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Helicobacter hepaticus causes hepatitis in susceptible strains of mice. Previous studies indicated that A/JCr
mice are susceptible and C57BL/6NCr mice are resistant to H. hepaticus-induced hepatitis. We used F1 hybrid
mice derived from A/J and C57BL/6 matings to investigate their phenotype and determine their hepatic gene
expression profile in response to H. hepaticus infection. F1 hybrid mice, as well as parental A/J and C57BL/6
mice, were divided equally into control and H. hepaticus-infected groups and euthanized at 18 months post-
inoculation. Hepatic lesions were evaluated histologically and the differential hepatic gene expression in F1
mice was determined by microarray-based global gene expression profiling analysis. H. hepaticus-infected
parental strains including A/J and C57BL/6 mice, as well as F1 mice, developed significant hepatitis. Overall,
hepatocellular carcinomas or dysplastic liver lesions were observed in 69% of H. hepaticus-infected F1 male
mice and H. hepaticus was isolated from hepatic tissues of all F1 mice with liver tumors. Liver tumors,
characterized by hepatic steatosis, developed in livers with high hepatitis scores. To identify gene expression
specific to H. hepaticus-induced hepatitis and progression to hepatocellular carcinoma in F1 mice, a method
using comparative group transcriptome analysis was utilized. The canonical pathway most significantly enriched
was immunological disease. Fatty acid synthase and steaoryl-coenzyme A desaturase, the two rate-limiting enzymes
in lipogenesis, were upregulated in neoplastic relative to dysplastic livers. This study suggests a synergistic inter-
action between hepatic steatosis and infectious hepatitis leading to hepatocellular carcinoma. The use of AB6F1 and
B6AF1 mice, as well as genetically engineered mice, on a C57BL/6 background will allow studies investigating the

role of chronic microbial hepatitis and steatohepatitis in the pathogenesis of liver cancer.

Hepatocellular carcinoma (HCC) is one of the most com-
mon causes of cancer death worldwide, and in some geo-
graphic areas it represents the primary cause of cancer-related
death (2). Both genetic and environmental factors confer a
high risk of developing HCC. In the United States, cirrhosis
caused by hepatitis C virus, hepatitis B virus, or alcohol is the
major predisposing lesion for the development of HCC. An
epidemic of insulin resistance syndrome manifesting clinically
as obesity and type 2 diabetes also has emerged as a risk factor
for HCC (5, 11). The occurrence of fatty liver disease and its
inherent propensity to progress to HCC highlights the link
between lipid metabolism and liver inflammation (44). How-
ever, a significant proportion (up to 30%) of reported HCC
cases do not have identifiable risk factors (8).

Chronic bacterial infection with accompanying inflammation
also plays a role in the development of gastrointestinal cancer
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in humans. In the case of gastric cancer, the second most
frequent cancer in the world, infection with Helicobacter pylori
has been causally associated with its progression from gastritis
to gastric adenocarcinoma (7). Infection with H. pylori is also
recognized as a significant risk factor for the development of
gastric mucosa-associated lymphoid tissue lymphoma (17).
Helicobacter species DNA has been detected in human livers with
primary HCC (1, 9, 16, 28, 42, 45). In addition, hepatic Helico-
bacter species DNA has been identified in liver tissue, bile,
and/or gallbladder tissue from human patients with primary
sclerosing cholangitis, primary biliary cirrhosis, chronic chole-
cystitis, and biliary tract malignancies (18, 35, 39). Increased
serum antibodies to enterohepatic Helicobacter species have
also been detected in humans with chronic liver diseases (61).

H. hepaticus was originally isolated from the livers and in-
testinal mucosa of A/JCr mice with chronic active hepatitis and
HCC that were untreated controls in a long-term carcinogen-
esis study at the National Cancer Institute (19, 64). Chronic
active hepatitis and liver tumors were also prevalent in other
strains of mice, including C3H/HeNCr, SJL/NCr, BALB/
cAnNCr, and SCID/NCr (63, 64). In contrast, no hepatic le-
sions were found in H. hepaticus-infected B6C3F1 and C57BL/
6NCr mice, suggesting that these strains were genetically
resistant to the development of liver disease (63, 64). Subse-
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quently, 12 2-year carcinogenesis studies conducted by the
National Toxicology Program indicated that infection with H.
hepaticus, was associated with an increased incidence of HCC
and hepatic hemangiosarcomas in B6C3F1 mice, implicating
this bacterium as a confounding factor in those studies (4, 25).
Further studies from our laboratory determined that the ab-
sence of hepatitis in C57BL/6NCr mice at 6 months postinocu-
lation (p.i.) was associated with significantly higher levels of H.
hepaticus in the cecum relative to those of A/JCr mice with
hepatitis (65). Using AXB recombinant inbred (RI) strains
indicated significant variation in hepatic inflammation, HCC,
and hepatic hemangiosarcoma among these strains and high-
lighted a genetic susceptibility to inflammatory liver disease
associated with H. hepaticus infection (29). More recently, se-
lected enterohepatic Helicobacter species, but not H. pylori,
have been shown to play a major role in the pathophysiology of
cholesterol gallstone formation in C57L/J mice fed a lithogenic
diet (36-38).

Previous studies determined that resistance to H. pylori-
induced gastritis was dominantly inherited in F1 hybrid mice
(59); however, the genetic susceptibility to H. hepaticus-in-
duced liver cancer has not been experimentally investigated in
F1 hybrid mice. We demonstrate here that F1 hybrid mice
derived from A/J and C57BL/6 are susceptible to liver disease
and cancer and that this codominantly inherited susceptibility
is linked to hepatic expression of immune function-related
genes and molecular networks associated with immune func-
tions.

MATERIALS AND METHODS

Mice. C57BL/6 and A/J mice were obtained from Emil Skamene (McGill
University Health Centre, Montreal, Québec, Canada), embryo transfer re-
derived, and housed in Helicobacter-free facilities. The first generation (F1) of
hybrid mice was obtained by mating C57BL/6 and A/J mice.

Experimental design. Forty A/J (20 males and 20 females), forty C57BL/6 (20
males and 20 females), and eighty F1 mice (40 males and 40 females) were
equally divided into experimental and control groups. Mice in the experimental
group were inoculated at 8 weeks of age with H. hepaticus (ATCC 51449).
Inoculation was performed by oral gavage with 10° organisms in 0.2 ml of broth
media every other day for a total of three doses. Control mice were inoculated
in the same manner with sterile broth media. Fecal samples were collected prior
to inoculation and at selected time points p.i. Mice were euthanized at 18 months
p.i. Animals were housed in facilities approved by the Association for Assess-
ment and Accreditation of Laboratory Animal Care International. The MIT
Institutional Animal Care and Use Committee approved this study.

H. hepaticus isolation. Cecal and liver samples collected at necropsy were
placed in vials containing brucella broth (Remel, Lenexa, KS) and 20% glycerol
and were frozen at —80°C until they were processed for culture. The tissue was
homogenized in 1 ml of brucella broth by using a glass tissue grinder. Approx-
imately 100 wl of the homogenized sample was applied directly to medium
impregnated with cefoperazone, vancomycin, and amphotericin B (Remel), and
the remainder of the sample was filtered through a 0.45-pm-pore-size filter and
plated onto Trypticase soy agar with 5% sheep blood (BAP; Remel). The plates
were incubated at 37°C under microaerobic conditions for 7 to 10 days in vented
jars containing N,, H,, and CO, (80:10:10). Characteristic colonies were Gram
stained, and bacteria were examined for morphology. Bacteria were assessed for
catalase, urease, and oxidase activity, as well as for resistance to cephalothin and
nalidixic acid.

DNA extraction. DNA was extracted from feces and tissue (liver and cecum)
by using a QIAamp DNA minikit (Qiagen, Inc., Valencia, CA) and a HighPure
PCR template preparation kit (Roche Diagnostics GmbH, Mannheim, Ger-
many), respectively.

PCR analyses. PCR on fecal DNA was performed using H. hepaticus-specific
primers C68 (B38) and C69 (B39) as previously described (51). PCR was per-
formed by using an Expand High-Fidelity PCR system (Roche). PCR on liver
DNA was performed using Helicobacter-specific primers C97 and CO05 as previ-
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ously described (18). These primers were used to generate 16S rRNA amplicons
of approximately 1,200 bases that were subsequently used as templates for nested
PCR using primers C68 and C69.

Genotyping of the X chromosome of F1 male mice was performed to ascertain
the strain of the progenitor. PCR on liver DNA was performed with the primers
DXMit64F (5'-GGATCAGTTAGCAGGGAAAGG-3') and DXMit64R (5'-C
ACAGACTGAGAAGGCTGTCC-3"). These DXMit64 chromosomal markers
amplify a 114-bp fragment in A/J mice and a 134-bp fragment in C57BL/6 mice.
Reaction mixtures were prepared by using pureTaq Ready-To-Go PCR beads
(Amersham Biosciences, Piscataway, NJ) containing approximately 100 to 250 ng
of DNA to a total volume of 25 ul. PCRs were performed by using a Techne
Genius (Techne, Inc., Princeton, NJ) thermal cycler under the following condi-
tions: 40 cycles of denaturation (94°C, 1 min), annealing (56°C, 1 min), and
extension (72°C, 1 min). A final extension (72°C, 8 min) completed the cycling
protocol. PCR amplicons were visualized after electrophoresis in a 6% VisiGel
separation matrix (Stratagene, La Jolla, CA) and staining with ethidium
bromide.

Histopathologic evaluation. Representative samples from the liver, including
right lateral, median, left lateral, and caudate lobes, were collected, fixed in 10%
neutral buffered formalin, embedded in paraffin, sectioned at 5 wm, and stained
with hematoxylin and eosin. Selected frozen liver sections were stained with Oil
red O to determine the extent of lipid accumulation. Immunohistochemistry for
cytokeratin and vimentin was performed on selected sections as previously de-
scribed (46). Histopathological evaluation was performed by two veterinary pa-
thologists blinded to the identity of the samples. Liver sections were scored as
recently described (48). Briefly, a hepatitis index (HI) was generated by com-
bining scores for lobular, portal, and interface hepatitis along with the number of
liver lobes (of four) containing =5 inflammatory lesions. Mice with a histologic
HI of =4 were defined as having hepatitis. Hepatocellular dyplasia/neoplasia was
scored on a scale of 1 to 4.

Statistical analysis. Statistical analyses for histopathologic scores were per-
formed by using GraphPad Prism 4 (GraphPad Software, Inc.). The Mann-
Whitney U test and the Fisher exact test were used to analyze the scores for
hepatic inflammation. Nonhepatocellular tumors, including histiocytic sarcomas
(33), were considered nonspecific age- or strain-related lesions and hence not
considered for statistical analysis. Tests were considered significant at a P of
<0.05.

Liver samples, RNA isolation, and quality assessment. Liver was aseptically
removed immediately after euthanasia, and sections of each liver lobe were
collected and placed in a vial. Each vial was immediately placed in liquid nitrogen
and then transferred to a —80°C freezer. Representative liver samples at 18
months p.i. from four F1 male mice were selected for microarray analysis based
on known infection status and the presence of hepatitis, preneoplastic foci, and
nodules of altered or dysplastic hepatocytes (i.e., foci of altered hepatocytes
[FAH]), and/or liver tumors as demonstrated by histopathology. Samples were
obtained from two H. hepaticus-infected F1 male mice with hepatitis and HCC
and from two H. hepaticus-infected F1 male mice with hepatitis and FAH (with-
out HCC). The liver of one age-matched uninfected control F1 male mouse with
a single focal microscopic hepatic adenoma without hepatitis was also analyzed.
Total RNA isolation from livers and quality assessment was performed as pre-
viously described (3).

Microarray data analyses. Affymetrix murine genome arrays (i.e., the Gene-
Chip Mouse Genome 430 2.0 Array) with 45,000 probesets representing over
39,000 transcripts and variants from over 34,000 well-characterized mouse genes
were utilized. Expression intensities were calculated by using Robust MultiChip
analysis (RMA) (30). Nonexpressed transcripts across all conditions were filtered
prior to differential expression testing. Differentially expressed genes were iden-
tified based on two criteria: (i) an expression difference between groups of P <
0.05 (analysis of variance as calculated using the Partek Genomics Suite [10]) and
(ii) an expression ratio of =1.5 or =—1.5. Unique genes were defined by refer-
ence sequence identifier numbers. Two comparisons were performed to deter-
mine the differentially expressed genes during H. hepaticus-induced hepatitis and
progression to HCC: comparison 1 included livers from two infected F1 males
with hepatitis and HCC versus liver from an uninfected F1 male with a single
focal microscopic hepatic adenoma without hepatitis and comparison 2 included
livers from the same two infected F1 males with hepatitis and HCC versus livers
from two other infected F1 males with hepatitis and FAH.

To determine significantly enriched signaling Biocarta pathways based on gene
ontology we used a web-based gene set analysis toolkit (WebGestalt) with a test
of the hypergeometric mean (67). To determine significant networks based on
molecular interactions, we used the Ingenuity Pathway Tool, where significant
enrichment as determined with a Fisher exact test of protein-protein and pro-
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TABLE 1. Number and gender of F1 and parental mice analyzed at
18 months p.i. with H. hepaticus or vehicle alone (control)

No. of No. of control
Mouse strain Gender H. hepaticus-infected 0 (;nic(em ro
mice

F1 Male 13 16
Female 17 19
A/ Male 7 8
Female 9 7
C57BL/6 Male 3 3
Female 10 9

tein-DNA interactions was identified. Raw microarray data have been deposited
into the Gene Expression Omnibus database under accession number GSE9097.

Real-time quantitative PCR (TagMan). To confirm the microarray results, we
performed real-time quantitative PCR. In addition to the samples used for
microarray analyses, we included liver tissue from another uninfected control F1
male mouse without hepatitis, FAH, or liver tumors. Total RNA from each liver
sample was isolated using TRIzol reagent according to the manufacturer’s pro-
tocol (Invitrogen). For quantification of mRNA, approximately 5 ug of total
RNA from each sample was converted into cDNA by using a High Capacity
c¢DNA Archive kit following the manufacturer’s protocol (Applied Biosystems).
The cDNA levels of Scdl, Fasn, Elovl6, Ikbkg, Tgfbl, Statl, and Ccl5 were
determined by quantitative PCR using commercially available primers and
probes (Applied Biosystems). Gene expression was normalized relative to the
c¢DNA levels of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase)

INFECT. IMMUN.

gene, a housekeeping gene, used as an endogenous control. Reactions were
performed in duplicate containing a total volume of 25 pl that included 5 pl
of cDNA, 1.25 pl of 20X primer-probe solution, 12.5 pl of 2X Master Mix
(Applied Biosystems), and 6.25 ul of double-distilled water. The relative
expression of mRNA was calculated as described by the TaqgMan protocol.
The comparisons were consistent with those performed for microarray anal-
yses. The mRNA levels were expressed as the fold change relative to either
the control uninfected group without hepatitis (comparison 1) or the hepatitis
and FAH group (comparison 2).

RESULTS

Histopathologic evaluation. (i) H. hepaticus accentuates he-
patic inflammation in parental C57BL/6 mice. A total of 12
control (3 males and 9 females) and 13 experimental (3 males
and 10 females) mice were evaluated at 18 months p.i. (Table
1). Multiple nonspecific background lesions of varying severity
were present in both control and infected animals. These in-
cluded both micro- and macrovesicular hepatocellular fatty
change of various intensities, extramedullary hematopoiesis,
and lobular and portal hepatitis in both groups and genders.
The mean HI score of H. hepaticus-infected C57BL/6 mice was
significantly different (P < 0.04) relative to that of uninfected
controls (Fig. 1A). H. hepaticus-infected mice exhibited a
slightly increased intensity of portal and lobular inflammation
with more numbers of affected liver lobes compared to the
background inflammation in the uninfected controls. The low
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FIG. 1. (A) HI scores in H. hepaticus-infected A/J mice were significantly higher (P < 0.0002) than in uninfected control A/J mice. HI scores
in H. hepaticus-infected F1 mice were significantly higher (P < 0.0007) than in uninfected control F1 mice. HI scores in H. hepaticus-infected
C57BL/6 mice were significantly higher (P < 0.04) than in uninfected control C57BL/6 mice. (B) HI scores in H. hepaticus-infected F1 male mice
were significantly higher (P < 0.04) than in F1 female mice. (C) Dysplasia/neoplasia scores in H. hepaticus-infected F1 male mice were significantly
higher (P < 0.002) than in F1 female mice. (D) High HI scores appeared to correlate with progression to dysplasia or neoplasia in infected F1

male mice. Hepatitis, HI = 4.
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FIG. 2. (a) Gross hepatic tumors in an H. hepaticus-infected AB6F1 male mouse at 18 months p.i.: HCC (arrows) and hemangiosarcoma-like
lesion (arrowhead) (bar = 0.5 cm). (b) HCC shown in panel a with fat and glycogen vacuoles (bar = 800 wm). (c) Frozen section of HCC shown
in panel b stained with Oil red O demonstrating microvesicular and macrovesicular steatosis (bar = 80 pm). (d) HCC in an H. hepaticus-infected
B6AF1 male mouse at 18 months p.i. demonstrating basophilic-tigroid atypical hepatocytes (bar = 40 wm). (¢) Mass with features of hemangio-
sarcoma as shown in panel a (bar = 800 wm). The inset shows higher magnification of atypical hepatocytes and proliferation of endothelial
cell-lined vascular spaces with multifocal blood-filled dilatations (bar = 160 wm). (f) Portal hepatitis in an H. hepaticus-infected male mouse at 18

months p.i. (bar = 160 wm).

numbers of males used in the present study did not allow
genderwise contingency analysis of H. hepaticus-induced hep-
atitis using the Fischer’s exact test. On analysis of HI scores of
the infected and control groups with no gender stratification,
there was no significant increase in risk or propensity for de-
veloping hepatitis (defined as a HI score of =4) in the infected
group by contingency analysis using the Fisher exact test. The
liver of a control male mouse exhibited nodular lesions con-
sistent with HCC in addition to a focal adenoma. This HCC
was characterized by severe hepatocellular fatty change with-
out hepatic inflammation. Two H. hepaticus-infected female
mice developed histiocytic sarcoma in the liver with extramed-
ullary hematopoiesis and concurrent inflammation.

(ii) H. hepaticus-induced hepatitis in parental A/J mice. A
total of 15 control (8 males and 7 females) and 16 experimental
(7 males and 9 females) mice were evaluated at 18 months p.i.
(Table 1). H. hepaticus-infected male mice had significant
scores for HI (P < 0.0002) (Fig. 1A), lobular inflammation

(P < 0.0006), portal inflammation (P < 0.0008), and number of
liver lobes with =5 inflammatory foci (P < 0.007) than unin-
fected controls. Of the infected mice, 4 of 7 (57%) males and
3 of 9 (33%) females had an HI of =4. Although not statisti-
cally significant, infected males had higher mean scores for HI,
portal inflammation, lobular inflammation, and interface in-
flammation than infected females. One infected male mouse
had mild hepatocellular dysplasia. Adenoma and/or HCC or
nonhepatocellular tumors were not observed in either the in-
fected or the control groups. Hepatocellular fatty change was
negligible in both groups of A/J mice.

(iii) High frequency of liver tumors in H. hepaticus-infected
F1 male mice. A total of 35 control (16 males and 19 females)
and 30 experimental (13 males and 17 females) mice were
evaluated at 18 months p.i. (Table 1). Gross hepatic tumors
identified histologically as HCC were observed in 3 of 13
(23%) H. hepaticus-infected F1 male mice, including B6AF1
(n = 2) and AB6F1 (n = 1) mice (Fig. 2a). FAH, a premalig-
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nant liver lesion, was observed independent of HCC in 2 of 3
(67%) H. hepaticus-infected F1 male mice with HCC, including
B6AF1 and AB6F1 mice. Dysplastic changes such as clear cell
foci, increased atypia with oval cell proliferation and FAH
were also observed in 6 of 13 (46%) H. hepaticus-infected F1
male mice with no obvious progression to HCC, including
B6AF1 (n = 4) and AB6F1 (n = 1). One of these mice exhib-
ited severe hepatocellular dysplasia and oval cell proliferation
in association with multiple nodular portocentric round-cell
tumor interpreted as lymphoma. Overall, 9 of 13 (69%) of H.
hepaticus-infected F1 male mice, including B6AF1 (n = 6) and
ABG6F1 (n = 2) mice, developed dysplastic or neoplastic liver
lesions. HCCs were not observed in infected F1 female mice or
in control mice. Control mice exhibited histiocytic sarcoma (n =
2), focal adenoma without associated inflammation (z = 1), and
focal hepatocellular atypia and peliosis hepatis (n = 1).

The occurrence of HCC was characterized by variants in-
cluding solid forms containing large pleomorphic and highly
anaplastic tumor cells, and trabecular tumors often comprised
of small monomorphic hepatocytes. Both FAH and HCC were
comprised of variably commingled clear, basophilic-tigroid,
and eosinophilic cells (Fig. 2b, ¢, and d). One AB6F1 male
mouse with HCC also displayed a dysplastic mass resembling
hemangiosarcoma (Fig. 2a and e). This lesion was interpreted
as atypical pelioid and nodular hyperplasia surrounding a cen-
tral necrotic core caused by thromboembolic infarction. An-
other infected AB6F1 male mouse developed FAH/adenoma
with hepatitis.

Both infected and uninfected F1 mice exhibited moderate to
severe hepatocellular fatty change. This was characterized by
centrilobular to midzonal microvesicular steatosis variably ad-
mixed with random macrovesicular steatosis. All three HCCs
were characterized by both types of steatosis (Fig. 2b and c).

H. hepaticus-infected mice exhibited significantly higher
scores for overall HI (P < 0.0007) (Fig. 1A), portal inflamma-
tion (P < 0.0004) (Fig. 2f), lobular inflammation (P < 0.0006),
and number of lobes with =5 inflammatory foci (P < 0.009)
than uninfected control mice. H. hepaticus-infected male mice
had significantly higher values for HI (P < 0.04) (Fig. 1B) and
number of lobes with =5 inflammatory foci (P < 0.04) than
infected females. However, lobular and portal inflammation
scores, although more prominent in males, were not statisti-
cally significant. Hepatitis (HI of =4) was present in 14 of 30
(46%) experimental mice with a gender distribution of 9 of 13
(69%) males and 5 of 17 (29%) females. Dysplasia/neoplasia
scores in infected male mice were significantly higher (P <
0.002) than in control female mice (Fig. 1C). Eight of the nine
(89%) infected males with hepatitis exhibited dysplastic or
neoplastic progression (Fig. 1D). An apparent correlation with
hepatitis and progression to dysplasia or neoplasia was ob-
served in infected male mice. Infected male mice with ade-
noma (n = 1) or HCC (n = 3) typically also exhibited high HI
scores. Infected male mice had a significant risk for developing
hepatitis compared to the controls on contingency table anal-
ysis using the Fisher exact test (P < 0.001).

Assessment of colonization by H. hepaticus using culture and
PCR analyses. H. hepaticus was isolated from the cecal and/or
liver tissue of 15 of 30 (50%) experimental F1 mice, including
11 males and 4 females. All three F1 mice with hepatic tumors
had H. hepaticus isolated from their livers. Fecal and liver PCR
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FIG. 3. Genotyping of F1 male mice by PCR using primers for the
X chromosome. The PCR primers amplified a 114-bp fragment in A/J
mice and a 134-bp fragment in C57BL/6 mice. DNA samples from F1
male mice in lanes 5 to 9 were positive for the C57BL/6 X chromo-
somal marker and genotyped as B6AF1. The mice represented by
DNA in lanes 5 and 8 developed hepatocellular carcinoma. The ge-
notypes of F1 female mice represented by DNA in lanes 1 to 4 and
lanes 10 to 13 were not determined. Lane A, A/J mouse control DNA;
lane B, C57BL/6 mouse control DNA; lane M, 1-kb plus ladder; lane
(—), no DNA.

analyses indicated that 25 of 30 (83%) experimental F1 mice
were positive for H. hepaticus. Overall, both culture and PCR
analyses indicated that 29 of 30 (97%) experimental F1 mice
were positive for H. hepaticus either in the liver, cecum, or
feces. All 36 controls were negative for H. hepaticus by culture
or PCR.

H. hepaticus was isolated from the liver of 5 of 13 (38%)
experimental C57BL/6 mice, including 1 male and 4 females.
Liver and fecal PCR analyses indicated that 5 of 13 (38%) and
13 of 13 (100%) experimental C57BL/6 mice, respectively,
were positive for H. hepaticus. In addition, H. hepaticus was
isolated from the liver of 4 of 16 (25%) experimental A/J mice,
including all four males. Liver and fecal PCR analyses indi-
cated that 5 of 16 (31%) and 14 of 16 (88%) experimental A/J
mice, respectively, were positive for H. hepaticus. Control
C57BL/6 and A/J mice were negative for H. hepaticus by cul-
ture or PCR.

Genotyping for the X chromosome of F1 male mice. A total
of 27 F1 male mice from control (n = 15) and experimental
(n = 12) groups were genotyped at 18 months p.i. A total of 25
of 27 (93%) were positive for the C57BL/6 X chromosome
marker (B6AF1 strain) (Fig. 3). The two mice that were pos-
itive for the A/J X chromosome marker (AB6F1 strain) were in
the experimental group (data not shown).

Identifying genes specific to infection and tumor status. In
total, 416 genes were identified with differential expression in
the present study (see Table S1 in the supplemental material).
A total of 399 genes were significantly differentially expressed
as a result of HCC relative to control (comparison 1; see Table
S1 in the supplemental material). A comparison of infected
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FIG. 4. Venn diagram of the genes that were identified as differ-
entially expressed using two criteria: (i) the expression difference be-
tween groups was P < 0.05 (analysis of variance) and (ii) the expres-
sion ratio was =1.5 or =—1.5. A total of 399 and 56 genes were
identified as differentially transcribed in comparison 1 (infected mice
with HCC versus uninfected control) and comparison 2 (infected mice
with HCC versus infected mice with FAH), respectively. A total of 360
of 399 genes were unique to comparison 1 (a), and 17 of 56 genes were
unique to comparison 2 (b). A total of 39 genes were common to both
comparisons (c).

mice with HCC to infected mice with FAH (dysplasia) identi-
fied 56 genes (comparison 2; see Table S1 in the supplemental
material). Most of these genes (360 of 399) were unique to
infection and HCC (Fig. 4a; see also Table S1 in the supple-
mental material), and 17 of 56 genes were unique to HCC
relative to FAH (Fig. 4b; see also Table S1 in the supplemental
material). A total of 39 shared genes were identified between
the two comparisons, indicating specific modulation during
infection and progression to HCC (Fig. 4c and Table S1 in the
supplemental material).

To identify putative biological pathways associated with in-
fection and progression to HCC, we analyzed the gene lists for
enrichment of Biocarta pathways (see Materials and Methods).
For the 360 unique genes differentially transcribed in H.
hepaticus-induced HCC (Fig. 4a and Table S1 in the supple-
mental material), gene ontology analysis identified significant
associations with specific Biocarta pathways, including NF-«B,
tumor necrosis factor receptor 2, mitogen-activated protein
kinase (MAPK), acetylation and deacetylation of rel4 in the
nucleus, ataxia telangiectasia mutated, and cell cycle (G,/M
checkpoint) signaling genes and others (see Table S2 in the
supplemental material).

For the 17 unique genes differentially transcribed in HCC
relative to FAH (Fig. 4b and Table S1 in the supplemental
material), no Biocarta pathways were enriched; however, 4 of
the 17 genes play important roles in lipid metabolism. One of
the most upregulated genes was the Scdl gene, which encodes
steaoryl-coenzyme A desaturase 1, the central lipogenic en-
zyme catalyzing in vivo reactions in the synthesis of monoun-
saturated fatty acids. Other lipogenic genes included the Fasn
(fatty acid synthase), Pgd (phosphogluconate dehydrogenase),
and Mod! (malic enzyme) genes. Errfil (ERBB receptor feed-
back inhibitor 1), also known as Mig6, a novel tumor suppres-
sor gene, was downregulated. For the 39 shared genes differ-
entially transcribed in infection and progression to HCC (Fig.
4c and Table S1 in the supplemental material), significant
associations were identified with MAPK and p38 MAPK sig-
naling Biocarta pathways (see Table S2 in the supplemental
material).
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Network analysis was then used to identify all known mo-
lecular interactions among the gene products of the transcripts
modulated by infection and progression to HCC. Using the
Ingenuity database, we identified significantly enriched molec-
ular networks. For the 360 genes differentially transcribed in H.
hepaticus-induced HCC (Fig. 4a), 16 significantly enriched net-
works were identified. The top two networks were associated
with organismal injury, inflammation, and cancer (P < 107)
(see Table S3 in the supplemental material). For the 17 genes
differentially transcribed in HCC relative to FAH (Fig. 4b), a
single significantly enriched network (P < 1073%) was identi-
fied. This network was associated with cancer, cell cycle, cel-
lular growth and differentiation, lipid metabolism, and small
molecule biochemistry (Fig. 5). For the 39 genes in common
differentially transcribed in infection and progression to HCC
(Fig. 4c), two highly significantly enriched networks (P < 107*
and P < 10~%°) were identified (Fig. 6a and b, respectively).
The canonical pathway enriched within these two networks was
immunological disease. Genes involved in immune response
included the major histocompatibility genes H2-Aa, H2-Ebl,
and H2-AbI. Other genes included the Ikbkg, Statl, Tgfbl,
Ccl5, Cd44, Pla2g7, Cyba, and Rac2 genes.

Real-time quantitative PCR. Modulation of these genes was
confirmed in comparisons 1 and 2, respectively, and is ex-
pressed as the relative fold change (Fig. 7): Scd! (1.96 and 3.0),
Fasn (1.35 and 2.25), Ikbkg (1.42 and 1.30), Tgfbl (1.61 and
1.10), Statl (2.16 and 1.37), and Ccl5 (5.77 and 1.61). The
expression of Elovl6 in comparison 1 (—2.05) was not consis-
tent with the microarray analysis; however, upregulation was
validated in comparison 2 (1.23).

DISCUSSION

H. hepaticus is the prototype carcinogenic enterohepatic
Helicobacter species and a close relative of H. pylori (12, 58). H.
hepaticus infection in susceptible mouse strains has been used
as a model to study the pathogenesis of liver, colon, and breast
cancer (13, 20, 43, 47). H. hepaticus infection of A/J mice is
associated with a Thl cell-mediated immune response and
results in chronic hepatitis (20, 46, 66). The cytolethal distend-
ing toxin of H. hepaticus appears to play a role in promoting
dysplastic changes in the livers of H. hepaticus-infected A/JCr
mice (23). The genetic susceptibility to H. hepaticus-induced
hepatic inflammation and proliferation using AXB RI strains
suggested a polygenic basis of disease resistance and suscepti-
bility (29). The severity of hepatitis correlated with the devel-
opment of liver tumors (29). Quantitative trait analysis linked
susceptibility of AXB mice to H. hepaticus-induced HCC to
loci on chromosome 19 (29). In the present study, we demon-
strated that liver cancer susceptibility is codominantly inher-
ited in the F1 generation of hybrid male mice derived from
C57BL/6 and A/J (B6AF1 or AB6F1) chronically infected with
H. hepaticus. Previous studies by the National Toxicology Pro-
gram using naturally H. hepaticus-infected mice determined
that B6C3F1 mice were susceptible to hepatitis, HCC, and
hemangiosarcoma (4, 25).

Our study also demonstrates for the first time that H.
hepaticus induces significant hepatic inflammation in C57BL/6
mice at 18 months p.i. (20 months of age). Previous epidemi-
ological studies suggested that CS7BL/6NCr mice were resis-
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tant to H. hepaticus-induced hepatitis at 12 months of age (64).
The apparent differences in susceptibility to H. hepaticus-in-
duced hepatitis may be due to the fact that in previous studies,
mice had been evaluated at earlier time points and/or that
there are host genetic differences between these substrains. As
expected, A/J mice developed significant hepatitis; however, no
liver tumors were observed. Previous studies using naturally H.
hepaticus-infected A/JCr male mice documented a high prev-
alence of liver tumors at 19 months of age (64). The experi-
mentally infected parental A/J mice in our study could have
developed liver tumors at a later time point. Significant inflam-
mation and cancer were observed in H. hepaticus-infected F1
male mice. Hepatitis in F1 mice appeared to correlate with the
development of HCC. This association of inflammation lead-
ing to liver cancer has been previously observed in infected
AXB RI mice (29). Male predominance of H. hepaticus-asso-
ciated liver disease has also been documented in infected A/J
and B6C3F1 mice but not in infected AXB RI mice (20, 29, 40,
46, 48). Similarly, a high susceptibility to gastric adenocarci-
noma has been observed in H. pylori-infected male INS-GAS
mice (21, 22, 41). These findings are consistent with the high
incidence of HCC and gastric adenocarcinoma in men (2, 57).

In the present study, we used a method of analysis consisting

of comparative transcriptome analysis between two group
comparisons to determine that immunological disease was the
canonical pathway enriched in the livers during H. hepaticus
infection and progression to liver cancer. Hepatocarcinogen-
esis was characterized by upregulation of a tumor suppressor
gene known as Ikbkg (NEMO), an essential regulatory com-
ponent of the IKK complex required for NF-kB activation
(34). Consistent with a p38 MAPK pathway, we observed up-
regulation of Stat! and Tgfbl. Although Stat]! upregulation
suggested an interferon-dependent mechanism of liver inflam-
mation and injury, 7gfbl upregulation suggested a compensa-
tory mechanism to suppress inflammation and gamma inter-
feron-induced STAT1 activation (32, 50, 60). The hepatic
inflammatory profile included the upregulation of proinflam-
matory genes such as Ccl5 (RANTES) and Cd44. Ccl5 is in-
volved in CD4" T-cell and monocyte chemotaxis, whereas
Cd44 functions as the signaling component of the macrophage
inhibitory factor-CD74 receptor complex which activates in-
nate immunity and plays a role in chronic inflammation and
tumorigenesis (53). Increased expression of specific major his-
tocompatibility complex genes was consistent with our studies
in H. hepaticus A/JCr mice and suggested their possible role in
host susceptibility (3). Major histocompatibility complex class
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II genes also influence the susceptibility of humans to chronic Cyba, and Rac2. Pla2g7 plays a role in the generation of F2-
hepatitis C (27). isoprostanes, specific products of lipid peroxidation (56). Cyba

Oxidative stress may be involved in H. hepaticus-induced and Rac2 encode subunits of NADPH oxidase involved in the
hepatocarcinogenesis. Of the 39 genes in common between the generation, by phagocytic cells, of reactive oxygen species di-
two group comparisons, 3 included upregulation of Pla2g7, rected against bacteria (52). As a consequence, the presence of
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H. hepaticus in the liver induces inflammation in the surround-
ing hepatic tissue. Pla2g7 and Cyba have also been observed to
be upregulated in A/JCr mice with preneoplastic liver lesions
associated with H. hepaticus infection (3). Our findings are
consistent with previous studies indicating increased oxidative
damage in H. hepaticus-induced hepatitis and lipid peroxida-
tion in H. hepaticus- and H. pylori-induced liver and gastric
cancer, respectively (54, 55, 62).

The increased expression of lipogenic genes, including Fasn
and Scdl, measured in H. hepaticus-induced liver cancer com-
pared to FAH (dysplasia) is consistent with previous studies
showing that certain cancers, including liver, colon, breast,
prostate, lung, bladder, and stomach cancer, have high levels of
lipid synthesis and expression of fatty acid synthase and steao-
ryl-coenzyme A desaturase (SCD1) (6). Fatty acid synthase
and SCD1 are the two rate-limiting enzymes in lipogenesis and
are induced by insulin (6). Overexpression of Fasn, which en-
codes the key enzyme of de novo fatty acid synthesis, has been
previously demonstrated in glycogenotic FAH and HCC in rats
(14). Overexpression of Scd! has also been found in the livers
of mouse (including C3H/He and B6C3F1) and rat strains
genetically susceptible to hepatocarcinogenesis (15). Scd! lo-
cated on chromosome 19 may represent a downstream target
of hepatocellular tumor-modifier loci in mice and rats (15).
Scd1 controls proliferation and survival in human transformed
cells (49). Scdl also plays a crucial role in lipid metabolism,
body weight control, and diet-induced hepatic insulin resis-
tance (24, 31). The increased expression of genes involved in
lipid metabolism correlated with the steatotic changes ob-
served in HCC, suggesting that the dominant phenotypic back-
ground of hepatic steatosis coupled with the increased hepatic
inflammation in infected F1 mice synergistically leads to liver
tumors. In humans, fatty liver disease has an inherent propen-
sity to progress to HCC (44).

In conclusion, the present study fulfills Koch’s postulates
that H. hepaticus is a hepatocarcinogen by illustrating the on-
cogenic potential of H. hepaticus in two susceptible F1 mouse
strains. This novel mouse model provides an alternative for
studies investigating the role of chronic microbial hepatitis and
fatty liver in the pathogenesis of liver cancer. In addition, our
findings suggest that H. hepaticus-infected genetically engi-
neered mouse strains on a C57BL/6 background at 18 months
p-i. can be used to study the pathogenesis of chronic hepatitis.
The transcriptional profiling of hepatic genes in H. hepaticus-
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infected F1 male mice with liver cancer indicated that an
immunological mediated disease process is associated with
hepatocarcinogenesis. Likewise, immune effector mechanisms
mediate liver injury in various liver diseases, including human
viral hepatitis (26). Future studies exploring the role of Heli-
cobacter spp. in human chronic hepatitis and liver cancer are
warranted.
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