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ABSTRACT

Helicobacter hepÃ¡ticas is a new bacterial species that is homologous to
Helicobacter pylori, a human gastric carcinogen. H. hepÃ¡ticas causes
chronic active hepatitis, with progression to hepatocellular tumors. We
hypothesized that chronic up-regulation of epidermal growth factor
(EGF), transforming growth factor-a, and nuclear oncogenes (cyclin Dl
and c-Myc), all known to transform by overexpression, might contribute
to tumorigenesis. Livers from mice that were 6-18 months old were

analyzed, including nonneoplastic and preneoplastic tissues and tumors,
along with age-matched controls, by immunohistochemistry and immu-
noblotting. EGF and transforming growth factor-a were increased at the

earliest stage, with a further increase in EGF in tumors. Cyclin Dl,
cyclin-dependent kinase 4, and c-Myc were strongly increased in all

infected livers, with even greater increases in tumors. An increase in cyclin
Dl/cyclin-dependent kinase 4 complex was also demonstrated in tumors,
and its functionality was confirmed by an increase in the hyperphospho-

rylated:hypophosphorylated retinoblastoma protein ratio. Our findings
suggest a possible cooperation of growth factors, cell cycle proteins, and
transcription factors during the development of //. /lepaf/cus-associated

liver tumors and may have relevance to human cancers associated with
bacterial, viral, or parasitic infections.

INTRODUCTION

Helicobacter hepÃ¡ticas is a new murine microaerophilic bacterial
species that was first detected in 1992 as the causative agent for
hepatitis and associated liver tumors in inbred A/JCr mice, a strain
normally resistant to hepatocarcinogenesis. Other mouse strains have
also exhibited H. hepaticus-associaled hepatitis, with C57BL/6NCr

being apparently resistant. H. hepÃ¡ticas colonizes the lower intestinal
tract and bile duct system, and infection subsequently leads to a
slowly developing chronic hepatitis and. eventually, to adenomas and
HCCs' (1). This organism is highly homologous to Helicobacter

pvlori, another member of the genus Helicobacter (2). H. pvlori is a
human pathogen and class 1 carcinogen that is reported to cause
chronic gastritis and peptic ulcers, gastric adenocarcinomas, and lym-

phomas associated with the gastric mucosa (3).
Because of its similarity to H. pylori, the mechanism by which H.

hepÃ¡ticas infection leads to tumors in mouse livers is of considerable
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interest. Our previous work has not revealed mutational damage. No
p53, H-ra.v, K-ras, or N-ras mutations were detected in tumor DNAs

(4). Ames tests for mutagens in bacterial cultures, infected livers, and
bile were negative. Assays for urinary nitrate elevation, an indicator of
nitric oxide formation and possible endogenous nitrosamine genera
tion, were likewise negative (5). These observations and the long
tumorigenesis time course (1-2 years) suggested that a tumor promo
tion-like mechanism could be responsible. This is supported by an
investigation showing that liver tumors initiated neonatally by N-

nitrosodimethylamine developed sooner and progressed to malig
nancy more rapidly in mice naturally infected with H. hepÃ¡ticas than
in similarly treated noninfected controls (6).

In normal liver, hepatocytes remain mainly in a quiescent G(l state.
However, they proliferate after injury (inflammation, surgical proce
dures, or intoxication) and progress through the cell cycle (from
GÃ¬/C,to S) to start DNA synthesis. This process has been extensively
studied and several controlling genes are implicated. HGF signaling
through its receptor c-Met is a primary mitogen during liver regener
ation (7). Also, TGF-a and EGF, agonists for the EGFR as well as

some other growth factors, play important roles as mitogens for
hepatocytes during the regeneration process (8). Furthermore, when
chronically up-regulated or mutated. TGF-a and its receptor EGFR
(9-11) and, to some extent, HGF and/or its receptor c-Met (12, 13)
can play important roles in liver carcinogenesis. Chronic up-regula
tion of TGF-a or EGF can significantly enhance mitogenic signals,

contribute to dysregulation of the G, cell cycle proteins, and cause the
overexpression of the mitogen-responsive cell cycle protein cyclin Dl

(14). Cyclin Dl amplification and overexpression have been reported
in aggressive human HCC (15). Proteins controlling the progression
through G,/G, and G,-S of the cell cycle (cyclin Dl/Cdk4/Cdk6 and

cyclin E/Cdk2 complexes) cooperate in pRb hyperphosphorylation,
leading to its inactivation, dissociation of the transcriptional factor
E2F, and cell cycle progression through the R point between the G,
and S phase (16).

c-Myc is another protein controlling the G,-S transition with an
essential regulatory function in cell proliferation (17). c-Myc expres

sion is maximally induced as an immediate early response to mitogen
or growth factor stimulation, and its ability to promote the transition
from G, to S phase likely plays a role in its strong oncogenic potential
(18). Deregulated c-myc has been reported in a wide variety of both
human and animal tumors, including HCC (19-21).

In culture, hepatocytes progress through G, regardless of growth
factor stimulation until R point in mid-late G,, beyond which they

cannot complete the cell cycle without mitogenic stimulation. Cyclin
Dl levels (both mRNA and protein) are drastically increased in
mitogen-stimulated hepatocytes after the R point (22). Also, c-myc

has been reported to induce cyclin Dl expression (18) and to alter the
activation of both cyclin Dl/Cdk4 and cyclin E/Cdk2 complexes (23).
The critical role of cyclin/Cdk complexes in G,-S progression makes
them plausible candidates to be regulated by c-myc. Recently, it has
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Table I Pathohistological changes ami alterations in expression of liver proteins in A/J mice naturally infected by H. hepÃ¡ticas
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" 1. mild hepatitis (mild inflammation, minimal bile duct hyperplasia. and lymphocytic infiltration): II. moderate hepatitis (subacute moderate inflammation, leukocyte infiltration,

and moderate bile duct hyperplasia): III. severe hepatitis (chronic inflammation, bile and oval cell hyperplasia. extensive necrosis, and mullilbcal leukocyte infiltration).
NA. not analyzed: NC. no change: |. increased expression of the protein; 1 . decreased expression of the protein.

been shown that Myc requires Cdk4 for malignant transformation and
that, together, cyclin Dl/Cdk4 and p!61NK are upstream regulators of

Myc (24).
Although the roles of the above proteins have been well established

in hepatocarcinogenesis, none have been examined in H. hepaticus-

associated liver tumors. Here, levels of two important growth factors
for hepatocytes (TGF-a and EOF), their receptor, EGFR, and the HGF
receptor, c-Met, the cell cycle proteins controlling transition from G[
to S phase, and the c-myc proto-oncogene have been evaluated. The

findings are consistent with a chronic increase in cell division, driven
by autocrine/paracrine up-regulated TGF-a/EGF actions, resulting in
overexpression of cellular oncogenes (c-Myc, cyclin Dl, and Cdk4)

and hyperphosphorylation of pRb. We provide the first evidence for
alterations of expression in these proteins during hepatitis and in H.
/Â¡epaÃÃ'cwj-associatedmouse liver tumors.

MATERIALS AND METHODS

Tissue Samples. Liver samples were collected during necropsy of A/JCr
male mice that were naturally infected with H. hepalicus at the Frederick
Cancer Research and Development Center. All mice in this colony carried the
infection, as indicated by hepatic histology, use of special stain, and microaero-

philic culturing of fecal bacteria (data not shown). A total of 15 infected
animals were killed at ages of 6, 9. 12, and 18 months, and liver samples were
collected from both infected mice and three to six noninfected A/JCr mice at
9-18 months of age that were kept well isolated and separated in a clean room

in the animal facility. These were the youngest naturally infected mice avail
able at the time of the study. All of the liver tissues from both experimental and
control animals were examined for gross pathology. One-half of each liver lobe
was embedded in paraffin, and the other half was stored at â€”¿�80Â°Cfor further

analysis. Paraffin sections (6 /um thick) were stained with H&E and examined
by light microscopy. Liver samples from infected mice were classified histo-
logically as hepatitis (grades I-III), based on the degree of necrosis, bile ductal

and oval cell hyperplasia, preneoplastic foci, adenomas, and carcinomas. For
Western blots, adenomas and carcinomas were dissected from normal sur
rounding tissue.

Immunohistochemical Staining. Liver sections from both naturally in
fected and control mice were examined. Freshly cut tissue sections for both
cyclin Dl and Cdk4 staining were microwaved in 10 mM sodium citrate (pH
6.0), twice for 5 min each to expose the antigen. For cyclin Dl immuno-

staining, goat serum was used to suppress nonspecific binding. Tissue sections
were incubated at 4Â°Covernight with a 1:1000 dilution of rabbit polyclonal

antihuman cyclin D antibody (Upstate Biotechnology, Lake Placid. NY). This
antibody recognizes cyclin Dl primarily but shows some cross-reactivity with
cyclin D2 (25). Sections for Cdk4 staining were incubated at 4Â°Covernight

with a 1:15.000 dilution of the anti-Cdk4 antibody (C-22; Santa Cru/. Biotech

nology. Inc., Santa Cru/.. Ã‡A).The sections were then washed in buffer and
incubated with biotinylated antirabbit secondary antibody for 30 min. Diami-

nobenzidine was used as the chromagen. and hematoxylin was used as the
counterstain: the Vectastain Elite ABC kit (Vector Laboratories. Burlingame,
CA) was used. To demonstrate the specificity of the immunostaining. primary
antibodies were omitted on one slide from each staining series. All of the
staining was repeated twice to show reproducibility.

Protein Isolation. For protein analysis (Western blot analysis and immu-

noprecipitation). liver tissues were powdered in liquid nitrogen, dissolved in
lysis buffer containing 10 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA, 10%
glycerol. 1% Triton X-100. 1 mM phenylmethylsulfonyl fluoride. 0.25 TIU/ml

aprotinin. and 1 mM sodium orthovanadate. The protein quantity was deter
mined using the Bio-Rad Bradford assay (Bio-Rad, Richmond. CA).

Western Blot Analysis. A total of 25-100 fig of liver protein taken from

the same aliquot was used for the Western blot analysis of all of the proteins.
For all blots illustrated, the samples were loaded in the order shown in Table
1. The samples were run on 12% SDS-polyacrylamide gels for cyclin Dl.

cyclin E, and Cdk2. whereas for pRb and EGFR. analyses were run on 8% gels.
The samples for EGF, TGF-a, and c-Myc were analyzed on 10-20% Tricine
gels (Novex, San Diego. CA). Proteins were transferred to Immobilon-P

polyvinylidene difluoride membranes (Millipore Corp., Bedford. MA) by
electroblotting. After transfer, the membranes were stained with Ponceau
protein stain (Sigma Chemical Co., St. Louis. MO) to test for equal loading of
the samples and washed three times for 10 min each with 1X PBS-0.1 % Tween

20. Afterward, the membranes were treated with blocking solution of 2% BSA
(Sigma, St. Louis. MO) in 1X PBS-0.1% Tween 20 for 1 h. Primary antibodies

used were: antihuman cyclin D rabbit polyclonal IgG (Upstate Biotechnology):
mouse monoclonal antibody (DCS-6). rabbit polyclonal cyclin E (M-20). Cdk4
(C-22). EGFR (1005). EGF (L-19), TGF-a (134 A), and c-Myc (C-33). all
from Santa Cruz Biotechnology: and antihuman pRb (PMG3-245) mouse
monoclonal antibody (kind gift of Dr. Wen-Hwa Lee, University of Texas. San
Antonio, TX). The membranes probed for cyclin Dl were stripped and rep-
robed with antibody for Cdk4 (C-22). The secondary labeled antimouse or

antirabbit (Amersham. Arlington Heights. IL) and antigoat (Santa Cruz) anti
bodies were used.

Immunoprecipitation. A total of 500 fig of total liver protein lysate was
used. Five /ug of anti-cyclin D polyclonal antibody (Upstate Biotechnology)
and 2 Â¿igof anti-c-Met (SP 260; Santa Cruz Biotechnology) were incubated
with the reaction mixture at 4Â°Covernight. The immunocomplexes were

captured by the addition of 50 /nl of packed protein A-agarose beads (Boeh-
ringer Mannheim. Indianapolis. IN). The mixture was rocked at 4Â°Cfor 2 h.

After washing three times with ice-cold lysis buffer, the agarose beads were

resuspended in 20 jmlof 2X Laemmli sample buffer. Samples for cyclin Dl
were run on 12% SDS-polyacrylamide gels, and those for c-Met were run on
8% SDS-polyacrylamide gels. After transfer to Immobilon-P. the membranes

were blocked as described previously and probed with primary antibody for
Cdk4 (C-22) to test for complex formation between the two proteins. Mem-
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Fig. I. Increased expression of TGF-a and EOF

proteins with decreased expression of EGFR in
preneoplaslic liver, adenomas, and carcinomas. See
Table I for a description of the samples used. F(
the infected livers, the samples loaded were (left t
right) parenchyma with preneoplastic focus. Iw
adenomas, two carcinomas, and one lymphoma. t
EGFR protein (A/, -170,000) levels decreased ~4-

fold in preneoplaslic and neoplastic liver samples
from 18-month-old mice compared to controls, b.
in the same samples. EOF was detected as a pro-
EGF at Mr -50,000 with a 25-fold increase as
determined by densitometric analysis; c, pro-
TGF-a was detected as a MT 15,000-20,000 band
with a 10-fold increase in protein expression, d, the
same liver lysates were immunoprecipitated with
anti-c-Met (SP 260) and immunoblotted with the
same antibody. A very strong band was delected at
MT 170.000, whereas a MT 145,000 band was very
faint or, in some of the samples, undcteclablc. A
significant difference in protein expression be
tween experimental liver and controls was not ev
ident.

18 mo. Control

a fff EGFR

18 mo. Control

pro-EGF

18 mo. Control

-â€¢â€”>Â»+-pro-TGFa

18 mo. Control

branes for c-Met were probed with the same antibody as used for immuno-

precipitation. In both cases, the secondary antibody was antirabbit polyclonal
secondary antibody (Amersham). An enhanced chemiluminescence kit and
X-ray film were used for visualization of the bands (Amershaml. The intensity
of the bands detected was quantified using a Molecular Dynamics enhanced-

laser densitometer. All of the experiments were repeated twice or. in some
cases, three times to demonstrate reproducibility.

RESULTS

HistolÃ³gica! Classification of Liver Samples. The histological di
agnoses of the liver samples and tumors analyzed are given in Table 1. As
described previously ( 1). the pathological changes in infected livers
included bile duct and oval cell hyperplasia, lymphocyte and leukocyte
infiltration, cellular hypertrophy, and necrosis. In several liver samples,
H. hepÃ¡ticasbacteria were detected as well (data not shown). The livers
of mice at 6-12 months of age exhibited mild to moderate hepatitis. At

18 months (latency period for tumor appearance), hepatitis was moderate
to severe; a liver with preneoplastic foci, two adenomas, and two HCCs
were selected for study. In addition, we included a liver specimen
infiltrated with metastatic lymphoma as a control for the hepatocellular
specificity of observed changes.

Overexpression of pro-EGF and pro-TGF-a with Marked Re
duction in EGFR Expression. To evaluate changes in production
of growth factors and their receptors that might contribute to
induction of hepatocellular tumors, we assayed for TGF-a, EOF,
EGFR, and c-Met expression in the same set of 18-month-old

control and preneoplastic and neoplastic liver samples. The EGFR
protein levels were significantly down-regulated, to varying de
grees (averaging 4-fold), in all of the Helicobacter-afiected liver

samples (Fig. \a). The decrease in EGFR is consistent with the

down-regulation of the receptor that is often reported when TGF-a
and EGF are up-regulated over a long period of time (11). As
expected, levels of pro-EGF detected as a protein at Mr â€”¿�50,000
were increased markedly (25-fold) in all six liver specimens from
18-month-old Helicobacter-iniecled mice (Fig. \b). A biologically

active precursor for EGF of similar size has been detected in rat
kidney by others (26). Pro-TGFa at Mr 15,000-20,000 similarly
increased by 10-fold in all samples but the liver with lymphoma
infiltrate (Fig. It). These findings indicate that TGF-a and EGF

may be particularly important players in the development of tu
mors associated with H. hepÃ¡ticas infection. In contrast, the HGF
receptor c-Met protein (a membrane-spanning ÃŸchain detected as

a very faint band at Mr 145.000 and a more prominent band for the
M, 170,000 precursor), despite showing some variation, did not
differ between groups (Fig. \d). This finding for c-Met was

confirmed when Western blot analysis was performed using the
same antibody without previous immunoprecipitation of the lysates
(data not shown). Possible changes in level of phosphorylation of
c-Met and/or in levels of HGF expression are currently under

investigation.
Induction of EGF and TGF-a as an Early Event. To evaluate

how early the detected increases in the levels of expression of TGF-a
and EGF occur, liver samples from 6-12-month-old mice with
chronic hepatitis have been analyzed. We detected early up-regulation
of pro-EGF without significant differences among three different time
points (6-12 months; Fig. 2a). The increase averaged 8-fold com
pared with controls, which is less than the 25-fold increase detected in
the tumors at 18 months (Fig. \b). Pro-TGF-a likewise increased
early, 9-fold on average at 6, 9, and 12 months, compared to corre
sponding controls (Fig. 2h). This was similar to the 10-fold increase

a 6 mo. 9 mo. 12 mo. Control

b 6 mo. 9 mo. 12 mo. Control

pro-EGF

pro-TGFa

Fig. 2. Overexpression of both EGF and TGF-a
was an early event, a. Overexpression of pro-EGF
(8-l'old) was detected as early as 6 months, and the

levels of expression did not change from 6 to 12
months, b. the protein levels ot pro-TGF-a in
creased, on average. 9-fold during chronic hepatitis
(6-12 months).
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observed at 18 months in neoplastic livers (Fig. lc), so, in contrast to
pro-EGF, no additional augmentation occurred with the development

of neoplasia.
Overexpression of ("ydin Dl and Cdk4 during Hepatitis and

Tumorigenesis. To determine whether the overexpression of EOF
and TGF-a can contribute to up-regulation of cyclin Dl/Cdk4 as key
proteins controlling the G,-S transition, we analyzed expression of the
latter by both immunohistochemistry and immunoblotting. Immuno-

histochemical analysis of control livers showed minimal nuclear stain
ing for Cdk4 and cyclin Dl (Fig. 3, A and D). In contrast, mice with
chronic hepatitis at all ages tested had moderate to pronounced ex
pression of Cdk4 (Fig. 3ÃŸ)and cyclin Dl (Fig. 3E) in the nuclei of the
hepatocytes, particularly in areas of inflammation (indicated by abun
dant small blue-stained leukocytes). These findings indicate that cy

clin Dl and Cdk4 overexpression precede cellular transformation.
Levels of nuclear staining for both proteins were higher in preneo-

plastic foci than in surrounding normal hepatocytes (Fig. 3, C and F).
Cdk4 protein was detected in adenomas (Fig. 4/4) and especially in
carcinomas (Fig. 45), whereas cyclin Dl overexpression was apparent
only in adenomas (Fig. 4C); none was detected in carcinomas by this
method (Fig. 4D).

Immunoblot analysis was used to quantify the amounts of cyclin Dl
(polyclonal antibody; Upstate Biotechnology) and Cdk4 (C-22; Santa

Cruz Biotechnology) protein in the infected livers as a function of age
and neoplastic change. The immunoblot results for cyclin Dl were
confirmed by the use of a cyclin Dl monoclonal antibody (DCS-6;

Lab Vision Corp., Fremont, CA; data not shown). Cyclin Dl was
significantly increased 2-5-fold in two of three mice with hepatitis at

6 months and three of three mice at 9 and 12 months (Fig. 5a). In the
same livers, the Cdk4 increase averaged 3-fold (Fig. 56). In livers
from 18-month-old mice, cyclin Dl (Fig. 5r) and Cdk4 (Fig. 5d) were
markedly up-regulated (8- and 50-fold, respectively), compared

Fig. 3. Overexpression of Cdk4 and cyclin DI in hepatocytes during H. hepaticus-caused hepalitis and prencoplastic changes, as shown by immunohislochemistry. Cdk4 (A] and
cyclin Dl (D) expression in normal liver was minimal. During progression of chronic hepatitis, mice at all ages had moderate to pronounced expression of Cdk4 (B) and cyclin Dl
protein (E). detected as nuclear stain. Hepatocytes within a preneoplastic focus stained more compared to surrounding tissues for Cdk4 (O and for cyclin Dl (Ft.
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â€¢¿�:

Fig. 4. Immunohistochemical detection of overex-

pression of cyclin DI and Cdk4 in tumors. Adenomas
(A) and carcinomas (B) had significant portions of the
hepatocytes with nuclear staining for Cdk4. Cyclin
Dl overexpression was detected in adenomas (Q,
whereas carcinoma had no detectable protein (D).

â€¢¿�,f"â€¢'*, D

with 18-month-old controls. The increase in cyclin Dl in the

carcinomas detected by this method is in contrast to the apparent
absence of this protein from carcinomas analyzed by immunohis-

tochemistry (Fig. 4D).
Increased Cyclin Dl/Cdk4 Complex Formation in Helicobacter-

associated Tumors. Complex formation between cyclin Dl and
Cdk4 in hepatocytes is an essential step for phosphorylation of pRb
and progression of hepatocytes through the R point between the G,

and S phases of the cell cycle. To confirm that the increases in
cyclin Dl and Cdk4 resulted in increases in their complex, we
immunoprecipitated the proteins in the samples from 18-month-old

mice with the antibody against cyclin Dl (Upstate Biotechnology),
followed by gel separation and blotting. The immunoprecipitated
proteins were probed with the antibody against Cdk4 (Santa Cruz
Biotechnology). We detected 5-fold increases in the cyclin D I/

Cdk4 complex in adenomas and carcinomas and in a liver sample

o>â€”¿�

6 mo. 9 mo. 12 mo.
o

Control au

a

18 mo.

Zl Cyclin D1

Cdk4

Control

Cyclin D1

Cdk4

Fig. 5. Overexpression of cyclin D l and Cdk4
detected by immunoblotting. The MT 36,000 pro
tein for cyclin Dl was increased 2-5-fold in mice
with chronic hepatitis (a), whereas in the same
mice, the M, 34.000 protein for Cdk4 increased by
3-fold (h). For the infected livers at 18 months
(c-â‚¬),the samples loaded were (left to right) pa

renchyma with preneoplastic focus, two adenomas,
two carcinomas, and one lymphoma. r. mice with
preneoplastic foci and liver tumors at 18 months of
age had an 8-fold increase in cyclin Dl expression

compared with controls, d, Cdk4 was significantly
(averaging 50-fold) increased in liver lysates from
mice at 18 months of age. The highest expression
was evident in malignant tumors, e, cyclin D,/
Cdk4 complex formation was demonstrated by im-
munoprecipilation of cyclin D, followed by prob
ing with anti-Cdk4 antibody.

18 mo. Control

IP CyclinD/
Western Cdk4
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a

Fig. 6. Levels and degree of phosphorylation of
pRb. For the infected livers the samples loaded
were (left to right) parenchyma with preneoplastic
focus, two adenomas, two carcinomas, and one
lymphoma. a. immunoblotting detected two forms
of pRb. The hypophosphorylated form pRb at Mr
105.000 was equally expressed in all samples, and
several hyperphosphorylated forms at Mr
110.000-115.000 (ppRb) were expressed more in

preneoplastic liver and tumors compared with con
trols. The human leukemia cell line (MOLT 4)
overexpressing pRb was used as a positive control.
b. densitometric analysis of the blot in a showed
that a significantly stronger signal was detected for
ppRb in all samples from 18-month-old H. hepali-
cws-infected livers with the exception of the liver
with lymphoid infiltrate. Numbers below abscissa.
lanes in a (left to right).

18 mo. Control

pRb

^U V^ 1* Tf """~ â„¢¿�~" ' *"* "^ * i

<-Â» â€”¿�-> ,...-*. -105RD

3500 r

2000<

1500H

K1000

5000â€¢--\\S,s\\\\\\\\\

^SpRbppRb_.\^\V*Y////////^\\
\
\\

\s\,^\
\\â€¢sqv///////V///A^\\\v/////N\-Y//////AV//////A123456

123456Htlicobacter
InfectedControls18

mo. 18 mo.

infiltrated with lymphoma and a lesser increase in the liver pre
senting preneoplastic foci (Fig. 5e).

Levels and Phosphorylation of pRb. To test if the increase in
cyclin Dl/Cdk4 complex influenced the status of pRb, we measured
levels of pRb and relative amounts of the hypophosphorylated (Mr
105,000) and hyperphosphorylated forms (A/r 110,000) using mouse
monoclonal antibody PMG3-245. Levels of the M, 105,000 form
were similar in the six 18-month-old controls and in the five samples
from the //e/Ã'cooacÃer-infectedlivers (Fig. 6a) with preneoplastic foci

or hepatocellular neoplasms. However, pRb level was quite low in the
liver with lymphoma metastasis (Lane 6). The relative amounts of the
Mr 110,000 hyperphosphorylated form (ppRb) were increased, on
average, in the samples from the infected livers with hepatocellular
change compared with the controls [average ratio of scan values,
2.4 Â±0.9 (SD) for infected samples (excluding D6) versus 1.2 Â±0.2
for controls; P = 0.0017, Mann-Whitney I/test]. The results are based

on densitometric scanning (Fig. 6b) and are consistent with the in
creased amounts of cyclin Dl/Cdk4 complexes observed in preneo
plastic and neoplastic livers.

Up-Regulation of the c-Myc Oncogene. The synergism of c-myc
with growth factor TGF-a in hepatocarcinogenesis has been well
established (27). Because of this and also because c-myc transcription
can be under the control of cyclin Dl/cdk4/pl07 (pRb-related protein)

and E2F, which is released upon pRb phosphorylation (24), we
examined c-Myc protein expression during chronic hepatitis and in H.
/iepi7f/CM.v-associatedtumors. The Mr 67,000 band for c-Myc was faint

in control samples but a marked overexpression of this protein was
detected in the liver samples with chronic hepatitis (â€”30fold; Fig. la)

and in livers with preneoplastic or neoplastic hepatocellular changes
(~50-fold: Fig. Ib). This finding supports our hypothesis that c-Myc

is dysregulated with TGF-a and cyclin Dl/Cdk4 in these tumors as a

part of the complex of molecular events responsible for development
of H. /lepai/cH.Ã¯-associated tumors.

Lack of Change in Cyclin E and Cdk2 Protein Levels. Cyclin E
and Cdk2 did not show any consistent changes in controls versus
Helicobacter-mfected liver samples, except for a marked increase in

Cdk2 in the liver infiltrated with lymphoma at 18 months (Fig. 8).
This finding is not surprising, considering the results described above,
because it has been shown that c-Myc collaborates mostly with cyclin

Dl following a mitogenic response to a growth factor by a pathway
different from cyclin E (28).

DISCUSSION

The mechanism of causation of//. /leyjaficiw-associated mouse liver

tumors has not yet been established. Recent accumulated evidence
suggests that growth factors, cellular oncogenes, and tumor suppres
sor genes play significant roles and, very often, can cooperate in
molecular events important in hepatocarcinogenesis (8, 29). This has
been shown in human HCC (30), as well as in both spontaneously
occurring (31) and experimentally induced rodent liver tumors (10)
and in transgenic mice (11).

a 6 mo. 9 mo. 12 mo. Control

18 mo. Control

c-Myc

â€¢¿�*â€”c-Myc
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Fig. 7. Overexpression of c-Myc protein during hepatitis, in
preneoplastic liver and tumors. c-Myc was overexpressed by
â€”¿�30-foldin all experimental samples with hepatitis (a) and
â€”¿�50-foldin preneoplastic liver and tumors (b). with the
exception of the liver with lymphoma (iMne 6. from left).
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Fig. 8. Cyclin E and Cdk2 levels were not
changed, ti, cyclin E was detected as a major band
at A/r â€”¿�55,000,and its levels were not changed in

experimental samples during chronic hepatitis, h.
Cdk2 was detected as a MT-33.000 protein with no
change in expression, c and d, in 18-month-old

mice, the levels of both proteins were the same
compared with controls, with the exception of the
liver with lymphoma that highly overexpressed
Cdk2 (Lane 6, from left).

6 mo. 9 mo. 12 mo. Control

a

18 mo.

Cyclin E

Cdk2

Control

Cyclin E

The results of our assays provide strong support for the hypothesis
that chronic overexpression of growth factors and/or nuclear onco-
genes as a result of H. hepaticus-associated hepatitis contributes to the

eventual development of liver tumors. The increases in biologically
active pro-EGF and pro-TGF-a (32, 33) and the decrease in EGFR

protein levels were all prominent in livers with preneoplastic foci, as
well as in adenomas and carcinomas. Also, both pro-EGF and TGF-a
with cyclin Dl, Cdk4, and c-Myc were increased early in association

with the hepatitis and inflammation that precede neoplastic develop
ment. However, the level of the overexpression for EGF, cyclin D l,
Cdk4, and c-Myc further increased in tumors and may have been

critical for overt tumor growth. It has been reported that the degree of
cyclin Dl overexpression can determine the ultimate cell fate, apop-

tosis or malignant transformation (34). This possibility is further
underscored by the progressive increase in the ppRb form of the pRb
in preneoplastic liver and tumors analyzed. Causal and interactive
relationships among these changes cannot be deduced from our re
sults, but one can speculate that pro-EGF/pro-TGF-a increases, in

response to the infection, lead to the observed alterations in the cyclin
Dl/Cdk4/pRb pathway, which, in turn, result in up-regulation of
c-Myc through release of the E2F transcription factor. Although the
E2F has a binding site in the c-myc promoter (35), it seems that

additional cell cycle proteins (plOV. Cyclin Dl/Cdk4, pl6, and, to
some extent, cyclin E/Cdk2) are needed to control c-Myc function.
Also, it is possible that c-myc is a downstream component of a

tyrosine kinase receptor cascade that is stimulated by growth factors
and, ultimately, impinges on the cyclin Dl/Cdk4/pRb pathway.

The failure of immunohistochemistry to detect cyclin D l in the
nuclei of carcinoma cells, despite high levels apparent in immuno-

blotting with two different antibodies, is puzzling, but it was repeat
edly encountered and was observed in a previous study of H. hepati-
cws-associated liver cancers (6). Possible explanations are alterations

in cyclin Dl epitopes during evolution of carcinomas that interfered
with immunohistochemical detection or development of carcinomas
from non-cyclin D l-overexpressing cells. The discrepancy between

the immunostaining and Western blot results could involve contami
nation of lysates from dissected carcinomas by hepatocytes from
adjacent infected areas with high cyclin Dl expression.

The increase in expression of Cdk4 was of particular interest
because this is not often reported in human and animal tumors (36, 37)
and suggests a specific role for Cdk4 in the development of these
HCCs. In our current study of rat liver tumors caused by fumonisin
B,, the overexpression of cyclin Dl was not accompanied by an

increase in Cdk4 protein expression, although activity of the cyclin
Dl/Cdk4 complexes was enhanced significantly.4

Overexpression of TGF-a from a mouse transgene has been shown

to lead to liver tumorigenesis. The process is greatly shortened by
concomitant overexpression of c-Myc (27). Also, the cooperation of
EGF with c-myc during hepatocarcinogenesis has been reported (38).

The decrease in EGFR in association with the increase in EGF and
TGF-a has frequently been described in rodent liver models ( 10) and
is thought to reflect agonist-induced down-regulation of the receptor.
We found no alteration in expression of the c-Met proto-oncogene, a

receptor for HGF. This is not surprising because HGF, although a
mitogen for hepatocytes, has not often been implicated in tumors.
Recently, HGF has been reported to delay the incidence of tumors
caused by sustained overexpression of c-myc, and furthermore, tumor
promotion by phÃ©nobarbitalwas completely inhibited in c-myc/HGF

double transgenic mice (39). Nevertheless, we are currently assaying
HGF levels and c-Met phosphorylation status.

A lymphomatous Helicobacter-'mfected liver was included to test

the hepatocellular specificity of the changes occurring. Results were
provocative although only one cancer was analyzed. Cyclin Dl, Cdk4,
and pro-EGF all showed increases in this metastatic cancer compara

ble to those in the hepatocellular tumors; however, pRb was lower
than it was in controls, c-Myc was only slightly up-regulated, and
pro-TGF-a was, if anything, lower than it was in controls. Most

strikingly, in contrast to the hepatocellular lesions, Cdk2 was strongly
increased in the lymphoma. Cdk2 overexpression has been reported
previously in a very limited number of human tumors, of which one
was a lymphoma (40).

In summary, we have documented a marked increase in two growth
factors, two cell cycle control proteins, and a transcription factor in H.
hepaticus-infecled mouse liver with hepatitis and in the resulting liver

tumors. Three of these proteins, TGF-a, cyclin D l, and c-myc, have

been demonstrated previously to be oncogenes when overexpressed in
liver. Whether they are necessary and/or sufficient for tumorigenesis
in this model requires further study, but the results may be instructive
for studies of H. pv/on-caused human gastric adenocarcinomas and

other cancers for which infectious agents and inflammation play a
role.

4 D. Ramljak. R. J. Calven. P. W. Wiesenfeld. B. A. Diwan. B. Catipovic. W. F. O.

Marasas. T. C. Victor. L. M. Anderson, and W. C. A. Gelderblom. The carcinogen
fumonisin B, stabilizes cyclin Dl by a posttranslational change, submitted for publication.
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