model. The results suggest a plausible molecular basis responsible for HBV-induced
immune pathogenesis of HCC.

Introduction

The development of hepatocellular carcinoma (HCC) is a complex multifactorial process in
which many years of chronic hepatitis plays a major role.[1, 2] In patients with chronic hepati-
tis B and C, the virus-specific CD4" and CD8" T lymphocytes have been reported to play a role
in the immunopathogenesis of liver disease.[3-6] In transgenic mouse models of hepatitis B
virus (HBV), transfer of CD4" and CD8" T cell clones specific for the viral antigens induced
acute liver cell injury.[7-9] In an effort to evaluate the carcinogenic potential of chronic
inflammation, we have established a model of prolonged immune-mediated hepatitis using
HBV transgenic mice that express the viral envelope proteins in their hepatocytes.[10]

Furthermore, the lymphocyte subset transfer revealed that the pathogenetic events caused
by CD8" cytotoxic T lymphocytes (CTLs) are primarily responsible for the development of
chronic liver disease that enhances tumor incidence.[11]

CD8" CTL-induced continuous inflammation is sufficient to trigger the process of hepato-
carcinogenesis in the absence of preexisting viral transactivation or genetic changes in chronic
HBYV infection.[10, 12, 13] During the process of cancer development, molecular events may
accumulate in intracellular and extracellular microenvironments to establish the pathological
signatures of tumor tissues distinct from non-cancer conditions. In the current study, molecu-
lar events specific for long-term persistent inflammation and tumor tissues were detected in a
model of chronic hepatitis B in which the virus-specific CD8" CTLs establish a cycle of hepato-
cyte death and regeneration. Some the genes were activated in the process of chronic hepatitis,
while other genes were exclusively changed in tumor tissues. The results demonstrate that
HBV-specific immune responses caused unique molecular signatures in the liver tissues and
triggered subsequent procarcinogenic processes in the hepatocytes.

Materials and methods
HBV transgenic mice

Hepatitis B surface antigen (HBsAg) transgenic mouse lineage 107-5D (official designation
Tg[Alb-1,HBV]Bri66) (inbred B10D2, H-2d) was kindly provided by Dr. E.V. Chisari (The
Scripps Research Institute, La Jolla, California)[14]. The 107-5D lineage contains the entire
HBV envelope-coding region (subtype ayw) under the constitutive transcriptional control of
the mouse albumin promoter[14]. These mice express the HBV small, middle and large enve-
lope proteins in their hepatocytes[14]. They are immunologically tolerant to HBsAg at the T
cell level[15] and they display no evidence of liver disease during their lifetime, without the
adoptive transfer of HBsAg-specific CTLs[7, 8, 14]. There is no X-RNA or X-protein expres-
sion detectable in the livers of these animals (unpublished observations).
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Ethics statement

All the animal experiments were satisfied according to the Guidelines for the Care and Use of
Laboratory Animals in Takara-machi Campus of Kanazawa University, and the Regulations for
Animal Research at University of Fukui and were approved by the ethical committee of the ani-
mal experiments of Kanazawa University and University of Fukui. All surgery was performed
under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Disease model

The animal model of chronic hepatitis was generated as described previously[10]. Briefly,
3-month-old male HBsAg transgenic mice were thymectomized, irradiated (900 cGy), and
their hemopoietic system was reconstituted with bone marrow cells from syngeneic nontrans-
genic B10D2 (H-2d) mice. One week after bone marrow transfer, the animals received 2 x 10°
splenocytes from nontransgenic B10D2 (H-2d) mice that had been infected intraperitoneally
with a recombinant vaccinia virus expressing HBsAg (HBs-vac) 3 weeks before the splenocyte
transfer[7]. The resultant hepatocellular injury was monitored biochemically by measuring
serum alanine aminotransferase (ALT) activity[16]. Results were expressed as mean units per
liter + SD of serum ALT (sALT) activity. Tumor development was assessed by abdominal pal-
pation and confirmed by autopsy. Tissue samples were fixed in 10% zinc-buffered formalin
(Anatech Ltd., Battle Creek, MI), embedded in paraffin, sectioned (3 um) for immunohisto-
chemical analysis.[16]. Liver tissue was also snap-frozen in liquid nitrogen and stored at—
80°C for molecular analysis.

cDNA microarray

Gene expression microarray analysis was performed using the materials and protocols from the
Agilent Technologies two-color gene expression platform [Agilent Mouse 44k (012694_D)].
Briefly, total RNA was isolated from snap-frozen hepatic parenchyma and HCC tissues. Total
RNA was resuspended in DEPC water, cleaned up with a Qiagen RNeasy column, and quantified
by UV-Vis spectroscopy. The RNA was then qualified on an Agilent 2100 Bioanalyzer. One ug of
total RNA from control and experimental animals was separately amplified and labeled with
either Cy3- or Cy5-labeled CTP (Perkin Elmer, Wellesley, MA, USA) with an Agilent low input
linear amplification kit (Agilent Technologies, Palo Alto, CA, USA) according to the manufactur-
er’s protocol. After labeling and cleanup, amplified RNA was quantified by UV-vis spectroscopy.
Samples (0.75 ug each) of Cy3- and Cy5-labeled targets were combined and hybridized to an Agi-
lent catalog 44K feature mouse oligo array for 17 h at 60°C. In each assay, a hepatic RNA sample
from an experimental animal was hybridized against a pooled RNA sample composed of equal
amounts of RNA from the livers of five unmanipulated 7-month-old control transgenic liver mix-
ture (Tg mix). After hybridization, arrays were washed consecutively in solutions of 6 x SSPE with
0.005% N-lauroylsarcosine and 0.06 x SSPE with 0.005% N-lauroylsarcosine for 1 min each at
room temperature. This was followed by a 30 s wash in Agilent stabilization and drying solution.

Microarray data analysis

Data were extracted from the resulting images using Agilent’s Feature Extraction Software
(Agilent Technologies). Expression analysis for all replicate microarray experiments was per-
formed with GeneSpring GX, where its expression ratio (experiment group = Cy5 / control
group = Cy3) was calculated and converted using the base two logarithm. If flags ("gIsPosAnd-
Signif", "rIsPosAndSignif", "glsWellAboveBG", or "rIsWellAboveBG"), indicating as reliable
fluorescence probes, were 0, those probes were eliminated from the obtained data as well as
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probes with 1 or -1 in ControlType. For the logarithm ratio of each chronological sample in
the unmanipulated control Tg mix, two color microarray analysis was performed by setting
the samples with log2 ratios of 0. False Discovery Rate (FDR) with Welch P-values and Rank-
Prod FDR were respectively corrected for multiple testing with Benjamin-Hochberg (BH) pro-
cedure and RankProduct. While Welch P-values were calculated from TM4 MeV_4_6_1,R
was used for RankProduct FDR.

To observe assembled signaling pathways with differentially expressed genes, gene set enrich-
ment analysis (GSEA) was performed for listing 259 pathways in Pathway Studio ver. 8 in a path-
way analysis software. The comparison combinations used in this analysis were the average
values of log-ratios against Tg mix of Tg7d, TglM, Tg3M, Tg6M, TgIM, Tgl2M, Tgl5M,
Tg18M, and tumor (Tg18M) and the log ratios of Tg18M/Tg mix and tumor (Tgl8M)/ Tg mix.
A heatmap was generated by TM4 MeV based on average log2 ratios from each group of genes,
constructing pathways with P-values of less than 0.01 from comparisons of either Tg 18M vs
Control or tumor (Tgl8M) vs Tgl8M on the GSEA analysis. The average linkage method, based
on Pearson correlation coefficient, was used for gene hierarchical clustering. If a gene corre-
sponded to multiple probes, the probe with the highest dispersion among the 45 samples was
selected as the representative probe, and its expression value was used. All datasets have been
deposited at National Center for Biotechnology Information/Gene Expression Omnibus under
accession number GSE103205.

Real-time PCR analysis

Quantitative gene expression levels were determined using real-time PCR with the ABI Prism
7900HT Sequence Detection System (Applied Biosystems, Foster City, CA) and SYBR Green I
dye or TagMan MGB probes (FAM™ dye labeled). Primers were created using Applied Bio-
systems Primer Express Software version 2.0 or purchased by Applied Biosystems Assays-on-
Demand Gene expression products. For amplification diluted cDNA was combined with a
reaction mixture containing SYBR Green PCR core reagents (Applied Biosystems, catalog no.
4304886) or with TagMan universal PCR Master Mix (Applied Biosystems, catalog no.
4304437) according to the manufacturer’s instructions. The f3-actin gene was used as the
endogenous control for normalizing initial RNA levels.

Immunohistochemical analysis

The liver tissues were fixed in buffered zinc formalin, embedded in paraffin, and sectioned.
The localization of 8-nitroguanine (8-NG) and inducible nitric oxide synthase (iNOS) was
assessed by double immunofluorescence labeling.[17] The paraffin sections were incubated
with the anti-8-nitroguanine antibody (1 pg/mL) and anti-iNOS (1:300; Sigma, St Louis, MO,
USA) overnight at room temperature. To confirm 8-nitroguanine formation in genomic
DNA, we pretreated the indicated tissue sections with 10 pg/mL RNase at 37°C for 1 h as previ-
ously described.[18] Sections were then incubated for 3 h with an Alexa 594-labeled goat anti-
rabbit IgG antibody and an Alexa 488-labeled goat anti-mouse IgG antibody (both 1:400;
Molecular Probes, Eugene, OR, USA). Stained sections were examined using an inverted Laser
Scan Microscope (LSM 410; Zeiss, Gottingen, Germany). For the expression of proliferating
cell nuclear antigen (PCNA) and signal transducer and activator of transcription 3 (STAT3),
immunohistochemistry was performed using an anti-PCNA monoclonal primary antibody
(PC10; DAKO, Carpinteria, CA) and an anti-STAT3 monoclonal primary antibody (79D7;
Cell Signaling, Danvers, MA), respectively, and Envision+ kits according to the manufacturer’s
instructions (DAKO).
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Western blotting

Liver samples were prepared using radio-immunoprecipitation assay (RIPA) lysis buffer as
previously described.[19] Anti-STAT3 monoclonal (79D7; Cell Signaling), anti-mouse p53
polyclonal (Leica, Newcastle, UK), anti-phospho-p53 (Ser6 and Ser15) (Cell Signaling) and
anti-B-actin monoclonal (Sigma-Aldrich, St. Louis, MO) antibodies were used for protein
detection. Immune complexes were visualized using enhanced chemiluminescence detection
reagents (Amersham Biosciences, Piscataway, NJ) in accordance with the manufacturer’s
protocol.

Results
Immunohistochemical changes of hepatocytes in HBV transgenic mice

After the immunological reconstitution of HBV transgenic mice with the virus-specific
CD8" CTLs, serum ALT activity increased from preinjection levels of 20-40 U/L to peak
levels (mean + SD [U/L]: 2,411 + 668) within 7 d, fell progressively thereafter, and remained
at least two to three times above normal until 18 months at which time all mice developed
multiple liver tumors (Fig 1A). In contrast, the unmanipulated HBV transgenic controls
showed no serum ALT elevation, indicating no liver disease for the entire experimental
period, as previously observed.[10] In addition, we have previously observed that sham-
treated HBV transgenic mice which had been thymectomized, irradiated, and reconstituted
with immunologically tolerant transgenic donor bone marrow cells and splenocytes devel-
oped no liver disease or no liver tumors.[10, 11]

To evaluate the inflammation-induced, reactive nitrogen species and regenerative prolifera-
tion of hepatocytes, the liver specimens were examined immunohistochemically using a dou-
ble immunofluorescence technique for 8-NG (nuclear, red) and iNOS (cytoplasmic, green)
expression and anti-PCNA solution at 0 (untreated), 9 and 18 months (Fig 1B). Cytoplasmic
iNOS expression was observed at 9 months and nuclear 8-NG expression was remarkably
enhanced in nontumor liver tissues at 18 months. In addition, the number of PCNA™ hepato-
cytes was greatly increased at 9 months and further elevation was seen at 18 months (Fig 1C).
And, we have shown that TUNEL" hepatocellular apoptosis was induced in this model, espe-
cially in the early phase.[11, 12] The results collectively demonstrated that the long-term HBV-
specific immune responses caused the nitrative DNA lesions and the high regenerative prolif-
eration of hepatocytes in the transgenic mice.

Serial changes of gene expression profile in the liver of HBV transgenic
mice
To investigate the serial changes of gene expression profiles in the mouse livers, five immuno-
logically reconstituted HBV transgenic mice were sacrificed on day 7 and every three months
until 18 months. The comprehensive gene expression profiles of liver specimens were analyzed
by microarray (S1 Table). For the logarithm ratio of each chronological sample in the unma-
nipulated control Tg mix, two color microarray analysis was performed by setting the samples
with log2 ratios of 0. To observe assembled signal pathways with differentially expressed genes,
GSEA was performed for listing 259 pathways in a pathway analysis software. We focused on
the most significant sixteen pathways (P < 0.05) at 18 months in nontumor liver specimens
because they may represent the pathways with high procarcinogenic potentials as the back-
ground of HCC (Table 1).

When the levels of selected sixteen pathways were monitored for 18 months, three chemo-
kine-related pathways (CCR2/5 -> STAT, CCR5 -> TP53 and CCRI -> STAT) consisting of
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Fig 1. Course of liver disease in a transgenic mouse model of chronic hepatitis B. (A) Kinetics of serum
alanine aminotransferase (ALT) in HBV transgenic mice (open circles; n = 40) were monitored after transferring
spleen cells from syngeneic nontransgenic donors that had been previously immunized with recombinant
vaccinia virus HBs-vac. All results were compared with unmanipulated age- and sex-matched transgenic mice
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(filled triangles; n = 20). Adoptive transfer of splenocytes was performed on day 0. Serum ALT activity was
monitored to evaluate liver injury. Results were expressed as mean units per liter + S.D. of ALT activity. (B)
Inflammation-induced, reactive nitrogen species and regenerative proliferation of hepatocytes were estimated
immunohistochemically using a double immunofluorescence technique for 8-nitroguanine (8-NG) (nuclear,
red) and inducible nitric oxide synthase (iNOS) (cytoplasmic, green) expression and anti-proliferating cell
nuclear antigen (PCNA) solution at 0 (untreated), 9 and 18 months. PCNA(+) hepatocyte nuclei are indicated
with arrows. Original magnifications: x 100 (8-NG /iNOS) and x 400 (PCNA). (C) Quantitative morphometric
analysis of PCNA™ hepatocytes. Fifty high power (x 400) fields representing 2 mm? of liver tissue were
examined. Results are expressed means + S.E. per 1,000 hepatocytes. Each group represents three animals.

https://doi.org/10.1371/journal.pone.0185442.9001

CCL2, CCL3L1, CCL4, CCL5, CCL7, CCL11, CCL13, CXCL11, CCR1, CCR2, CCR5, JAK1,
JAK2, STAT1, STAT3, STAT5A, MAPK14 and TP53 (p53) molecules were constitutively acti-
vated for the whole process of chronic liver disease. In addition, three T-cell receptor (TCR)-
related pathways (TCR -> NF-kB, TCR -> CREBBP and TCR -> NFATC) consisting of
CD4, CD8A, CD8B, CD22, CD28, CD72, CD80, CD86, NFKBIA, VAV], LYN, PTPRC,

SYK, PLCG1, PRKCQ, FYN, BCL10, ITK, PTPN6, CARD11, CTLA4, IL16, MAP3K7, LAT,
PDCD1, LCK, BTK, ZAP70, MALT1, TRAF6, LCP2, PLCG2, ITPR1, CAMK4, CREBBP,
CAMKK2, CAMKK]1, NFAT5, NFATC4, NFATC3, NFATC1 and NFATC2 molecules were
highly significant at both early (7d and 1M) and late (15M and 18M) time points. Additionally,
a heatmap was generated based on average log2 ratios from each group of genes, constructing
pathways with P-values of less than 0.01 from comparisons of Tg 18M vs control Tg mix on
the GSEA analysis (Fig 2). Indicated many molecules were activated at both early and late
points. The levels of gene expression were confirmed using RT-PCR (not shown).

STATS3 and p53 protein expression

Among the molecules shown to be activated in the microarray analysis, the protein levels of
STAT3 and p53 in liver tissues were assessed by Western blot and immunohistochemistry.
Compared to the unmanipulated HBV transgenic controls (#.282 and #.283), the mice with
chronic hepatitis expressed higher levels of STAT3 protein in a Western blot analysis (Fig 3A).
Interestingly, STAT3 protein was expressed in infiltrating immune cells at 3 months and in
part of hepatocyte nuclei at 9 months. The expression of STAT3 was greatly enhanced in all
hepatocyte nuclei at 18 months and in the cytoplasm of HCC tissue (Fig 3B). Although the
amount of TP53 was virtually constant during liver disease, the levels of phosphorylated TP53
at serines 6 and 15 (p-p53-Ser 6 and -Ser 15) were increased in diseased liver tissues (Fig 4). In
addition, upon comparing the gene expression profile of tumor tissue with that of background
nontumor liver (S1 Table), the EGF- and VEGF-mediated pathways were distinctively elevated
in HCC (Table 2). The levels of gene expression were confirmed using RT-PCR (not shown).
Taken together, in the gene expression profile analysis, TCR- and chemokine-mediated path-
ways were enhanced in the process of chronic hepatitis, and, subsequently, EGF- and VEGF-
mediated pathways were induced in the development of HCC.

Discussion

The current study found that HBV-specific immune responses caused nitrative DNA lesions
and the high regenerative proliferation of hepatocytes, activated the chemokine- and TCR-
mediated intracellular pathways in long-term persistent hepatitis, and subsequently induced
EGF- and VEGF-mediated procarcinogenic processes. Among the molecules investigated, the
protein levels of STAT3 were greatly enhanced in all hepatocyte nuclei and further in the cyto-
plasm in HCC tissue, and the levels of phosphorylated TP53 (p-p53-Ser 6 and -Ser 15) were
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Fig 2. Gene expression profiles in the model of chronic hepatitis B. (A) Total RNA isolated from liver
tissues were analyzed by microarray. For the logarithm ratio of each chronological sample in unmanipulated
control Tg mix, two color microarray analysis was performed by setting the samples with log2 ratios of 0. Gene
expression data at each time point were well normalized by a robust multiarray analysis (RMA) program. (B) A
heatmap was generated by TM4 MeV based on average log2 ratios from a group of genes, constructing the
significant pathways with P-values of less than 0.01 from comparisons of Tg 18M vs control Tg mix on the
gene set enrichment analysis (GSEA) in Table 1. Each cell in the matrix represents the expression of a gene
in an individual sample. Red and green cells depict high and low expression levels, respectively, as indicated
by the scale bar (fold change in expression).

https://doi.org/10.1371/journal.pone.0185442.9002
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Fig 3. STAT3 expression in the model of chronic hepatitis B. (A) STAT3 levels in the liver tissues at the indicated time points (two representatives
of each), the tumor tissues (18M-Tum) and HCC cell lines (HepG2 and PLC/PRF/5) were evaluated by Western blotting, and normalized to B-actin. (B)
The liver tissues were stained with hematoxylin and eosin, and analyzed immunohistochemically. #282 and #283 mice (OM: unmanipuladed) were
24-month-old. Original magnifications, x 200 (bar represents 50 pm).

https://doi.org/10.1371/journal.pone.0185442.9g003

increased in liver tissues. The results suggested serial changes of gene expression profiles in
chronic liver diseases that eventually terminate in HCC development.

After the immunological reconstitution of HBV transgenic mice, the acute phase of liver
injury was observed within one month and the chronic phase inflammation was seen thereaf-
ter. We have shown that HBV-specific CTL responses and intrahepatic cytokine profiles
including IL-1B, IL-6 and IFN-y are detectable in these transgenic mice 17 months after recon-
stitution.[10] In support of this notion, the chemokine- and TCR-mediated pathways were
enhanced in the liver tissues of chronic inflammation. The immunopathogenesis of chronic
hepatitis may differ from that of acute hepatitis in patients with HBV infection.[20, 21]
Although acute hepatitis B is associated with functionally efficient, multispecific antiviral T-
cell responses, chronic virus persistence was reported to be characterized by an exhaustion of
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Fig 4. TP53 expression in the model of chronic hepatitis B. Total TP53 levels and phosphorylated TP53 at serines 6 and 15 (p-
p53-Ser 6 and -Ser 15) in the liver tissues at the indicated time points (two representatives of each) and the tumor tissues (18M-Tum)
were evaluated by Western blotting, and normalized to § -actin.

https://doi.org/10.1371/journal.pone.0185442.9004

HBV-specific T-cell responses due to the tolerogenic effect of the liver environment. Unex-
pectedly, most of the pathways detected in 18M specimens were also activated in liver tissues
at the earlier time points, 7d, 1M, 6M and 12M. The results indicated that the common
immune-mediated mechanism was persistently enhanced in this model. Importantly, even if it
might partially reflect the immunopathogenesis of patients with chronic hepatitis B, the cur-
rent mechanism may be responsible for the hepatocellular carcinogenesis in the complex mul-
tifactorial process of persistently infected patients.

The EGF- and VEGF-mediated pathways were upregulated in HCC tissues surrounded by
a chronic inflammatory microenvironment. The EGF-mediated pathway was reported to be
deregulated in HCC[22] and to be linked to the HBx-NF-«B pathway, a part of the inflamma-
tion-fibrosis-cancer axis of the liver, via a non-receptor tyrosine phosphatase SHP2. [23, 24]
The VEGF-mediated pathway was observed to be enhanced in the tumor angiogenesis of
HCC.[25, 26] Additionally, high VEGF plasma levels are correlated with poor survival of
patients with HCC.[27] A multikinase inhibitor that suppresses the phosphorylation of VEGF
receptor 2 and EGF receptor was suggested to be a potential chemotherapeutic agent for HCC.
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Table 2. Tumor-specific changes of signaling pathways.

18M-Tumor / 18M (Nontumor)

Signaling Pathways* Norm.ES
EGFR/ERBB2 -> CTNNB signaling 1.925
EGFR/ERBB -> STAT signaling 2.089
EGFR -> CTNND signaling 1.940
VEGFR -> STAT signaling 1.805
CD2 -> NFATC1 signaling -1.719
ThrombinR -> STAT1 signaling 1.917
IFNGR -> STAT signaling 1.824
IL22R -> STAT3 signaling 1.693
TLR1/2/6 -> NF-kB signaling 1.657
EGFR -> NCOR?2 signaling 1.483
TNFRSF1A -> STAT signaling 1.638
IGF1R -> STAT signaling 1.607
ThrombopoietinR -> STAT signaling 1.680
SomatostatinR -> ATF1/TP53 signaling -1.550
EGFR -> ZNF259 signaling 1.712
IL5R -> STAT signaling 1.525
CCRS5 -> TP53 signaling -1.453
TLR -> AP-1 signaling 1.600
VEGFR -> CTNND signaling 1.633

*Signaling pathways were listed based on significant p-values in 18M-Tumor/ 18M (Nontumor).

Abbreviations: Norm.ES, Normalized ES; M.change, Median change.

https://doi.org/10.1371/journal.pone.0185442.t1002

M.change
1.003
1.021
1.239
1.215

-1.300
1.356
1.214
1.068
1.072
1.050
1.215
1.068
1.227

-1.044

-1.073
1.068

-1.020
1.005
1.239

p-value
<0.003
<0.003
<0.003
<0.003
<0.003
<0.003
0.006
0.007
0.015
0.018
0.024
0.025
0.026
0.029
0.034
0.040
0.047
0.048
0.048

[28] Taken together, the EGF- and VEGF-pathways may be critically involved in the inflam-

mation-induced procarcinogenic process in chronic hepatitis B.

Three chemokine-related pathways (CCR2/5 -> STAT, CCR5 -> TP53 and CCR1 ->
STAT) were constitutively activated in the entire process of chronic inflammation and carci-
nogenesis in the liver. In the procarcinogenic processes of other malignancies, CCR5 was
observed to activate the STAT3 signal pathways for cancer stem cells to participate in tumor
angiogenesis and for tumor-associated macrophages to induce the phenotypic shift.[29, 30]
The activation of STAT3 downregulates the tumor suppressor p53 in colorectal cancer,[31]
and further interaction of the STAT3-mediated signaling with p53 has been suggested in pros-
tate cancer.[32] As seen in this model, inflammation-induced oxidative/nitrative stress leads
multisite phosphorylation of p53 including Ser15 that is a major focal point in the activation
[33-36] and is known to be phosphorylated by the ATM and ATR protein kinases.[37] Since
oncogenic mutations were reported to occur primarily in the p53 gene (31%) in HCC speci-
mens,[38, 39] its regulation may contribute to reduce the oncogenic potentials of chronic per-

sistent inflammation in the liver.

The precise mechanisms of hepatocarcinogenesis still remain unanswered in chronic viral
hepatitis. Within the whole spectrum of carcinogenic processes including liver cell injury,[20,
40] proliferation[41-43] and altered gene expression,[44-46] the current study design that
evaluated gene expression profiles during long-term inflammation may be insufficient to con-
sider the disease hypothesis. However, it is most likely, based on the remarkable similarity of

the disease features in human viral hepatitis and the animal model used in this study,[10, 12]
that the HBV-specific immunological events essentially contributes to the pathogenesis of

HCC. Understanding the involvement of immune-mediated mechanisms in the HCC
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development should be critical not only for elucidating the pathogenesis of liver cancer, but
also for creating new cancer-preventive strategies for patients with chronic hepatitis.

Supporting information

S1 Table. Comprehensive gene expression profiles by microarray in a transgenic mouse
model of chronic hepatitis B. All datasets have been deposited at National Center for Biotech-
nology Information/Gene Expression Omnibus under accession number GSE103205.

(XLS)

Acknowledgments

We thank Mariko Katsuda, Maki Kawamura and Hitomi Fuke for technical assistance; and
Chieko Murata for assistance with manuscript preparation.

Author Contributions
Conceptualization: Takuto Nosaka, Tatsushi Naito, Shuichi Kaneko, Yasunari Nakamoto.

Investigation: Takuto Nosaka, Tatsushi Naito, Katsushi Hiramatsu, Masahiro Ohtani,
Tomoyuki Nemoto, Hiroyuki Marusawa, Ning Ma, Yusuke Hiraku, Shosuke Kawanishi,
Taro Yamashita, Shuichi Kaneko, Yasunari Nakamoto.

Writing - original draft: Takuto Nosaka, Yasunari Nakamoto.

References
1. DiBisceglie AM. Hepatitis C and hepatocellular carcinoma. Hepatology 1997; 26(3 Suppl 1): 34S-38S.

2. White DL, Thrift AP, Kanwal F, Davila J, EI-Serag HB. Incidence of Hepatocellular Carcinoma in All 50
United States, From 2000 Through 2012. Gastroenterology 2017; 152(4): 812—820 e815. https://doi.
org/10.1053/j.gastro.2016.11.020 PMID: 27889576

3. Chisari FV, Ferrari C. Hepatitis B virus immunopathogenesis. Annu Rev Immunol 1995; 13(29-60.
https://doi.org/10.1146/annurev.iy.13.040195.000333 PMID: 7612225

4. Rehermann B. Pathogenesis of chronic viral hepatitis: differential roles of T cells and NK cells. Nat Med
2013; 19(7): 859-868. https://doi.org/10.1038/nm.3251 PMID: 23836236

5. Guidotti LG, Inverso D, Sironi L, Di Lucia P, Fioravanti J, Ganzer L et al. Immunosurveillance of the liver
by intravascular effector CD8(+) T cells. Cell 2015; 161(3): 486—500. https://doi.org/10.1016/j.cell.2015.
03.005 PMID: 25892224

6. ZhengC, ZhengL, Yoo JK, Guo H, Zhang Y, Guo X et al. Landscape of Infiltrating T Cells in Liver Can-
cer Revealed by Single-Cell Sequencing. Cell 2017; 169(7): 1342—-1356 e1316. https://doi.org/10.1016/
j.cell.2017.05.035 PMID: 28622514

7. Moriyama T, Guilhot S, Klopchin K, Moss B, Pinkert CA, Palmiter RD et al. Inmunobiology and patho-
genesis of hepatocellular injury in hepatitis B virus transgenic mice. Science 1990; 248(4953): 361—
364. PMID: 1691527

8. Ando K, Moriyama T, Guidotti LG, Wirth S, Schreiber RD, Schlicht HJ et al. Mechanisms of class |
restricted immunopathology. A transgenic mouse model of fulminant hepatitis. J Exp Med 1993; 178(5):
1541-1554. PMID: 8228807

9. Franco A, Guidotti LG, Hobbs MV, Pasquetto V, Chisari FV. Pathogenetic effector function of CD4-posi-
tive T helper 1 cells in hepatitis B virus transgenic mice. J Immunol 1997; 159(4): 2001-2008. PMID:
9257867

10. Nakamoto Y, Guidotti LG, Kuhlen CV, Fowler P, Chisari FV. Immune pathogenesis of hepatocellular
carcinoma. J Exp Med 1998; 188(2): 341-350. PMID: 9670046

11. Nakamoto Y, Suda T, Momoi T, Kaneko S. Different procarcinogenic potentials of lymphocyte subsets
in a transgenic mouse model of chronic hepatitis B. Cancer Res 2004; 64(9): 3326—3333. PMID:
15126377

PLOS ONE | https://doi.org/10.1371/journal.pone.0185442  October 2, 2017 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185442.s001
https://doi.org/10.1053/j.gastro.2016.11.020
https://doi.org/10.1053/j.gastro.2016.11.020
http://www.ncbi.nlm.nih.gov/pubmed/27889576
https://doi.org/10.1146/annurev.iy.13.040195.000333
http://www.ncbi.nlm.nih.gov/pubmed/7612225
https://doi.org/10.1038/nm.3251
http://www.ncbi.nlm.nih.gov/pubmed/23836236
https://doi.org/10.1016/j.cell.2015.03.005
https://doi.org/10.1016/j.cell.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25892224
https://doi.org/10.1016/j.cell.2017.05.035
https://doi.org/10.1016/j.cell.2017.05.035
http://www.ncbi.nlm.nih.gov/pubmed/28622514
http://www.ncbi.nlm.nih.gov/pubmed/1691527
http://www.ncbi.nlm.nih.gov/pubmed/8228807
http://www.ncbi.nlm.nih.gov/pubmed/9257867
http://www.ncbi.nlm.nih.gov/pubmed/9670046
http://www.ncbi.nlm.nih.gov/pubmed/15126377
https://doi.org/10.1371/journal.pone.0185442

@° PLOS | ONE

Gene profiling of a chronic hepatitis B model

12

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Nakamoto Y, Kaneko S, Fan H, Momoi T, Tsutsui H, Nakanishi K et al. Prevention of hepatocellular car-
cinoma development associated with chronic hepatitis by anti-fas ligand antibody therapy. J Exp Med
2002; 196(8): 1105—1111. https://doi.org/10.1084/jem.20020633 PMID: 12391022

Sitia G, Aiolfi R, Di Lucia P, Mainetti M, Fiocchi A, Mingozzi F et al. Antiplatelet therapy prevents hepato-
cellular carcinoma and improves survival in a mouse model of chronic hepatitis B. Proc Natl Acad Sci U
S A2012; 109(32): E2165-2172. https://doi.org/10.1073/pnas.1209182109 PMID: 22753481

Chisari FV, Filippi P, McLachlan A, Milich DR, Riggs M, Lee S et al. Expression of hepatitis B virus large
envelope polypeptide inhibits hepatitis B surface antigen secretion in transgenic mice. J Virol 1986; 60
(3): 880-887. PMID: 3783819

Wirth S, Guidotti LG, Ando K, Schlicht HJ, Chisari FV. Breaking tolerance leads to autoantibody produc-
tion but not autoimmune liver disease in hepatitis B virus envelope transgenic mice. J Immunol 1995;
154(5): 2504-2515. PMID: 7868916

Chisari FV, Klopchin K, Moriyama T, Pasquinelli C, Dunsford HA, Sell S et al. Molecular pathogenesis
of hepatocellular carcinoma in hepatitis B virus transgenic mice. Cell 1989; 59(6): 1145—-1156. PMID:
2598264

Hiraku Y, Tabata T, Ma N, Murata M, Ding X, Kawanishi S. Nitrative and oxidative DNA damage in cervi-
cal intraepithelial neoplasia associated with human papilloma virus infection. Cancer Sci 2007; 98(7):
964-972. https://doi.org/10.1111/j.1349-7006.2007.00497.x PMID: 17488337

Tsuruya K, Furuichi M, Tominaga Y, Shinozaki M, Tokumoto M, Yoshimitsu T et al. Accumulation of 8-
oxoguanine in the cellular DNA and the alteration of the OGG1 expression during ischemia-reperfusion
injury in the rat kidney. DNA Repair (Amst) 2003; 2(2): 211-229.

Yamashita T, Honda M, Takatori H, Nishino R, Minato H, Takamura H et al. Activation of lipogenic path-
way correlates with cell proliferation and poor prognosis in hepatocellular carcinoma. J Hepatol 2009;
50(1): 100-110. https://doi.org/10.1016/j.jhep.2008.07.036 PMID: 19008011

Guidotti LG, Isogawa M, Chisari FV. Host-virus interactions in hepatitis B virus infection. Curr Opin
Immunol 2015; 36(61-66. https://doi.org/10.1016/j.c0i.2015.06.016 PMID: 26186123

Ferrari C. HBV and the immune response. Liver Int 2015; 35 Suppl 1(121-128.

Ueda S, Basaki Y, Yoshie M, Ogawa K, Sakisaka S, Kuwano M et al. PTEN/Akt signaling through epi-
dermal growth factor receptor is prerequisite for angiogenesis by hepatocellular carcinoma cells that is
susceptible to inhibition by gefitinib. Cancer Res 2006; 66(10): 5346—5353. https://doi.org/10.1158/
0008-5472.CAN-05-3684 PMID: 16707461

Elsharkawy AM, Mann DA. Nuclear factor-kappaB and the hepatic inflammation-fibrosis-cancer axis.
Hepatology 2007; 46(2): 590-597. https://doi.org/10.1002/hep.21802 PMID: 17661407

Kang HJ, Chung DH, Sung CO, Yoo SH, Yu E, Kim N et al. SHP2 is induced by the HBx-NF-kappaB
pathway and contributes to fibrosis during human early hepatocellular carcinoma development. Onco-
target 2017; 8(16): 27263-27276. https://doi.org/10.18632/oncotarget. 15930 PMID: 28460481

Yamaguchi R, Yano H, lemura A, Ogasawara S, Haramaki M, Kojiro M. Expression of vascular endo-
thelial growth factor in human hepatocellular carcinoma. Hepatology 1998; 28(1): 68—77. https://doi.org/
10.1002/hep.510280111 PMID: 9657098

Chiang DY, Villanueva A, Hoshida Y, Peix J, Newell P, Minguez B et al. Focal gains of VEGFA and
molecular classification of hepatocellular carcinoma. Cancer Res 2008; 68(16): 6779—6788. https://doi.
org/10.1158/0008-5472.CAN-08-0742 PMID: 18701503

Llovet JM, Pena CE, Lathia CD, Shan M, Meinhardt G, Bruix J et al. Plasma biomarkers as predictors of
outcome in patients with advanced hepatocellular carcinoma. Clin Cancer Res 2012; 18(8): 2290-
2300. https://doi.org/10.1158/1078-0432.CCR-11-2175 PMID: 22374331

Inoue K, Torimura T, Nakamura T, lwamoto H, Masuda H, Abe M et al. Vandetanib, an inhibitor of
VEGF receptor-2 and EGF receptor, suppresses tumor development and improves prognosis of liver
cancer in mice. Clin Cancer Res 2012; 18(14): 3924-3933. https://doi.org/10.1158/1078-0432.CCR-11-
2041 PMID: 22611027

Tang S, Xiang T, Huang S, Zhou J, Wang Z, Xie R et al. Ovarian cancer stem-like cells differentiate into
endothelial cells and participate in tumor angiogenesis through autocrine CCL5 signaling. Cancer Lett
2016; 376(1): 137-147. https://doi.org/10.1016/j.canlet.2016.03.034 PMID: 27033454

Halama N, Zoernig |, Berthel A, Kahlert C, Klupp F, Suarez-Carmona M et al. Tumoral Immune Cell
Exploitation in Colorectal Cancer Metastases Can Be Targeted Effectively by Anti-CCR5 Therapy in
Cancer Patients. Cancer Cell 2016; 29(4): 587-601. https://doi.org/10.1016/j.ccell.2016.03.005 PMID:
27070705

YuH, Yue X, Zhao Y, Li X, Wu L, Zhang C et al. LIF negatively regulates tumour-suppressor p53
through Stat3/ID1/MDM2 in colorectal cancers. Nat Commun 2014; 5(5218.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185442  October 2, 2017 14/15


https://doi.org/10.1084/jem.20020633
http://www.ncbi.nlm.nih.gov/pubmed/12391022
https://doi.org/10.1073/pnas.1209182109
http://www.ncbi.nlm.nih.gov/pubmed/22753481
http://www.ncbi.nlm.nih.gov/pubmed/3783819
http://www.ncbi.nlm.nih.gov/pubmed/7868916
http://www.ncbi.nlm.nih.gov/pubmed/2598264
https://doi.org/10.1111/j.1349-7006.2007.00497.x
http://www.ncbi.nlm.nih.gov/pubmed/17488337
https://doi.org/10.1016/j.jhep.2008.07.036
http://www.ncbi.nlm.nih.gov/pubmed/19008011
https://doi.org/10.1016/j.coi.2015.06.016
http://www.ncbi.nlm.nih.gov/pubmed/26186123
https://doi.org/10.1158/0008-5472.CAN-05-3684
https://doi.org/10.1158/0008-5472.CAN-05-3684
http://www.ncbi.nlm.nih.gov/pubmed/16707461
https://doi.org/10.1002/hep.21802
http://www.ncbi.nlm.nih.gov/pubmed/17661407
https://doi.org/10.18632/oncotarget.15930
http://www.ncbi.nlm.nih.gov/pubmed/28460481
https://doi.org/10.1002/hep.510280111
https://doi.org/10.1002/hep.510280111
http://www.ncbi.nlm.nih.gov/pubmed/9657098
https://doi.org/10.1158/0008-5472.CAN-08-0742
https://doi.org/10.1158/0008-5472.CAN-08-0742
http://www.ncbi.nlm.nih.gov/pubmed/18701503
https://doi.org/10.1158/1078-0432.CCR-11-2175
http://www.ncbi.nlm.nih.gov/pubmed/22374331
https://doi.org/10.1158/1078-0432.CCR-11-2041
https://doi.org/10.1158/1078-0432.CCR-11-2041
http://www.ncbi.nlm.nih.gov/pubmed/22611027
https://doi.org/10.1016/j.canlet.2016.03.034
http://www.ncbi.nlm.nih.gov/pubmed/27033454
https://doi.org/10.1016/j.ccell.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27070705
https://doi.org/10.1371/journal.pone.0185442

@° PLOS | ONE

Gene profiling of a chronic hepatitis B model

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Pencik J, Schlederer M, Gruber W, Unger C, Walker SM, Chalaris A et al. STAT3 regulated ARF
expression suppresses prostate cancer metastasis. Nat Commun 2015; 6(7736.

Scheffel MJ, Scurti G, Simms P, Garrett-Mayer E, Mehrotra S, Nishimura Ml et al. Efficacy of Adoptive
T-cell Therapy Is Improved by Treatment with the Antioxidant N-Acetyl Cysteine, Which Limits Activa-
tion-Induced T-cell Death. Cancer Res 2016; 76(20): 6006—6016. https://doi.org/10.1158/0008-5472.
CAN-16-0587 PMID: 27742673

Loughery J, Cox M, Smith LM, Meek DW. Critical role for p53-serine 15 phosphorylation in stimulating
transactivation at p53-responsive promoters. Nucleic Acids Res 2014; 42(12): 7666—7680. https://doi.
org/10.1093/nar/gku501 PMID: 24928858

Safa M, Kazemi A, Zand H, Azarkeivan A, Zaker F, Hayat P. Inhibitory role of cAMP on doxorubicin-
induced apoptosis in pre-B ALL cells through dephosphorylation of p53 serine residues. Apoptosis
2010; 15(2): 196—208. https://doi.org/10.1007/s10495-009-0417-8 PMID: 19882354

Ma N, Tagawa T, Hiraku Y, Murata M, Ding X, Kawanishi S. 8-Nitroguanine formation in oral leukopla-
kia, a premalignant lesion. Nitric Oxide 2006; 14(2): 137—143. https://doi.org/10.1016/j.niox.2005.09.
012 PMID: 16290060

Meek DW. Tumour suppression by p53: a role for the DNA damage response? Nat Rev Cancer 2009; 9
(10): 714-723. https://doi.org/10.1038/nrc2716 PMID: 19730431

Forbes SA, Bindal N, Bamford S, Cole C, Kok CY, Beare D et al. COSMIC: mining complete cancer
genomes in the Catalogue of Somatic Mutations in Cancer. Nucleic Acids Res 2011; 39(Database
issue): D945-950. https://doi.org/10.1093/nar/gkq929 PMID: 20952405

Nakamoto Y. Promising new strategies for hepatocellular carcinoma. Hepatol Res 2017; 47(4): 251—
265. https://doi.org/10.1111/hepr.12795 PMID: 27558453

Nakamoto Y, Kaneko S. Mechanisms of viral hepatitis induced liver injury. Curr Mol Med 20083; 3(6):
537-544. PMID: 14527085

Ozturk M, Arslan-Ergul A, Bagislar S, Senturk S, Yuzugullu H. Senescence and immortality in hepato-
cellular carcinoma. Cancer Lett 2009; 286(1): 103—113. https://doi.org/10.1016/j.canlet.2008.10.048
PMID: 19070423

Xu C, Zhou W, Wang Y, Qiao L. Hepatitis B virus-induced hepatocellular carcinoma. Cancer Lett 2014;
345(2): 216-222. https://doi.org/10.1016/.canlet.2013.08.035 PMID: 23981576

Sia D, Villanueva A, Friedman SL, Llovet JM. Liver Cancer Cell of Origin, Molecular Class, and Effects
on Patient Prognosis. Gastroenterology 2017; 152(4): 745-761. https://doi.org/10.1053/j.gastro.2016.
11.048 PMID: 28043904

Giordano S, Columbano A. MicroRNAs: new tools for diagnosis, prognosis, and therapy in hepatocellu-
lar carcinoma? Hepatology 2013; 57(2): 840-847. https://doi.org/10.1002/hep.26095 PMID: 23081718

Zucman-Rossi J, Villanueva A, Nault JC, Llovet JM. Genetic Landscape and Biomarkers of Hepatocel-
lular Carcinoma. Gastroenterology 2015; 149(5): 1226—-1239 e1224. https://doi.org/10.1053/j.gastro.
2015.05.061 PMID: 26099527

Levrero M, Zucman-Rossi J. Mechanisms of HBV-induced hepatocellular carcinoma. J Hepatol 2016;
64(1 Suppl): S84-101.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185442  October 2, 2017 15/15


https://doi.org/10.1158/0008-5472.CAN-16-0587
https://doi.org/10.1158/0008-5472.CAN-16-0587
http://www.ncbi.nlm.nih.gov/pubmed/27742673
https://doi.org/10.1093/nar/gku501
https://doi.org/10.1093/nar/gku501
http://www.ncbi.nlm.nih.gov/pubmed/24928858
https://doi.org/10.1007/s10495-009-0417-8
http://www.ncbi.nlm.nih.gov/pubmed/19882354
https://doi.org/10.1016/j.niox.2005.09.012
https://doi.org/10.1016/j.niox.2005.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16290060
https://doi.org/10.1038/nrc2716
http://www.ncbi.nlm.nih.gov/pubmed/19730431
https://doi.org/10.1093/nar/gkq929
http://www.ncbi.nlm.nih.gov/pubmed/20952405
https://doi.org/10.1111/hepr.12795
http://www.ncbi.nlm.nih.gov/pubmed/27558453
http://www.ncbi.nlm.nih.gov/pubmed/14527085
https://doi.org/10.1016/j.canlet.2008.10.048
http://www.ncbi.nlm.nih.gov/pubmed/19070423
https://doi.org/10.1016/j.canlet.2013.08.035
http://www.ncbi.nlm.nih.gov/pubmed/23981576
https://doi.org/10.1053/j.gastro.2016.11.048
https://doi.org/10.1053/j.gastro.2016.11.048
http://www.ncbi.nlm.nih.gov/pubmed/28043904
https://doi.org/10.1002/hep.26095
http://www.ncbi.nlm.nih.gov/pubmed/23081718
https://doi.org/10.1053/j.gastro.2015.05.061
https://doi.org/10.1053/j.gastro.2015.05.061
http://www.ncbi.nlm.nih.gov/pubmed/26099527
https://doi.org/10.1371/journal.pone.0185442

