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ABSTRACT

Chronic infection with hepatitis B virus (HBV) can cause liver cancer in
humans. Transgenic mice expressing the major envelope protein of HBV,
HBV surface antigen (HBsAg), represent an experimental model for some
ofthe histopathological effects ofinfection Inhumans, including prolonged
hepatocellular injury, necrosis, hyperplasia, and an elevated incidence of
liver tumors. The regenerative hyperplastic response to the chronic liver
damage is thought to be a critical factor in the increased risk of cancer.
However, little is known about the cellular factors that mediate regener
ative proliferation. One candidate is the hepatocyte mitogen transforming
growth factor a (TGF-a); in HBV-infected patients with liver cancer,
TGF-a and HBsAg accumulate in the same hepatocytes. Transgenic mice
overexpressing TGF-a demonstrate enhanced hepatocyte proliferation
rates and develop hepatocellular carcinomas. In this study, we have

analyzed the effect of TGF-a and HBsAg coexpression in the liver using a
bitransgenic mouse model. We show that hepatocytes harboring both the
TGF-a and HBsAg transgenes exhibited an increase in growth relative to
hepatocytes with either transgene alone. Furthermore, bitransgenic males

but not females had a dramatically accelerated appearance of hepatocel
lular carcinomas, compared to single transgenic TGF-a or HBsAg litter
mates. These results demonstrate synergistic activity between HBsAg and
TGF-a in the liver, probably by first stimulating quiescent hepatocytes to
enter G1 and by subsequently promoting their transit through the cell
cycle, respectively. Moreover, our data support the contention that TGF-a
participates in HBV-induced hepatocarcinogenesis in infected patients.

INTRODUCTION

Infection with HBV2 can cause liver disease and cancer in humans
(1) through mechanisms that have not been clearly defined. One

hypothesis is that chronic HBV infection causes prolonged liver cell
injury, inflammation, and cell death. The hyperplastic response to the

liver necrosis, along with DNA damage from genotoxic agents gen
crated during the inflammatory response, are thought to increase the
risk of hepatocellular carcinoma (HCC) development during HBV

infection (2).
Little is known about the cellular factors that mediate the prolifer

ative response to hepatocellular damage during HBV infection. Trans
genic mice that express the HBV major envelope protein, HBsAg,
represent a model for some of the histopathological effects of chronic
HBV infection in humans (2â€”4).In these mice, HBsAg accumulates
to toxic levels in the endoplasmic reticulum of hepatocytes. This
results in chronic hepatocellular necrosis, inflammation, and DNA
damage. The hyperplastic response to this necroinflammatory disease
increases the probability of fixing mutagenic lesions in the DNA and,
thereby, the risk of developing HCC (4).

One of the cellular factors mediating this regenerative hyperplasia
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may be TGF-a. TGF-a is a potent mitogen for hepatocytes and many
other types of epithelial cells (5, 6). Highly active TGF-a expression
vectors can be transforming when transfected into a number of cul
tured cells (7â€”9).Both TGF-a and its receptor, the epidermal growth
factor receptor, have been implicated in liver tumorigenesis (10â€”14).
Hepatic tumors develop in transgenic mice overexpressing TGF-a in
the liver (15, 16).

An interaction between TGF-a and HBsAg has been postulated
during liver tumorigenesis in humans. In HBV-infected patients with
liver cancer, TGF-a and HBsAg accumulate in the same liver cells
(17â€”19).Moreover, an increase in TGF-a expression was observed in
a human hepatoblastoma cell line transfected with HBV (20). The
effect of TGF-a on HBsAg-induced hepatocellular hyperplasia and
tumor development was therefore analyzed using bitransgenic mice as
a model system. Mice transgenic for the TGF-cx gene (15) were
crossbred with mice transgenic for the HBsAg gene (3). Significantly
more animals with HCCs were found among the resulting TGF-a/
HBsAg bitransgenic mice than in single transgenic TGF-a or HBsAg
mice. Cell proliferation rates of normal hepatocytes in bitransgenic
mice were also higher than in single transgenic mice. We conclude
that the coexpression of TGF-a and HBsAg in the mouse liver
accelerates the development of liver tumors through a synergistic
stimulation of the cell cycle.

MATERIALS AND METHODS

Animals. For the transgenic mouse line expressing HBsAg, we used line
age 50-4 (official designation, Tg[Alb-l, HBV]Bri44), which is on the SJL

genetic background (3, 21). The transgenic mouse line expressing human
TGF-ct (line MT42) has been described (15, 22, 23). The TGF-cr mice are

homozygous for the transgene and are on the CD1 genetic background.
Because the HBsAg and TGF-a mice were on different genetic backgrounds,
we bred the HBsAg mice with nontransgenic CD1 mice for at least four
generations to place the HBsAg transgene on a genetic background similar to
that of the TGF-a mice. Mice with the HBsAg transgene were identified by
solid-phase RIA detection of the HBsAg protein in sera (AUSRIA-Il; Abbott

Laboratories), as described (3). The serum levels of HBsAg in the HBsAg mice
on the CDI background were not different from the levels in the parental
HBsAg transgenic strain (data not shown). HBsAg transgenic mice were then
mated to the TGF-a mice, and liver tumorigenesis was analyzed in the
offspring. Four groups of mice were analyzed: bitransgenic mice carrying both
the TGF-cxand HBsAgtransgenes; single transgenic mice that carried only the
TGF-a transgene;single transgenicmice that carried only the HBsAg trans
gene; and nontransgenic control mice. All animals were cared for and main
mined in accordance with NIH animal care guidelines.

Immunohistochemlstry. At necropsy, mouse livers were divided; some
lobes were fixed in zinc formalin, and others were fixed in Bouin's solution.
Tissues were embedded in paraffin and sectioned. Detection of HBsAg protein

was performed by incubating zinc formalin-fixed tissue sections with a poly
clonal rabbit anti-HBsAg antisera against HBsAg (24). Detection of TGF-a
protein was performed by incubating Bouin's-fixed tissue sections with a

rabbit polyclonal antiserum (a kind gift of Dr. Larry Gentry) raised against rat
pro-TGF-a intracellular peptide (residues 137â€”159),as described (25, 26).
Proliferating cells were visualized by incubating zinc formalin sections with a

mouse antihuman PCNA monoclonal antibody (DAKO) at I :400 or I : 1600, as

described (26). Biliary cells were identified by incubating zinc formalin
sections with a rabbit anticow cytokeratin antibody (catalogue no. ZO622,
DAKO) at 1:1000dilution. This antibody detects a broad spectrum of keratins.

3606

Synergy between Transforming Growth Factor a and Hepatitis B Virus Surface

Antigen in Hepatocellular Proliferation and Carcinogenesis

John L. Jakubczak,FrancisV. Chisari,and GlennMerlino'
Molecular Genetics Section, Laboratory of Molecular Biology, National Cancer institute, Bethesda, Maryland 20892 (J. L J.. G. MI: and Department of Molecular and
Experimental Medicine, The Scripps Research institute, La Jolla, California 92037 [F. V. C.]

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/16/3606/2464749/cr0570163606.pdf by guest on 19 M

ay 2023



TGFa AND HBsAg IN LIVER CANCER

Preparation and Analysis of RNA. Selected tumors and adjacent nontu
morous liver tissue were frozen on dry ice. Total RNA was isolated by
homogenization of frozen tissue in guanidinium isothiocyanate, followed by

centrifugation through a silica gel membrane (RNeasy kit protocol, Qiagen
Inc., Chatsworth, CA). Expression of the TGF-a transgene was measured by
Northern analysis. Ten @gof total RNA were electrophoresed on a 1%
agarose/formaldehyde gel. The amount of RNA loaded on the gel was checked
by ethidium bromide staining before transfer. The gel was then transferred to
a Zeta-probe GT (Bio-Rad) membrane and hybridized to the 32P-radiolabeled
9l7-bp BgIII fragment of the human TGF-cr cDNA (15) at 65Â°Cin 6X SSC.
Blots were washed in 1X SSC at 65Â°Cand subjected to autoradiography.

PCNA Labeling Index. The PCNA labeling index was measured by count
ing the number of hepatocyte nuclei that were stained with an anti-PCNA
antibody in nontumorous areas of the liver. Four groups of mice were ana
lyzed: one nontransgenic (control), two single transgenic, and one bitransgenic
animal group, all groups having mice that were between 9 and 10 months old.
Approximately 20 high-magnification fields containing a total of at least 1000

hepatocyte nuclei were counted in each of four animals per group. The labeling
index for each group was determined by calculating the mean of the number of
PCNA-positive hepatocytes divided by the total number of counted cells in
each field, multiplied by 100. A two-tailed Student's t test was used to test
differences between the means.
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Fig. I. Histology oflivers and tumors in TGF-a, HBsAg, and TGF-a/HBsAg transgenic mice. All sections were stained with H&E, X200. A, 10-month-oldnontransgenic male liver;
B, 9-month-old TGF-a male liver with an adjacent HCC on the right side; C, 7-month-old HBsAg male liver with an adjacent hepatocellular Ad on the right side; D. 9-month-old
TGF-a/HBsAg male liver with an adjacent HCC on the right side. Tissues were examined and wmors were classified according to criteria outlined previously (27, 28).
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RESULTS

To determine the functional relationship between TGF-a and HBV
in hepatocarcinogenesis, bitransgenic mice were generated by cross
ing transgenic mice overexpressing TGF-a in the liver with transgenic
mice, in which HBsAg expression was targeted to the liver. Four
groups of animals on a predominantly CD1 genetic background were
studied: bitransgenic mice carrying both the TGF-cs and HBsAg trans
genes; single transgenic mice that carried the TGF-cs transgene; single
transgenic mice that carried the HBsAg transgene; and nontransgenic
control mice. Both male and female mice were examined.

The histopathological features of the livers from these four groups
of mice were compared. By 7 months of age, the HBsAg livers
contained ground-glass hepatocytes, focal necrosis, inflammation, and
regenerative hyperplasia (Fig. 10. These lesions appeared very sim
ilar to those seen in livers from the same transgenic strain of mice in
which the HBsAg transgene operated on the SJL genetic background
(3). TGF-a transgenic livers displayed the centrilobular hypertrophy
and dysplasia characteristic of the parental MT42 line at this age (Ref.
15; Fig. 1B). The bitransgenic mice demonstrated a predictable com
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Table 1 Liver tumor incidence in transgenic andbitransgenicmiceNo.

of miceNo. of mice withNo. of mice withMean age atdeathGenotypeSexexaminedHCC@'
(%)Ada (%)(mo Â±SE)TGF-aJHBsAgMale1713

(76)b2 (12)8.2 Â±0.3TGF-aMale171
(6)0 (0)7.9 Â±0.3HBsAgMaleI

50 (0)5 (30)8.7 Â±0.4NontransgenicMaleI
20 (0)0 (0)9.3 Â±0.5TGF-aJHBsAgFemale80

(0)2 (25)10.4 Â±0.6TGF-aFemale60
(0)1 (17)19.8 Â±0.3HBsAgFemale80
(0)1 (13)1 1.5 Â±0.6NontransgenicFemale70
(0)0 (0)12.0 Â±0.0
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bination of all features from both transgenic lines (Fig. lD), plus mately 8 months of age had HCCs. Single transgenic males had
unique ectatic biliary structures that stained positive for cytokeratin significantly lower numbers of liver tumors, with only a single HCC
(Fig. 2D) but were negative for Factor VIII (data not shown). Non- in one TGF-a animal and no malignant tumors in the HBsAg mice.
transgenic mice showed no overt hepatic lesions (Fig. IA). The liver tumor incidence in the single transgenic animals was con

The most dramatic difference among the four groups of mice was
in the number of male bitransgenics with malignant liver tumors

(Table 1). In fact, 13 of 17 (76%) of bitransgenic males at approxi
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Fig. 2. Immunohistochemical analysis of transgene protein expression (Aâ€”C)and identification of ectatic biliary structures (D). A, anti-TGF-a immunoreactivity in a liver Ad of
a 9-month-old TGF-aIHBsAg male, X200. Anti-HBsAg immunoreactivity in the livers of a 10-month-old HBsAg male (B) and a 7-month-old TGF-aIHBsAg male (C), X 100. Note
the focal loss of immunoreactivity in the liver in B and in the hepatocellular Ad in C. D, anticytokeratins immunoreactivity in the ectatic biliary structures in the liver of a 9-month-old
TGF-a/HBsAg male. indicating that these structures are of biliary origin, X630. Arrow, example of a positive cell. inset, anticytokeratins immunoreactivity in a normal bile duct in
the same liver, x630.

sistent with that reported previously for these transgenic strains at
similar ages (22, 24, 26, 27). In striking contrast, the number of
bitransgenic females with liver tumors was relatively low and was not

a Tumors were identified at necropsy and classified histologically as either hepatocellular Ad or HCC. Some mice with HCC also had Ad.

b ,@ < 0.0001 versus TGF-a males or HBsAg males by Fisher exact test.
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TGFa AND HBsAg IN LIVER CANCER

significantly different from the incidence in the single transgenic
groups (Table 1). None of the female mice developed HCCs.

The acceleration of HCC development in TGF-afHBsAg males was
apparently not due to changes in the expression of one or both

transgene products. HBsAg immunohistochemical staining was not
significantly different between bitransgenic livers and HBsAg single

transgenic livers (Fig. 2, B and C). HBsAg staining was irregular;
HBsAg-negative hepatocytes in microscopic foci or tumors were
surrounded by HBsAg-positive cells in both the HBsAg (Fig. 2B) and
bitransgenic (Fig. 2C) livers. This staining pattern is characteristic of
the parental HBsAg strain (28). We also analyzed TGF-a protein by
immunohistochemistry and found no difference in the TGF-a staining
pattern between livers in TGF-a mice or bitransgenic mice. Regions
of patchy TGF-a staining were observed in bitransgenic livers and
tumors (Fig. 2@4),as described previously in the TGF-a mice (23, 29).
Levels of transgenic TGF-cxRNA were determined by Northern blot
analysis. We found no evidence for an overall increase in TGF-a
mRNA levels in bitransgenic livers relative to TGF-a livers (Fig. 3).
Consistent with our results from previous studies with TGF-a trans
genic mice (15, 22), the tumors of bitransgenic mice often showed
higher TGF-a mRNA expression relative to adjacent nontumorous
liver (Fig. 3).

HBsAg (24) and TGF-a (30) can both stimulate cellular prolifer
ation, but they do so through different mechanisms. HBsAg-induced
liver injury, much like partial hepatectomy, is thought to induce
quiescent cells in G@to enter the cell cycle at@ (3 1). However,
TGF-a is postulated to promote the cell cycle progression of hepato
cytes that are already in the cell cycle (23, 26). We hypothesized that
the acceleration of hepatocellular carcinogenesis in bitransgenic males
could result from a synergistic effect of TGF-a and HBsAg coexpres
sion on hepatocyte proliferation rates. Therefore, we measured the
proliferation levels of normal hepatocytes in 9â€”10-month-oldsingle
and bitransgenic mice by determining the fraction of cells that stained
with an antibody to PCNA, a marker for dividing cells (32). The
PCNA labeling index in bitransgenic males was 1.9-fold greater than

in HBsAg males, 13-fold higher than in TGF-a mice, and 36-fold
higher than in nontransgenic control mice (Fig. 4A). Interestingly, we
found a higher labeling index in bitransgenic females relative to
HBsAg females as well (Fig. 4B). The PCNA labeling index in the
TGF-afHBsAg females was 3.6-fold greater than the index in HBsAg
females. The elevated PCNA labeling indices in the normal hepato
cytes of TGF-aIHBsAg males and females demonstrated that there
were increased cell proliferation rates in the livers of these mice,
compared with the livers from TGF-a and HBsAg single transgenic
mice.
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Fig. 4. Proliferation levels of hepatocytes in nontumor regions of the livers in single
and bitransgenic mice. The proliferative status of the hepatocytes was measured by
determining the PCNA labeling index in 9â€”10-month-oldnontransgenic, single trans
genie, and bitransgenic males (A) and HBsAg and bitransgenic females (B). Bars, SE. *,
P < 0.0001 versus HBsAg, TGF-a, or nontransgenic mice. NT, nontransgenic.

DISCUSSION

TGF-a and HBsAg have both been implicated in hepatocarcino
genesis, and expression of either in transgenic mouse livers leads to
the development of hepatic tumors (15, 26, 27). We show here that
tumor development was significantly accelerated when the TGF-a
and HBsAg transgenes were coexpressed in the mouse liver. Impor
tantly, prior to tumor formation, bitransgenic livers also demonstrated
a rate of hepatocyte proliferation that was greatly enhanced, relative to
the effects of either TGF-a or HBsAg expression alone.

Both TGF-a and HBsAg transgene expression alone can stimulate
hepatocyte proliferation and subsequent tumor formation (24, 29, 33).
However, these two proliferative agents act through different cellular
and molecular mechanisms. Hepatocarcinogenesis in HBsAg mice
follows a period of prolonged cell injury caused by toxic levels of
HBsAg protein that accumulate in the endoplasmic reticulum (3, 24,
28). The resulting cell death and inflammation induce extensive DNA
damage and compensatory cell proliferation. Chronic cellular injury
and death, much like partial hepatectomy, induce quiescent hepato
cytes in G0 to become competent to enter the cell cycle at G1 (31).
This â€œprimingâ€•step is an early event in regeneration that is associated

TGFa/HBsAg TGFa

305 328 334 354 023

t a t a t a t a t a t a t a NT

@@@ *@

Fig. 3. TGF-cx transgene expression in livers of TGF-a and TGF-aIHBsAg transgenic
mice. Total RNA from liver tumors (Lanes t) and adjacent nontumorous liver (Lanes a)
was prepared from three TGF-aIHBsAg males (mouse nos. 305, 328, and 334), two
TGF-a males (mouse nos. 354 and 023), and one nontransgenic male (Lane NT). Tumor
RNA and the adjacent liver RNA are presented as pairs. For mice nos. 305 and 328, RNA
was isolated from two tumor and adjacent liver pairs from each mouse. Mouse 023 was
from a separate study and is included here as another example of the enhanced transgene
expression pattern in liver tumors. Arrowhead, position of the 1-kb TGF-a transgene
RNA.

3609

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/16/3606/2464749/cr0570163606.pdf by guest on 19 M

ay 2023



lOFts AND HBsAg IN LIVER CANCER

factors that mediate the hyperplastic response to liver injury in HBsAg
transgenic mice (38) and humans infected with HBV (2). In this study,
we have used a bitransgenic model to explore whether TGF-a may be
one of these factors because an increase in TGF-a expression was
seen in a human hepatoblastoma cell line transfected with HBV DNA
(20) and TGF-a and HBsAg proteins have been colocalized in hepa
tocytes of HBV-infected humans (17, 19). Our data demonstrate that,
when TGF-a is overexpressed in TGF-aIHBsAg bitransgenic mouse
livers, cell proliferation increases along with the incidence of hepa
tocellular tumors, strongly suggesting that TGF-ca plays a role in
HBV-induced hepatocarcinogenesis.
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with posttranslational activation of nuclear factor KB, Stat3, and other
transcription factors and subsequent activation of expression of a
battery of immediate-early genes, including jun. fos, LRF-1, and

c-myc (34, 35).
In contrast, TGF-a is thought to function more as a promoter,

stimulating transit of already competent, cycling cells through the cell
cycle in the complete absence of cell injury (23, 26). Because the
hyperplastic response to cell injury in HBsAg mice is likely to be
mediated by growth factors (24) and the response of hepatocytes to
growth factors requires an initial priming stimulus (3 1), coexpression
of HBsAg and TGF-a appears to be an efficacious combination of
agents that are complementary in cell cycle functions. Interestingly,
coexpression in bitransgenic livers of TGF-cs and insulin-like growth

factor II, another factor stimulating transit through G@,did not result
in a significant increase in liver tumor incidence.3

The HBsAg mice experience increased oxygen radical formation
and oxidative DNA damage early in the etiology of the liver disease
(4). We show here that coexpression of TGF-a and HBsAg in the
bitransgenic livers leads to an increase in hepatocyte proliferation.
The result is not only a greater number of hepatocytes at risk for
mutations but also, presumably, an increased risk in the fixation of
DNA adducts generated by the oxygen radicals. The high level of cell

proliferation in the bitransgenics, in the context of oxidative DNA
damage, would be expected to increase the risk of tumor formation
and probably contributes to the dramatic increase in tumor incidence
in male bitransgenics (Table 1).

We saw a potent additive effect of HBsAg and TGF-a coexpression
on hepatocyte proliferation in both male and female bitransgenic
mice. Interestingly, however, the female bitransgenic mice, unlike
their male counterparts, failed to demonstrate a higher liver tumor
incidence. A male predominance in HCC development has been
observed in human populations (36, 37). Men are two to three times
more likely to develop HCC than women, despite similar rates of
HBV infection (36) and little difference in TGF-cs levels in HCCs
(17). This increased risk is associated with the higher serum levels of
testosterone in men (37). The sex dependency of liver tumor suscep
tibility has been noted in both the HBsAg and TGF-a transgenic
models (15, 28). In HBsAg mice, the lower incidence of liver tumors
in females is thought to be due to the lower levels of HBsAg expres
sion and thus less hepatocellular injury in females relative to males
(28). In TGF-a mice, the difference in liver cancer risk is due to
hormonal differences between the sexes; gonadectomy experiments

showed that androgens are predisposing in males and estrogens are
protective in females (22). In the TGF-aIHBsAg mice, a much higher
percentage of males developed HCCs than females, and the tumors
appeared at a much younger age (Table 1). This could not be cx
plained by a difference in the hyperplastic response to liver injury
between males and females because both male and female bitrans
genic mice had elevated proliferative indices relative to their single
transgenic counterparts (Fig. 4). It is likely that mechanisms similar to

those documented in the HBsAg (28) and TGF-a (22) single trans
genic mice are dominant over the effects of the higher proliferation
rates we observed in the bitransgenics and thus account for the
observed sex differences in liver tumor incidence.

The HBsAg transgenic mice serve as a model for the hepatic
hypertrophy, hyperplasia, and malignant transformation that accom

pany chronic HBV infections in humans. The proliferative response to
liver cell injury clearly contributes to the liver tumor susceptibility of
the HBsAg mice (24) and thus may have a role in HBV-induced liver
tumors in humans as well (2). However, little is known about the

3 L. Rogler, G. Merlino, and C. Rogler, unpublished results.
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