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ABSTRACT

Transforming growth factor a (TGF-a) has been shown to induce liver

tumors within 1 year in transgenic male mice in which this potent mitogen
is overexpressed. To determine more precisely how TGF-a participates in
multistep tumorigenesis of the liver, genotoxic (diethylnitrosamine or ili-

methylnitrosamine) and nongenotoxic (phÃ©nobarbital) chemical carcino
gens were administered independently to TGF-a transgenic mice [line
MT42 on a Crl:CD-l(ICR)BR background]. TGF-a overexpression dra
matically accelerated carcinogen-induced hepatocarcinogenesis in M I 42

males but not females. Interestingly, all three chemical agents were found
to enhance strongly both hepatic tumor formation and progression in
TGF-a transgenic male mice. In this study 100%, 90%, and 78% of

transgenic males exposed to diethylnitrosamine, dimethylnitrosamine or
phÃ©nobarbital,respectively, developed tumors between 24 and 32 weeks of
age. Moreover, approximately 70% of tumor-bearing transgenic mice

from each treatment group had hepatocellular carcinomas; no malignant
lesions were found in any carcinogen-treated or untreated nontransgenic

mice or in untreated Ml 42 mice at this age. These results demonstrate
that chemical agents as diverse as nitrosamines and phÃ©nobarbitalact as
cocarcinogens with TGF-a in the livers of these transgenic mice, indicat
ing that TGF-a possesses the unique ability to complement both initiation

and promotion in hepatocarcinogenesis. Furthermore, because carcino
gen-induced malignant conversion was restricted to transgenic mice, con
stitutive TGF-a overexpression may promote liver tumor progression as

well.

INTRODUCTION

Transgenic mouse technology, in which foreign genetic information
is introduced and maintained in the germ line, provides a powerful
tool for investigating the consequences of enhanced or inappropriate
expression of oncogenic genes on pathological processes such as
cancer (1-4). Previously, we reported that transgenic mice harboring
DNA sequences encoding the human peptide growth factor TGF-a4

under the control of the zinc-inducible mouse metallothionein 1 pro

moter developed a number of dramatic abnormal phenotypes in spe
cific tissues overexpressing TGF-a, including HCC (5). TGF-a is

synthesized as a A/r 160,000 cell surface precursor molecule which is
processed into a mature 50-amino acid secreted polypeptide by pro-
teolytic digestion (6-9). TGF-a is structurally and functionally related
to EOF (10-12); both growth factors induce a strong cellular mito-

genie response by binding to the M, 170,000 EOF receptor, which
possesses tyrosine kinase activity and is the cellular homologue of the
v-erbB oncogene (13-16).
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TGF-a has been shown to participate in a wide variety of physi
ological and pathological processes and has been implicated in nco-
plastic transformation (17, 18). TGF-a is frequently overexpressed in

human tumors and tumor cell lines and is detectable in the urine of
some cancer patients (17-20). Moreover, DNA vectors capable of
overexpressing TGF-a can transform cells in culture (21-23). TGF-a

can affect the liver by acting as an autocrine regulator of hepatocyte
growth, both in vitro and in vivo (24, 25). In cultured rat liver epi
thelial cells, elevated levels of TGF-a are associated with malignant
transformation (26-30). More recently, elevated TGF-a was detected

in HCC from 82% of patients from the United States and China (31).
Hepatomas are one of the leading causes of cancer-related death in

the world (32). A role for TGF-a in hepatocarcinogenesis was con
firmed in transgenic mice (line MT42) derived from the CD-I stock;
TGF-a was shown to induce juvenile hepatocyte proliferation and

adult hepatic neoplasia when overexpressed in the livers of transgenic
mice (5). The latency of liver tumor formation (approximately 1 year)
in TGF-a transgenic mice indicated that other factors must collaborate
with TGF-a in a multistep oncogenic process. We have demonstrated
that these events often include stimulation of c-myc and/or insulin-like
growth factor II gene activity, further enhancement or "superexpres
sion" of the TGF-a transgene, the presence of androgens, the absence

of estrogens, and the genetic background upon which the transgenc
operates, but not mutational activation of the cellular ras genes (33,
34). We hypothesized that TGF-a could act as a promotor of sponta

neous hepatocarcinogenesis in transgenic mice by collaborating with
these and other heretofore unidentified factors, whose altered expres
sion would result from initiation events. This hypothesis is supported
by the fact that TGF-a is nongenotoxic, elicits reversible effects, and

functions as a potent cellular proliferator (18). Further analysis of
spontaneous liver tumors in these transgenic mice suggested that
TGF-a may play a role in tumor progression as well; the majority of
liver tumors exhibited elevated transgenic TGF-a expression relative
to adjacent nontumorous liver tissue, and superexpression of TGF-a

in tumors was associated with production of AFP (33, 34). These
findings have been confirmed by Sandgren et al. (35, 36).

Chemical carcinogens have been widely used to analyze multistep
carcinogenesis, including hepatocarcinogenesis, and to generate use
ful animal models (37, 38). In general, chemical carcinogens may fall
into two broad classes. Genotoxic chemicals, such as DEN and DMN,
may act as tumor initiators by directly activating oncogenes through
mutagenesis. Nongenotoxic agents such as PB can act as tumor pro-

motors by inducing proliferation or preventing death (apoptosis) of
initiated cells (39). In the present study, we used chemical carcinogens
to define further the role of TGF-a in liver tumorigenesis by attempt
ing to complement its oncogenic activity in TGF-a transgenic mice

through exposure to well characterized genotoxic tumor initiators
(DEN and DMN) or nongenotoxic promoters (PB).

MATERIALS AND METHODS

Animals. Animals used in this study were redcrived and are free of adven
titious agents. Line MT42, harboring a mouse metallothionein I promoter/
human TGF-Â« cDNA transgene, was generated as described previously (5).
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Seventy homozygous TGF-a Iransgenic male mice from the MT42 line and 85
nnnlransgenic CD-I outhred mice either were not treated or were exposed to

one of the following chemicals: DMN, DEN, or PB. The animals were divided
into the following eight treatment groups of 15 animals/group: CD-I control;
MT42 control; CD-I plus DEN; MT42 plus DEN; CD-I plus DMN; MT42
plus DMN; CD-I plus PB; MT42 plus PB; and CD-I plus DMN plus PB. Both

the breeding and treatment of mice were within the same central animal
facility. The same protocol was used for the chemical treatment of a compa

rable number of female mice.
DEN (Sigma Chemical Co., St. Louis, MO) was diluted to 0.75 mg/ml with

sterile saline solution and administered to mice at 15 days of age by a single
i.p. injection at 5 /J.g/g body weight (40). DMN (Sigma) was diluted to 0.6
mg/ml with sterile saline solution and administered to mice at 10 days of age
by a single s.c. injection of 30 ^.g/animal (41). In control mice used for the 12-
and 24-week sacrifices, saline solution of equal volume was administered

through an equivalent route; the remaining control mice (sacrificed at 32 weeks
of age) were untreated. Sodium PB (Sigma Chemical Company) was provided
continuously at a concentration of 500 ppm in drinking water until the end of
the experiment, starting at 6 weeks of age. Mice were housed five/cage in
polycarbonate cages with hardwood chip bedding. Mice were given N1H31
rodent chow (Zicgler Brothers) and water ad lihinim. Animal care was pro
vided in accordance with the procedures in the "Guide for the Care and Use of
Laboratory Animals" (NIH publication 86-23, 198-5).

Study duration was 32 weeks, with interim sacrifices of five mice/group at
12 and 24 weeks. During the study, mice that became moribund or developed
tumors of >2 cm were sacrificed. For technical reasons, in some groups five

mice were not available at the final sacrifice.

Tissue Preparation and Analysis. Complete gross necropsy examinations
were performed on all study mice. Body and liver weights were recorded.
Tissues were fixed in either 10% buffered formalin or Bouin's solution, em

bedded in paraffin, sectioned at 5 urn. and stained with hcmatoxylin and eosin
for histological analysis. All liver tumors were documented, with detail as to
location, size, appearance, and number. Hepatocellular tumors and other pro-

liferative liver lesions were classified according to the criteria of Ward (42).
Tumors of al cm were divided into portions for RNA and DNA analysis
(tissue was quick-frozen in dry ice and stored at -80Â°C). and portions were

fixed for histopathological evaluation. In livers where tumors were found,
adjacent pieces of grossly normal liver tissue also were frozen in dry ice and
stored at -80Â°C (i.e., in a liver containing a large tumor on one lobe, a piece

of a different lobe was saved). For image analysis of hepatocellular foci,
representative sections were obtained from all liver lobes and the number and
area-perimeter of each lesion were determined using a computerized, auto
mated, image-analysis system (43). The volume percentages of these lesions

were determined as described elsewhere (43, 44).
RNA Isolation and Analysis. Total tissue RNA was isolated and analyzed

as described previously (5, 45). Both Northern blot hybridization and RNase
protection assays were used to study liver RNA samples. Routinely, 15 jig of
total tissue RNA were used from each tissue type. For Northern blots, hybrid
ization was with a 12P-radiolabcled 925-base pair human TGF-a cDNA probe

(5, 46). For RNase protection analysis of human TGF-a RNA, a 385-base
12P-labeled riboprobe was synthesized using SP6 polymerase and the plasmid

pTGF-a-RP linearized by digestion with Pu/Il (5). The RNase-resistant 310-

base TGF-a transgene-specific RNA product was visualized by urea-polyacryl-

amide gel electrophoresis and standard autoradiography. For RNase protection
analysis of endogenous mouse EGF receptor RNA, a 2-kilobase 32P-labeled

riboprobe was generated using SP6 polymerase and the plasmid pME2.0
linearized by digestion with Hindltt (33, 47). Radiolabeled mouse EGF recep
tor RNA fragments of 170 and 105 bases were visualized as described above.

Immunohistochemistry. Mouse liver tissue was fixed in Bouin's solution,

embedded in paraffin, and sectioned. Immunohistochemistry was performed
using a rabbit polyclonal antiserum against a rat pro-TGF-a intracellular pep-
tide (residues 137-159). generously provided by Dr. L. Gentry, Medical Col

lege of Ohio, (48). Antibody was diluted up to 1:20,000 and incubated with the
tissue sections for 24 h at room temperature. TGF-a was localized using the

Vectastain Rabbit Elite kit (Vector Laboratories, Burlingame, CA), as de
scribed previously (46). Representative livers and liver tumors were used for
PCNA immunohistochemistry using the Vectastain Mouse Elite kit. A mouse
monoclonal antibody to PCNA (DAKO Corporation, CarpinterÃa, CA) was

used at a 1:100 dilution with microwave pretreatment (49). 3,3'-Diaminoben-

zidine was the chromagen.

RESULTS

Chemical Induction of Liver Tumors in TGF-a Transgenic
Mice. A clear difference in the development of liver tumors was
observed between TGF-a transgenic MT42 and nontransgenic CD-I

male mice exposed to chemical carcinogens (Table 1). Although only
one hepatic tumor was observed at 12 weeks (in a DMN-treated MT42

animal), by 24 weeks tumors occurred in the majority of chemically
treated MT42 mice. In contrast, only one DEN-treated CD-I mouse

had a tumor at 24 weeks. By 32 weeks, the incidence of tumor
formation was high in both MT42 and CD-I males exposed to either

initiator, DEN or DMN (Table 1). These liver tumors were widely
distributed and often multifocal. The PB-treated MT42 mice at 32
weeks exhibited a high tumor burden as well, while PB-treated CD-I

mice of the same age had no liver tumors (Table 1). The liver tumor
incidence in unexposed MT42 male mice of s32 weeks was low, as
expected; unexposed CD-I males had no liver tumors at 32 weeks

(Table 1). Significantly, female MT42 mice showed no enhanced liver
tumor production when exposed to chemical carcinogens, compared
with female CD-I mice over this same time period (Table 2).

The growth of the livers over the course of the experiment was
determined by measuring liver weights relative to total body weight.
Table 3 shows that at every time point the MT42 liver weight was
greater than the CD-I liver weight. Furthermore, the weight of the

liver increased dramatically in MT42 mice exposed to either DEN,
DMN, or PB, in a time-dependent fashion. In contrast, the livers of
treated CD-I mice had no obvious pattern of increased growth (Table

3). In general, the enlargement of the liver was representative of the
number and size of lesions observed in each group of animals. The
volume calculated for all lesions (foci, adenomas, and carcinomas)
was much larger in the livers of MT42 male mice exposed to carcino
gens, compared to their CD-I counterparts (Table 4).

The presence of the active TGF-a transgene appeared to favor
strongly tumor progression to HCC. Between 50 and 60% of 24-week-

old MT42 male mice exposed to carcinogens had liver tumors clas
sified as HCCs. Carcinomas occurred in MT42 mice exposed to either
initiator, as well as to PB (Table 1). With the 32-week-old MT42

males between 80 and 100% of exposed animals possessed HCCs,

Table 1 Incidence of liver tumors in TGF-a transgenic male mice exposed to chemical

carcinogens

Shown arc the numbers of mice in each male group possessing at least one adenoma
or HCC. relative lo the total number of mice in that group. In parentheses is shown the
number of mice in each group with at least one HCC: the other mice had hepatocellular
adenomas only.

Tumor incidence
TC.F-â„¢Chemical"NoneDENDMNPBDMN

+ PBtransgeneh

12weeks''0/5

(0)
+ 0/5(0)0/5

(0)
+ 0/5(0)0/5

(0)
+ 1/5(0)0/5

(0)
+ 0/5(0)0/5

(0)24

weeks0/5

(0)
1/5(0)1/5

(0)
5/5(3)0/5

(0)
4/5(2)0/5

(0)
4/5(2)4/5

(0)32

weeks0/13

(0)
1/10(0)3/4

(0)
3/3(3)3/5

(0)
5/5(4)0/4

(0)
3/4(3)5/5

(1)
" DEN was administered as a single i.p. injection of 5 ng/g body weight at 15 days of

age; DMN was administered as a single s.c. injection of 30 /ng/animal at 10 days of age;
PB was administered continuously in drinking water at 500 ppm. starting at 6 weeks of
age.

*-, CD-I male mice; +. MT42 transgenic male mice.
' Sacrifice interval.
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Table 2 Incidence of liver tumor in TCF-a transgenic female mice exposed to chemical

carcinogens
Shown are the numbers of mice in all female groups combined (12-32 weeks of age)

possessing at least one adenoma or carcinoma relative to the total number of mice in that
group. In parentheses is shown the percentage of mice in each group with at least one
tumor. All tumors were determined to he adenomas, except the single tumor in the
DEN-treated group of CD-I mice.

TGF-aChemical

transgeneNoneDENDMNPBDMN

+ PBFraction

of mice
withtumors0/15

(0%)
0/15(0%)1/14(7%)

1/13(8%)3/15

(20%)
1/15(7%)0/15

(0%)
0/15(0%)1/13(8%)

Table 3 Liver weights in TGF-a transgenic male mice exposed to chemical carcinogens

Numbers represent liver weight/body weight (mean Â±SE). See legend to Table I for
details.

ChemicalNoneDENDMNPBTfiF-ntransgene"12weeks'"6.11

Â±0.27+
6.84 Â±0.325.57

Â±0.56+
7.4 1Â±0.535.

19Â±0.18+
7.37 Â±0.406.72

Â±0.23+
9.70 Â±0.40Liver

weight
{% of bodyweight)24

weeks5.76

Â±0.876.05
Â±0.324.59

Â±0.218.18
Â±1.004.80

Â±0.336.26
Â±0.185.89

Â±0.2911.
09 Â±0.4032

weeks4.37

Â±0.145.28
Â±0.265.73

Â±0.8212.41
Â±2.534.40

Â±0.1312.36
Â±2.605.40

Â±0.1610.10
Â±0.98

0 -, CD-I male mice; +, MT42 transgenic male mice.
h Sacrifice interval.

Table 4 (Ã¬rowthof induced proliferativi' liver lesions in TGF-a transgenic male mice

exposed to chemical carcinogens

Shown are numbers representing the volume percentage of ull hepatocellular foci,
adenomas, and carcinomas. See legend to Table 1 for details.

ChemicalNoneDENDMNTGF-n.transgene"12 weeks''0

+ NDC0

+ NDND

+ 0.4 Â±0.1Growth

(volume%)24

weeks0

NDND

16.8 Â±3.7ND

2.4 Â±0.932

weeks0

ND5.4

Â±3.9
50.2 Â±26.8ND

70.7 Â±36.7
"-, CD-I male mice; + , MT42 transgenic male mice.
'' Sacrifice interval.
1 ND. not determinable; too few lesions to determine volume percentage using ste-

reological programs (44).

including the PB-treated mice. In contrast to tumorigenesis in MT42
mice, none of the CD-I male mice exposed to a single initiator or

promoter developed HCCs (Table 1).
Interestingly, the incidence of malignant liver lesions was greatly

enhanced in TGF-a transgenic mice exposed to any one carcinogen,
compared to CD-I control mice exposed to both a tumor initiator and

promoter. Table 1 shows that between 24 and 32 weeks only 10% (one
of 10) of CD-I male mice exposed to both DMN and PB had a HCC.

In contrast, over the same period of time between 56 and 75% of
MT42 male mice exposed to either DEN, DMN, or PB had HCCs
(Table 1).

Development of Novel Hepatic Lesions in TGF-a Transgenic

Mice Exposed to Chemical Carcinogens. To elucidate mechanisms
of tumor development, nonneoplastic proliferative lesions in livers of
animals from different treatment groups and time points were evalu
ated. MT42 mouse livers developed cytomegaly and karyomegaly,
frequently with a centrilobular and/or midzonal distribution. Hyper-

trophic lesions were present in MT42 mice of all ages and in untreated
as well as treated transgenic animals (5, 33). Table 5 shows that livers
from 12-week-old MT42 mice contained more foci of cellular alter
ations per unit area than their CD-I counterparts, regardless of chemi

cal treatment; foci could not be evaluated at later time points because
of coalescing tumors.

Hepatocellular foci and adenomas in CD-I mice treated with DEN

or DMN were of the usual type found in other strains of mice exposed
to carcinogens (42). Phenotypically, these lesions were composed of a
uniform population of basophilic, vacuolated, and clear hepatocytes
similar in size to normal adjacent hepatocytes (Fig. 1). Often, the edge
of the growing lesion was composed of basophilic hepatocytes while
the center of the lesion contained vacuolated or clear cells.

In contrast, hepatocellular foci and adenomas found in treated
(DMN or DEN) or untreated MT42 mice often had unique morphol
ogy. Two types of eosinophilic foci were identified. One type was
composed of large and small hepatocytes which had pleomorphic
nuclei and cytoplasm, with intensely eosinophilic cytoplasm (Fig. 2).
The second type was the more typical eosinophilic focus with mod
erately enlarged hepatocytes of uniform size, with pale, fibrillar, eo
sinophilic cytoplasm (Fig. 3). Basophilic foci in the livers of MT42
mice exposed to carcinogens also had two different morphologies.
One type was composed of hepatocytes that were smaller than adja
cent normal liver cells, with slightly to intensely basophilic cytoplasm.
The second type was composed of large hepatocytes that were slightly
to moderately basophilic. Both types of foci also contained vacuolated
cells and some partially compressed adjacent parenchyma. An addi
tional unique type of focus was composed of small hepatocytes that
had large to normal-sized hyperchromatic nuclei and a small amount

of pale eosinophilic cytoplasm. Hepatocellular adenomas in MT42
mice exposed to DEN or DMN had many of the atypical character
istics of the foci, often being composed of pleomorphic populations of
hepatocytes (Fig. 4) or more uniform populations of large eosinophilic
cells (Fig. 5). PCNA immunohistochemistry of selected pleomorphic
foci and adenomas revealed that these lesions usually had a high
labeling idex (Fig. 6).

An unusual vascular lesion was found in veins of MT42 mice
treated with PB. It was characterized by the presence of normal-

appearing hepatocytes beneath the endothelium but protruding into the
vessel wall (Fig. 7). No foci or adenomas were associated with this
lesion.

Typically, HCCs developed within adenomas in MT42 mice ex
posed to carcinogens. HCCs were composed of solid (Fig. 8), pleo
morphic (Fig. 9), and/or trabecular (Fig. 10) patterns. The trabecular
carcinomas were generally similar to those that occur spontaneously
and in carcinogen-exposed nontransgenic mice (42); however, tra
becular carcinomas also had multiple areas of pleomorphic hepato-

Table 5 Incidence of preneoplastic focal lesions in TGF-ct transgenic male mice
Shown are the numbers of preneoplastic foci/cm2 (mean Â±SE) found in 12-week-old

male TGF-a transgenic MT42 and control CD-I mouse livers. Information on adminis

tration is given in the footnotes to Table 1.

Foci/cm2

ChemicalNoneDENDMNPBMT42( +TGF-a)0.27

Â±0.080.12
Â±0.081.91
Â±0.260.35
Â±0.14CD-I

(-TGF-a)000.20

Â±0.120
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Fig. 1. Basophilic-clear hepatocellular focus induced by DMN in a CD-I male mouse. X 100.
Fig. 2. Pleomorphic hepatocellular focus in an untreated MT42 transgenic male mouse. X 250.
Fig. 3. Eosinophilic hepatocellular focus induced by DEN in a MT42 male mouse. X 100.
Fig. 4. Portion of a hepatocellular adenoma induced by DEN in a MT42 male mouse, showing pleomorphic hepatocytes. X 100.
Fig. 5. Portion of an eosinophilic hepatocellular adenoma induced by DEN in a MT42 male mouse. X 100.
Fig. 6. PCNA immunoreactivity of pleomorphic hepatocytes in a hepatocellular focus induced by DEN in a MT42 male mouse. X 250.

cytes, as described above. Other HCCs from exposed MT42 mice had
minimal trabecular formation but had marked cellular atypia, numer
ous mitoses, and occasional prominent vascular spaces and were
very large. Only one HCC that metastasized to the lungs was found
(Fig. 10).

Analysis of Expression of TGF-a and Its Receptor in Livers of
Carcinogen-treated Transgenic Mice. Immunohistochemistry was
performed to localize TGF-a protein in hepatic tissue from mice

exposed to DEN, DMN, or PB. Frequently, liver tumors from car
cinogen-treated MT42 transgenic mice had multifocal areas of strong
TGF-a staining, as was demonstrated for spontaneous liver tumors in

MT42 mice (34). Some hepatocytes in centrilobular locations and
immediately adjacent to tumorous liver tissue from 24- and 32-week-
old carcinogen-exposed MT42 mice also exhibited TGF-a staining

that was equivalent to staining associated with hepatic tumors (Fig.

11). Altered focal premalignant lesions in livers of MT42 mice ex
posed to carcinogens occasionally demonstrated strong TGF-a-spe-
cific staining as well (Fig. 12). TGF-a staining was weak or unde-
tectable in nontransgenic CD-I livers (data not shown).

Spontaneous hepatic tumors from untreated MT42 transgenic mice
characteristically expressed human TGF-a RNA at levels 3-20-fold

greater than adjacent, grossly normal liver tissue (Fig. 13) (5, 33). In
contrast, adjacent nontumorous liver tissue from 24- and 32-week-old
carcinogen-exposed MT42 transgenic mice expressed amounts of
TGF-a RNA that were elevated and equivalent to those found in

hepatic tumors (Fig. 13).
Endogenous EOF receptor RNA levels were also determined in

tumor and adjacent liver tissue. As in spontaneous TGF-a-induced
liver tumors (33), tumors from carcinogen-treated MT42 mice pos-
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Fig. 7. Subendolhelial hepatocytes in the liver of a MT42 male mouse given PB. X 100.
Fig. 8. Solid hepatocellular carcinoma induced by DEN in a MT42 male mouse. X 100.
Fig. 9. Hepatocellular carcinoma with pleomorphic hepatocytes induced by DEN in a MT42 male mouse. X 100.
Fig. 10. Trabecular hepatocellular carcinoma induced by DMN in a MT42 male mouse. This tumor metastasized to the lungs. X 100.
Fig. 11. TGF-a immunoreactivity of hepatocellular adenoma and centrilobular hepatocytes in adjacent liver from a DMN-treated MT42 male mouse. The TGF-a-specific antiserum

was produced and described by Gentry et al. (48). ABC immunohistochemistry, X 100.
Fig. 12. TGF-a immunoreactivity of hepatocyte focus cells from a DEN-treated MT42 male mouse. Note the immunoreactivity of some nonfocus cells. Rabbit polyclonal antiserum

was raised against the rat pro-TGF-a intracellular peptide (48). ABC immunohistochemistry, X 200.

sessed levels of endogenous EOF receptor RNA that were unchanged
or reduced, relative to adjacent grossly normal tissue (Fig. 14).

DISCUSSION

The extensive use of chemical carcinogens in rodents has provided
an important and useful framework for studying the multistep process
by which malignant tumors develop. In this report, we have used a
variety of well characterized carcinogens to further elucidate the role
of TGF-a in multistep hepatocarcinogenesis in MT42 transgenic
mice; the ability of TGF-a to augment the effects of a number of

known tumor initiators and promoters was ascertained. One finding
from this study was that genotoxic carcinogens (both DEN and DMN)
acted in a collaborative fashion with TGF-a to induce liver tumor

formation in transgenic male mice. The appearance of liver tumors in
MT42 male mice exposed to DEN or DMN was highly accelerated,
relative to treated nontransgenic CD-I controls, suggesting that
TGF-a could act as a promoter of initiated hepatocytes. Interestingly,
we found that the tumor burden in both 24- and 32-week-old MT42

mice exposed to the tumor promoter PB rivaled that seen with the
genotoxic chemicals DEN and DMN, supporting the notion that PB
and TGF-a can interact as cocarcinogens.

In striking contrast to results obtained with male transgenic mice,
TGF-a did not appear to accelerate chemically induced hepatocar

cinogenesis in female MT42 mice. Tumors were still induced by
exposure to DMN or DEN, although the incidence was greatly re
duced, compared to male mice. Remarkably, the presence of the
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Fig. 13. Analysis of expression of the TGF-a transgene in liver tumors derived from
untreated and chemically treated MT42 male mice. Human TGF-a-specific RNAs were
quantified by annealing of total liver RNA isolated from tumor (t) or adjacent nontumor-
ous (a) tissue to a 32P-labelcd 385-base human TGF-a riboprobe (P) and digestion with
RNases A and Tl (5). The resulting 310-basc labeled digestion products were visualized
by autoradiography following clectrophoretic fractionation on a denaturing polyacryl-

amidc gel. Tissues from six different mice, treated as indicated (top), were analyzed. All
RNA samples were 15 u.g, except where marked (*), where 7.5 u.g of RNA were used.

Adjacent and tumor tissues from the same MT42 mouse liver are presented as pairs.

Treatment: None DEN DMN PB

Mouse #: 133 135 291 326 319 380i ii n Â» u nâ€”i
Tissue: atatatatatt

170b -â€¢-â€¢Â«â€¢ â€¢¿�â€¢.

105 b - *

Fig. 14. Analysis of expression of the endogenous mouse EOF receptor gene in liver
tumors derived from untreated and chemically treated MT42 male mice. EGF receptor
RNAs were quantified by annealing of the same liver tumor (t) and adjacent nontumorous
(a) RNAs described in the legend to Fig. 13 to a 32P-labeled 2-kilobase mouse EGF

receptor riboprobe, digestion with RNases, and fractionation of the resulting digestion
products by denaturing polvacrylamide gel electrophoresis. This autoradiogram shows the
expected single band at 170 bases and the doublet at 105 bases (33, 47). All RNA samples
were 15 u.g. Chemical treatments are indicated (top}. Adjacent and tumor tissues from the
same MT42 liver are presented as pairs, except for PB-treated mouse 380. for which only

tumor RNA was available.

TGF-a transgene, which is very active in the livers of female MT42

mice (5), failed to enhance liver tumor development. This finding
strongly supports our conclusions based on an earlier study (33)
demonstrating the importance of androgens and estrogens as
stimulatory and inhibitory factors, respectively, in TGF-a-induced

liver oncogenesis.
Histological analysis of chemically induced liver tumors suggested

that tumor progression to HCC was also highly accelerated, not only
in DEN- and DMN-treated MT42 mice but also in transgenic mice
treated with the tumor promoter PB. In fact, TGF-a proved to be a

more potent oncogenic agent than even the nitrosamines; the combi
nation of TGF-a overexpression and any other chemical agent yielded

a significantly higher incidence of HCCs than did the classical com
bination of initiator (DMN) plus promoter (PB) in nontransgenic
CD-I males. TGF-a could stimulate tumor progression by providing

a mechanism for autonomous cellular proliferation through autocrine
signal transduction. The acquisition of the property of autonomous
growth is essential for the evolution of persistent liver nodules to
HCCs, as proposed by Farber and Sarma (37).

One mechanism by which chronically overexpressed TGF-a may

collaborate with genotoxic agents in hepatocarcinogenesis is through
stimulation of cellular proliferation during the initiation process. It has
been shown that chemically induced initiation occurs more readily
during rapid DNA synthesis: DNA damaged by adduci formation
cannot be repaired prior to DNA synthesis, resulting in "fixation" of

genetic mutations (50-52). Previously, we demonstrated that DNA
synthesis is enhanced approximately 3-5-fold in the growing livers of
juvenile TGF-a transgenic mice (5, 34). Therefore, TGF-a may fa

cilitate the fixation of promutagenic lesions caused by exposure to
genotoxic carcinogens such as DMN and DEN in juvenile MT42
transgenic mice. Focal premalignant lesions in the livers of MT42
males exposed to either DMN or DEN were quite unusual, relative to
treated nontransgenic controls, suggesting that TGF-a exerted an in

fluence early in the oncogenic process.
Alternatively, TGF-a could also serve as a classical tumor promoter

by encouraging selective expansion of chemically initiated hepato-

cytes. DNA synthesis in adult transgenic hepatocytes was not found to
be significantly different from nontransgenic controls (5); in general,
both MT42 and CD-I mice exhibited a dramatic decline in liver

growth after puberty. However, chemically initiated transgenic hepa
tocytes that express particularly high levels of TGF-a, or that have

acquired an enhanced ability to respond to already elevated levels of
TGF-a, could experience clonal expansion. Molecular analysis of

total RNA from the livers of transgenic mice exposed to initiating
carcinogens revealed that levels of human TGF-a RNA were greatly

enhanced not only in frank tumors but also in adjacent liver tissue with
foci but without tumors. This result differed from previous data on
liver tumors arising in MT42 males spontaneously, which showed that
the highest levels of TGF-a RNA were usually restricted to tumors (5,
33). Strong TGF-a transgene expression in adjacent focus-containing

hepatic tissue exposed to carcinogens supports the notion that there is
an early selection of initiated hepatocytes expressing the greatest
amount of TGF-a.

There was no selection for increased levels of endogenous EGF
receptor RNA in tumors from untreated or carcinogen-treated MT42

mice; in fact, levels of EGF receptor RNA were frequently reduced in
tumors, relative to nontumorous adjacent liver tissue. Increased EGF
receptor expression may be deleterious to cells overexpressing
TGF-a. The growth of cultured human A431 epidermoid carcinoma
cells, which contain 3 X IO6 EGF receptors/cell, is inhibited by EGF

(53, 54). Alternatively, chronic autocrine stimulation by excess TGF-a
may lead to EGF receptor down-regulation. EGF receptor RNA levels

have been shown to decrease in chemically induced rat hepatomas and
in virally transformed cultured liver epithelial cells (55-58). The
TGF-a transgenic mouse establishes a model to directly examine the

dynamics of signal transduction regulation in vivo.
The finding that the tumor promoter PB can act synergistically with

TGF-a in the development of benign and malignant liver tumors in
MT42 mice was most intriguing. Whereas 80% of PB-treated MT42

males contained liver tumors by 24 weeks of age (and half of the
animals had HCCs), liver neoplasms rarely appeared in older PB-
treated CD-I mice. No liver tumors were observed in PB-treated

nontransgenic mice at 32 (Table 1) or 39 (data not shown) weeks of
age. PB acts as an effective promoter of liver nodule and tumor
formation in rodents only after administration of an initiating carcino
gen or in aging mice (43, 59-61). However, it is likely that TGF-a/PB

cocarcinogenesis occurs through a mechanism other than classical
initiation-promotion. The effects of PB on hepatocytes are pleiotro-

phic. Short term exposure in rats causes hepatocellular hypertrophy
and transient EGF-inducible hyperplasia (despite a decrease in EGF

receptor numbers) lasting about 2 weeks (60, 62, 63). It is possible
that during this early phase TGF-a may act in concert with PB to fix
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spontaneous DNA damage more efficiently, through enhanced DNA
synthesis. However, this mechanism would be short-lived; after 2
months of PB exposure, EGF-inducihle hepatocyte growth is signifi

cantly reduced (63, 64). From the large body of data currently avail
able, it is clear only that both TGF-a and PB are capable of effects that

are diverse and potent. The nature of the interesting collaboration
between TGF-a and PB awaits further investigation.

Chemical carcinogenesis has been studied in other types of trans-

genie mice which serve as useful cancer models. Transgenic mice that
express an HBV surface antigen have been shown to develop liver
tumors; when such mice are exposed to chemical initiators such as
p-dimethylaminoazobenzene, DEN, or aflatoxin, hepatocarcinogen-

esis is stimulated (65, 66). Interestingly, exposure of mice from one of
these HBV transgenic lines (line 50-4) to PB caused an increase in

gross nodularity of the liver after 1 year but did not induce develop
ment of either hepatocellular adenomas or carcinomas (66). Therefore,
the response of livers from HBV transgenic mice to this tumor pro
moter was qualitatively different from that observed in our TGF-a

transgenic mice, in which PB clearly accelerated the development of
benign and malignant hepatic tumors. Vassar et al. (67) reported that
transgenic mice overexpressing rat TGF-a in the epidermis by virtue
of transcriptional regulatory elements of the keratin-14 gene devel
oped papillomas after promotion by either 12-O-tetradecanoylphor-
bol-13-acetate or mechanical wounding, without chemical initiation.

In a more recent development, we have discovered that, in the absence
of chemical promotion, exposure to 7,12-dimethylbenz[a]anthracene

induces the development of adenomas, papillomas, and carcinomas in
the epidermis of MT42 female transgenic mice, but not in control
animals.5

Results presented in this report strongly support the notion that
TGF-a is uniquely suited to complement the process of tumor pro

motion but can function as a tumor promoter itself following chemical
initiation. Moreover, our findings emphasize the value and importance
of transgenic animals in the study of chemical carcinogenesis, with
respect to understanding the actions of both environmental carcino
gens and oncogenic gene products.
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