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ABSTRACT

The oncogene c-myc and transforming growth factor (TGF) a are
frequently coexpressed in human cancers, suggesting that their interaction
may be a cntical step in malignant growth. Consistent with this idea, we
recenfly demonstrated in a transgenic mouse model that TGF-a dramat
ically enhances c-myc-induced hepatocarcinogenesis. To elucidate this
synergistic effect, we have now investigated regulation of cell cycle and
apoptosis during neoplastic development in the liver of c-myc and c-myc/
TGFa transgenlc mice. Both lines displayed dramatic increases of mitotic
and apoptotic rates before the onset of hepatocellular carcinoma (HCC),
but only c-mycITGF-a livers showed significant levels of net proliferation
(mitosis minus apoptosis). Subsequently, mitosis declined in peritumorous
tissues, concomitant with the previously reported induction of TGF-fil,
whereas c-myc and c-myc/TGFa HCCS maintaIned mitotic hyperactivity.
The c-mycITGF-a HCCs were also characterized by a particularly strong
expressionof TGF.a and very low apoptoticindex In contrastto high
levels of apoptosis In peritumorous tissues and c-myc HCCs. The differ
ential levels of cell proliferation In noncancerous and cancerous tissues
correlated with a stronger Induction of cydlin Dl mRNA and protein In
c-mycfl@GF-aand c.mycHCCs associatedwith IntensepRb hyperphos
phorylation. Severe deregulation of G,-S transition was also indicated by
the dramatic up-regulation, particularly In the HCCs, of pRb-free E2F1-
DPi and E2F2-DP1 transcription factor heterodimers, as assessed by
Immunoprecipitatlon and immunohistochemistry. The existence of In
creased E2F activity during hepatocarcinogenesis was further Indicated
by the transcrIptional InductIonof putative E2F target genes InvolvedIn
cellcycleprogressIon,suchas endogenousc-myc,cydlinA, Cdc2,andE2F
Itself.Cdc2 overexpresslonand the elevated mitotic IndicesIn the HCCs
correlated also with Induction of cydlin B steady-state levels. The data
suggest that coexpression of c-myc and TGF-a leads to a selective growth
advantage for hepatic (pre)neoplastlc cells by disrupting the pRbIE2F
pathway and by TGF-a-medlated reduction of apoptosis.

INTRODUCTION

The nuclear oncogene c-myc and TGF3-a, a ligand for the epider
mal growth factor receptor tyrosine kinase, are frequently coexpressed
in human tumors including HCC (reviewed in Ref. 1), indicating that
their interaction may represent a critical step in malignant growth. To
investigate this interaction, we recently generated double-transgenic
mice overexpressing c-myc and TGF-a in the liver and demonstrated
that these two oncogenes synergize to generate a dramatic enhance
ment of neoplastic development in this organ (2, 3). The progression
from early and severe liver cell dysplasia and preneoplastic focal
lesions to HCC occurred in 4 months in the c-myci'fGF-ct double
transgenic mice, resulting in striking liver enlargement, 100% fre
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quency of HCCs before 8 months, and survival reduced to 1 year (3).
In contrast, both of the single-transgenic mouse lines were character
ized by a slower neoplastic development, with HCCs appearing only
after 1 year of age and at much lower incidence (3, 4). Potent
oncogenic cooperation between c-myc and TGF-cs transgenes has
been also demonstrated in pancreas, salivary glands, and breast of
transgenic mice (5, 6) and when these two genes have been overex
pressed in rat liver epithelial cells (7, 8).

Severe liver cell dysplasia, characterized by hypertrophic and poly
morphic hepatocytes, developed rapidly in c-myciTGF-cs mice and
became widespread throughout the liver parenchyma by the second
month of age, accompanying thereafter the development of neoplastic
lesions (3). However, we also showed that many of the large dysplas
tic cells, after an initial period of replication and expansion mostly
driven by overexpression of the transgenes and of the urokinase-type
plasminogen activator, underwent apoptotic cell death closely associ
ated with the autocrine up-regulation and activation of TGF-jll (3), a
potent growth inhibitor and apoptosis inducer for hepatocytes (re
viewed in Ref. 9).

These observations strongly indicated that the mechanisms control
ling cell proliferation and survival, which are considered critical
targets in oncogenesis, were profoundly perturbed by overexpression
of the transgenes in the liver. It has been shown in different cell types
that c-myc is important in cell replication and is able to induce
apoptosis upon growth factor depletion (10, 11). Conversely, the
addition of certain growth factors and cytokines can inhibit c-myc
mediated death of growth-arrested myeloid cells and fibroblasts (12,
13). Although these findings have intriguing implications for models
of oncogene cooperation and carcinogenesis involving c-myc, their
significance remains to be established more clearly in different tissues
in vivo. In this regard, our c-myc and c-myc/TGF-ca transgenic mouse
models offered a good opportunity to address this issue in the liver. In
particular, we reasoned that, to elucidate further the synergistic effects
of c-myc and TGF-a, it was important to assess in vivo the specific
role that cell cycle and apoptosis regulatory pathways play in c-myc
induced hepatocarcinogenesis and in the enhancement of this process
by TGF-a. G, is the only phase of cell cycle strictly dependent on
extra- or intracellular mitogens and is also sensitive to a variety of
inhibitory signals, including antiproliferative cytokines, such as
TGF-31 ( 14â€”16).This convergence of positive and negative signals
renders this period of the cell cycle critical for the final decision of
whether cells should replicate, remain quiescent and differentiate, or
growth arrest and allow repair of their damaged DNA, or instead
undergo apoptosisâ€”overall, a situation referred to as 0, restriction
point (14, 15). Essential players of this phase are the 01 cyclins, the
CDKs, their inhibitors, CDKIs (14, 16), and their potential substrates,
the best characterized of which is pRb, the inactivating phosphoryl
ation of which by 01 cyclin/kinases results in release of the E2F
transcription factor, a fundamental player in cell cycle regulation (14,
17â€”20).Indeed, members of the E2F transcription factor family,
comprising E2F1 through 5 and DPI through 3, are important targets
for the growth suppressor activity mediated by the pocket proteins,
pRb, p107, and p130 (14, 17, 21, 22). In quiescent cells, in which
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E2F1 and E2F2 are virtually absent, E2F4 and E2F5 typically asso
ciate with p130 (22, 23), but as cells enter the cell cycle, these
complexes are disrupted, whereas E2F1 is transcriptionally induced in
mid- to late 0,. E2F1, E2F2, and E2F3 are thought to interact with the

unphosphorylated form of pRb, which inhibits E2F transcriptional
activity (24) and converts E2F into a transrepressor of its target genes
(18). The phosphorylation of pRb that occurs in late G, frees E2F,
allowing it to transactivate genes that regulate DNA replication and
cell cycle progression (17, 25â€”27).Subsequently, as cells progress
through S-phase, E2F activity decreases due to the binding of E2F4 to
p107 (22), the E2F1 phosphorylation by cyclin A/CDK2 (28), and the
proteolytic degradation of free E2F by the ubiquitin-proteasome path
way (29, 30).

A large body of evidence indicates that oncogene overexpression
can lead to malignant transformation by disrupting mechanisms reg

ulating G,-S transition (14, 15, 31). This prompted us to identify
which components of the pathway govern G, progression and entry
into S phase, are targeted by constitutive expression of c-myc and
TGF-a, and may result in neoplastic growth in the liver. Because
inhibition of apoptotic death represents a pivotal mechanism by which
cancer cells are selected during malignant progression, we also inves
ligated whether the acceleration of c-myc-dependent hepatocarcino
genesis conferred by coexpression of TGF-a was due, at least in part,
to inhibition of apoptosis. We report here that coexpression of c-myc
and TGF-a transgenes leads to neoplastic growth in the liver by
targeting distinct members of the pRbIE2F pathway, resulting in
deregulation of cell cycle progression. Furthermore, the reduced ap
optotic rates in c-myc/TGF-a tumors, in which TGF-a is expressed at
higher levels than in noncancerous tissues (2, 3), suggest that this
growth factor may act as a survival factor for hepatic (pre)neoplastic
cells.

MATERIALS AND METHODS

Transgenic Mice and Tissue Preparation. The c-myc and c-mycITGF-a
transgenic mice were generated by using mouse c-myc and human TGF-a

recombinant cDNAs, respectively, driven by the albumin and the metallothio
nein regulatory sequences, as reported (2). Expression patterns of transgenes

and pathological changes in the liver of these mice have been described before
(3). Macroscopic and histopathological diagnoses were performed as reported
(3). Given the higher tumor incidence in males than females (3), only the
former were analyzed in the present study. HCCs appeared with a latency of
4 months in c-mycIFGF-amice and of more than I2 monthsin c-myc mice,
whereas no tumors were observed up to 20 months of age in age-matched
(C57BL/6J X CBA/J) X CD1 wild-type mice used as controls (3). For

molecular analysis, nontumorous liver lobes, individual tumors 5 mm, and
separately microdissected adjacent tissue were snap frozen in liquid nitrogen
and stored at â€”80Â°Cuntil use. For IHC, specimens from liver lobes of two
animals per time point and from 30 c-myc- as well as 30 c-mycfTGF-cxtumors
randomly selected from a series of more than 80 HCCs (collected from c-myc
and c-mycll'GF-ct mice between the 13th and 20th and between the 4th and
10th months of age, respectively) were used. Animal housing and care were in
accordance with NIH guidelines.

Mitotic and Apoptotic Indices. To avoidcircadianvariationsof apoptotic
activity in the liver (9), mice were always sacrificed at the same time of the
day. Mitotic and apoptotic indices were scored on H&E-stained livers from
eight animals per time point, as reported previously (32, 33). Briefly, 5000
hepatocytes/mouse from nontumorous areas were randomly evaluated with a

phase contrast microscope (Nikon Microphot FXA) by two observers blinded
to the experiment. The interobserver concordance was >97%. The indices
were represented as a percentage (mean Â±SE) of the total cells counted. Based
on tumor size, the indices in neoplastic lesions were determined either by
counting all of the cells or as performed in nontumorous areas. The morpho
logical criteria used to recognize apoptotic cells were the following: (a)
shrunken cells, often with an empty space between neighboring cells; (b)
strongly and homogeneously eosinophilic cytoplasm; (c) condensation of

chromatin into dense particles; (d) nuclear fragmentation in apoptotic bodies;

and (e) isolated distribution of the apoptotic bodies. At least four criteria were
required to classify a cell as apoptotic (32). Student's unpaired t test was used
for the comparison between groups, and a two-tailed P < 0.05 was considered
statistically significant.

Northern Blot Analysis. Poly(A)@RNA was obtained from nontumorous
liver lobes and tumors and corresponding peritumorous tissues by oligo(dT)

cellulose chromatography, as described earlier (32). Ten ,.@gof mRNA from
each sample were electrophoresed in a I % agarose/2.2 M formaldehyde gel,
transferred onto nylon membranes, and hybridized to [32P]dCTP-labeled
cDNA probes in QuikHyb Hybridization Solution according to the manufac
turer's instructions (Stratagene, La Jolla, CA). The probes used were: mouse
cyclin Dl (pDl-H123), generously provided by Dr. Y. Xiong (University of
North Carolina at Chapel Hill, NC); mouse E2F1 (34) and a 1.1-kb fragment
of mouse Cdc2 (35), both from American Type Culture Collection (Rockville,
MD);a 0.8-kbfragmentof ratcyclin A anda 0.3-kb fragmentof ratcyclin Bl,
both cloned by reverse transcription-PCR using standard procedures (36); and
a 1.1-kb fragment of mouse @l6INK4A(37) a generous gift of Dr. C. J. Sherr
(St. Jude Children's Research Hospital, Memphis, TN). A 0.35-kb PCR
generated fragment of the mouse ribosomal protein L7 (rpL7) cDNA was used
to normalize the expression levels of the other genes. RNA expression was
visualized and quantified by Phosphorlmager scanning and ImageQuant soft
ware (Molecular Dynamics, Sunnyvale, CA). The differences (mean Â± SE)

were analyzed by unpaired t test and considered significant when two-tailed P
was <0.05.

Ip of Cyclin Dl, E2F1, and E2F2. Three-hundredmg of nonneoplastic,
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neoplastic, or corresponding perineoplastic liver samples were homogenized in

ice-cold lysis buffer containing 30 mt@iTris (pH 7.5), 150 mi@iNaC1,1%NP4O,
0.5% sodium deoxycholate, 0.1% SDS, 10% glycerol, 5 msi EDTA, 1 mM
Na3VO4,20 mMsodium PP1.1 mMphenylmethylsulfonyl fluoride, 10 @.sg/ml
aprotinin, and 10 @g/mlleupeptin. After an incubation of 15 mm on ice,
homogenates were sonicated three times for 10 s and centrifuged to eliminate
insoluble debris. The clarified supernatants were precleared by incubating with
50 @l/mlof Gamma Bind G Sepharose beads (Pharmacia Biotech, Inc.,
Piscataway, NJ) in lysis buffer for 15 mm at 4Â°Con a rotating column,
followed by centrifugation at 14,000 X g for 10 mm at 4Â°C. Protein concen

trations in the precleared supernatants were measured with Bio-Rad Protein
Assay kit (Bio-Rad, Hercules, CA). IPs were carried out overnight at 4Â°Con
a rotating column incubating, in I ml of lysis buffer, 1 mg of precleared tissue
lysate proteins with 4 @.sgof rabbit polyclonal antibodies against the COOH
terminal domain of human and mouse cyclin Dl (Upstate Biotechnology, Inc.,
Lake Placid, NY) or against epitopes mapping at the COOH terminus of E2F1
(C-20) and the NH, terminus of E2F2 (L-20), respectively (Santa Cruz Bio
technology, Santa Cruz, CA). Immune complexes were recovered by adsorp
tion to 50 pi of Gamma Bind G Sepharose beads on a rotating column for 2 h
at 4Â°C.After washing the beads five times with HNTG buffer [20 mMHEPES
(pH 7.5), 150 mM NaCl, 0.1% Triton X-lOO, and 10% glyceroll, the pellets
were resuspended in 50 @.dof sample buffer [100 mMTris-HC1(pH 6.8), 5%
SDS, 5% glycerol, 0.005% bromphenol blue, and 5% 2J3-mercaptoethanol],
boiled for 5 mm, and centrifuged to separate the immunoprecipitated proteins
from the beads. For negative controls, the antibodies to cyclin Dl, E2F1, and
E2F2 were neutralized, prior to IP, by a preincubation of 2 h at room
temperature with the respective immunogen peptide (I :20 w/w), which re

suIted in inhibition of the 12.
Western Blot Analysis. Twenty @lof each sample obtained from the 12

were separated by 10% SDS-PAGE and electrotransferred overnight at 4Â°C
onto nitrocellulose membranes. These were treated for 10 mm with 20% H2O2
in 20% methanot'Tris-buffered saline (TBS) and then preblocked with 5%
nonfat milk in TBS and 0.05% Tween 20 (TBS-T) for 2 h at room temperature.
The immunoprecipitated proteins were detected by a 2-h incubation at room
temperature in TBS-T with a monoclonal antibody against recombinant mouse
cyclin Dl (I @g/ml;72â€”l3G; Santa Cruz) or E2F (2 @g/ml;Upstate Biotech
nology, Inc.). Immunoreactions were visualized using the ECL detection
system (Amersham Corp., Arlington Heights, IL). Co-IP of DP-l with E2F1
and E2F2 was investigated by stripping and reprobing the blots with 1 @.sg/ml
rabbit polyclonal IgG to the NH2 terminus of DP1 (K-20; Santa Cruz). Co-IP
of pRb was analyzed in the same way except for probing with 2 pg/mi of goat
polyclonal anti-mouse-Rb Ab (M-l5; Santa Cruz). Alternatively, the proteins
precipitated with E2F1 or E2F2 antibodies were resolved by 6% SDS-PAGE,
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blotted on new membranes, and then reacted with the anti-pRb antibody. HeLa
nuclear extracts were used as positive controls.

Immunoblot analysis for pRb expression and phosphorylation status in the
transgenic livers was performed by separating, with 6% SDS-PAGE, 100 @g
of total lysate proteins. These were transferred to nitrocellulose membranes
and reacted with 2 @g/mlof anti-pRb Ab, according to the procedure described
above. The specificity of the reactions was tested by preincubating DP-l and
pRb primary antibodies with the corresponding control peptides (1:20 w/w;
Santa Cruz). Equal loading conditions were confirmed in each case by staining
the membranes with Ponceau-S.

mc of Hepatic Tissues. Expressionof E2F1 and E2F2 was localized by
using the antibodies described previously for the 12. Formalin-fixed, paraffin
embedded 5-pm sections were mounted on poly-L-lysine-coatedglass slides,
deparaffinized, and rehydrated. The sections were blocked with 3% H202 in
methanol for 10 mm, nticrowaved in 10 mi@isodium citrate for 20 mm, and
preincubated for 30 mm in blocking buffer (Boehringer Mannheim, Indianap
ohs, IN) containing 1% BSA, 1% mouse serum, and 1.5% normal goat serum.
The primary antibody was added to the slides in the same buffer at a concen
tration of 3 @.d/mland incubated overnight at 4Â°C.Its binding was revealed by
using the Vectastain ABC Elite kit and diaminobenzidine or VIP peroxidase
substrates as chromogens, according to the manufacturer's instructions (Vector
Laboratories, Burlingame, CA). The specificity of the immunostainings was

verified in each run by reacting some sections with the primary antibodies
preadsorbed with the corresponding immunogen peptides (Santa Cruz). On
other sections, primary or secondary antibodies were substituted either by
normal rabbit IgG or by buffer alone. In each case, there was no evidence of
staining.

RESULTS

Proliferation and Apoptosis in c-myc and c-mycITGF-a Trans

genic Livers. We had reported previously that constitutive expression
of c-myc and c-myc/TGF-a transgenes in the mouse liver produces a
striking increase in mitotic and apoptotic figures in this organ (2, 3).
In the present work, we have quantified proliferative and apoptotic
activities in nontumorous as well as tumorous tissues of c-myc and
c-myc/TGF-a transgenic mice. In our hands, the evaluation of these
indices had already proven valuable in shedding light on patterns of
growth and remodeling induced in rodent liver by chemical carcino
gens, oncogenes, and growth factors (32, 33). As expected, transgenic
livers displayed mitotic and apoptotic indices much higher than those
in age-matched wild-type livers (Fig. 1). Consistent with data ob
Wined in a different genetic background for a separate study (33), two
waves of parallel mitotic and apoptotic activities were recorded in
c-myc transgenic mice during the first year of life, peaking at 1 and 8
months of age (Fig. 1A). The first peak was â€”5â€”6-foldabove the
levels in age-matched wild-type mice, suggesting that c-myc amplifies
the process ofjuvenile liver growth physiologically occurring in mice
during the first 6 weeks of life. However, the second increase occurred
between 4 and 10 months, when the normal mouse liver becomes
virtually mitotically silent. a difference in mitotic activity relative to
wild-type liver that reached â€”100-fold (Fig. lA). Nevertheless, the
levels of net cell proliferation (mitosis minus apoptosis) were never
significant (P > 0.05). The dramatic cell turnover present in c-myc
nontumorous tissues until the twelfth month of age declined in older
animals, although the apoptotic index remained significantly higher
than that in age-matched wild-type mice (P < 0.0005).

In nontumorous tissues of c-myc/TGF-a double-transgenic livers,

mitotic and apoptotic rates exhibited a different time course (Fig. 1B).
In 1-month-old livers, the mitotic index reached almost 5%, an in

crease of more than 10-fold over age-matched wild-type livers, mdi
cating that both transgenes can significantly enhance juvenile liver
growth. Subsequently, however, the mitotic index decreased, reaching
at the fifth month and maintaining thereafter, values â€”40-fold lower
than those recorded at 1 month of age. It is important to note, though,
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-Â°-â€¢c-mycapoptosls
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Fig. 1. Mitotic and apoptotic indices in nontumorous tissues of c-myc and c-myc/
TGF-a transgenic mice. Indices were scored on H&E-stained livers from eight animals
per time point as described in â€œMaterialsand Methods.â€•Dramatic cell turnover is present
in both transgenic lines before the appearance of HCCs. During this time in c-mycfl'GF-a
livers, apoptosis does not completely compensate for mitosis (*, 0.007 < P < 0.04). After
4 and 12 months in c-myc!FGF-ca and c-myc mice, respectively, as HCCs develop,
nontumorous dysplastic tissues maintain high apoptotic indices, whereas mitotic rates
decline. The high mortality rate prevented further analysis after I year in c-mycfl'GF-a
mice. Results are expressed as percentages (means) of all counted cells; bars, SE.

that in these mice during the first 3 months, the apoptotic activity was
not capable of completely compensating for cell proliferation
(0.007 < P < 0.04), resulting in substantial levels of net cell prolif
eration (Fig. 1B). Interestingly, unlike mitosis, the apoptotic index did
not decline to the same extent, so that soon after the fifth month,
apoptosis in c-myc/TGF-a nontumorous tissues was significantly
higher than cell proliferation (0.002 < P < 0.02; Fig. 1B). It is also
important to remark that progressive mitotic decline and stabilization
of apoptotic activity in both c-myc and c-mycffGF-a nontumorous
tissues were also associated with the previously described induction of
TGF-@l (3), an important growth inhibitor and apoptosis inducer for
hepatocytes (9).

Mitotic and Apototic Indices in Liver Tumors: Overexpression
of TGF-a Transgene Enhances Survival of Neoplastic Cells. The
fact that TGF-@1 induction coincided with decreased mitotic activity
in peritumorous tissues prompted us to quantitate mitosis and apop
tosis in a series of 30 c-myc HCCs and 30 c-myc/TGF-a HCCs (Fig.
2). Consistent with the notion that net cell proliferation is a critical
factor for tumor development, the levels of net cell proliferation were
significantly higher in the tumors than in nontumorous tissues of both
transgenic lines. However, although the proliferation rate was not
significantly different in c-myc and c-mycIFGF-ca HCCs (P 0.3),
the larter tumors showed a striking reduction of apoptosis as compared
with surrounding nontumorous tissues and with c-myc tumors
(P < 0.0001; Figs. lB and 2). In particular,c-myc HCCs presented an
apoptotic index over 15-fold higher than the apoptotic rate in c-myc/
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erage levels â€”2-fold higher in the latter animals, as assessed by
phosphorimage analysis (Figs. 3 and 8). In this respect, it is notewor
thy that, despite their low mitotic activity, the peritumorous tissues
also overexpressed cyclin Dl mRNA, although with an overall 3-fold
reduction compared to tumors (Fig. 8).

Additional evidence for a correlation of cyclin Dl expression with
mitosis and neoplastic growth was obtained when we immunoprecipi

tated the protein from liver homogenates and quantitated its expres
sion by immunoblotting and densitometry. Consistent with the North
ern analysis, no cyclin Dl was immunoprecipitated from adult wild
type liver homogenates (Fig. 4, Lane 1), whereas in c-myc mice, the

protein was induced during the two mitotic phases, i.e., juvenile (data
not shown) and between the 4th and 10th month (Fig. 4, Lane 2). After
12 months, in the majority of c-myc HCCs (22 of 30; 73%), cyclin Dl
was overexpressed as compared to the corresponding adjacent tissues
and to nontumorous tissues of earlier time points (Fig. 4, Lanes 2â€”4).

Likewise, in c-myclFGF-ca livers, cyclin Dl expression decreased
during the months following the juvenile induction but was newly
overexpressed in the neoplastic phase. In particular, c-mycfl'GF-a
HCCs (28 of 30; 93%) presented cyclin Dl levels â€”@3â€”5-foldhigher
than in the adjacent nontumorous tissues and 2â€”3-foldmore elevated
than in the HCCs of c-myc mice (Fig. 4, Lanes 4 and 5â€”8).

Hyperphosphorylation of pRb in Tumors of Transgenic Mice.
In this context, it was important to estimate the functional conse
quences of cyclin Dl induction during neoplastic development. 5ev
eral studies have recently shown that pRb is the main target for cycin
D-dependent kinases and that the cyclin D1-induced phosphorylation
of pRb represents an essential event for G5-phase progression and
transition into S phase (reviewed in Refs. 14, 15, and 31). We first
assessed by Northern and immunohistochemical analyses that Rb was

EJc-myc
c-myclTGFa

n = 30

*: P<0.0001

1V115U515 A@optoSIs

Fig. 2. Mitotic and apoptotic indices in hepatic tumors. Overexpression of TGF-a
transgene enhances survival of neoplastic cells. Indices were scored on H&E-stained
tumor sections from 30 c-myc and 30 c-mycfl'GF-a HCCs as described in â€œMaterialsand
Methodsâ€•and were expressed as percentages (means) of all counted cells; bars, SE. *,
significant difference (two-tailed P < 0.0001) between c-myc and c-mycfl'GF-cs.

TGF-a HCCs (1.15 Â±0.2 versus 0.07 Â±0.05; Fig. 2), resulting in a
mitosis:apoptosis ratio â€”22-fold lower than that in HCCs of c-myc/
TGF-a double-transgenic mice, suggesting a role for TGF-a as a
survival factor for neoplastic cells.

Induction of Cydin Dl during Tumorigenesis in c-myc and
c-mycfl.'GF-a Transgenic Livers. Based on the results described
above, we attempted to elucidate the molecular basis for the differ
ential levels of cell proliferation in neoplastic and nonneoplastic parts
of the transgenic livers. Because G1 progression and G1-S transition
are sensitive to mitogens and inhibitory cytokines, such as TGF-@l
(14â€”16),our intent was to identify how subverted these cell cycle
phases are during c-myc- and c-myciTGF-a-induced hepatocarcino
genesis. We analyzed the expression of cyclin Dl, the best charac
terized of the three D-cyclins that act as regulatory units for the Gi
cyclin/kinases CDK4 and CDK6, in response to various mitogenic
stimuli (31, 38). Cyclin Dl mRNA (Fig. 3) was barely detected in
young mice and was not observed in older control wild-type mice,
whereas in both c-myc and c-mycITGF-cr 1-month-old mice, the
juvenile peak of mitotic activity correlated with a 3â€”4-foldinduction
of cyclin Dl transcript over the values of young wild-type mice,
respectively. During the preneoplastic phase, cycin Dl mRNA
steady-state levels followed the time course of mitosis, i.e., in c-myc
mice the mRNA expression declined at 3 months and then peaked
again at 8â€”10months, whereas in c-myc/TGF-a livers mRNA expres
sion was down-modulated after the second month of life (Fig. 3, lanes
labeled as preneoplastic). However, during the entire neoplastic phase,
cyclin Dl transcripts were strongly induced in both peritumorous and
tumorous tissues of c-myc and c-myc/TGF-a mice, with overall av

c-myo'TGFaC c-myc
t â€”it Ir I

Months 7 7 16P 16T 5P 5T 7P 7T

34 KD -@ -@@ r@ â€˜@ @. @-.@

Fig. 4. Representative IP showing overexpression of cyclin Dl at the indicated time
points during c-myc and c-myc/TGF-a-driven hepatocarcinogenesis. Proteins were immu
noprecipitated from wild-type (C), c-myc. and c-myciTGF-a liver sample homogenates
and used for Western blotting analysis as described in â€œMaterialsand Methods.â€•T, tumor
samples; P. corresponding peritumorous samples.

Cyclin Dl 3.8Kbâ€”

Fig. 3. Representative Northern blot analysis dis
playing cyclin Dl and E2F1 mRNA overexpression
and @J6INK4AmRNA retained expression during
hepatocarcinogenesis in c-myc and c-mycITGF-a
transgenic mice. Poly(A)@ RNA was obtained from
wild-type control (C), c-myc, and c-myc/'FGF-a liv
ers as reported in â€œMaterialsand Methods.â€•Preneo
plastic. samples collected before the appearance of
tumors; Neoplastic, samples collected during the
neoplastic phase from peritumorous and tumorous
tissues.
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expressed throughout the neoplastic development in transgemc livers
(data not shown), ruling out, in this way, a loss of pRb as a mechanism
for disruption of the Ga-S restriction point. Subsequently, we sought
to correlate the phosphorylation status of pRb with cyclin Dl induc
tion and cell proliferation in hepatic noncancerous and cancerous
tissues. To this end, we performed immunoblot analysis of liver
homogenate proteins with an antibody capable of recognizing both
hypo- and hyperphosphorylated forms of pRb (Fig. 5). In 73% (22 of
30) of c-myc and 86% (26 of 30) of c-myc/TGF-a HCCs, the protein,
although expressed at high levels, was strongly hyperphosphorylated,
whereas peritumorous tissues contained predominantly the hypophos
phorylated form of pRb. To confirm further that cyclin Dl up
regulation during hepatocarcinogenesis was related to pRb inactiva
tion, we checked whether expression of the cyclin D/CDK4-specific
inhibitor pl6'@4â€• gene (37, 39) was lost at any time during this
process. This alteration, common in human cancers (3 1), would make
cycin D up-regulation dispensable for pRb inactivation (reviewed in
Ref. 15). As shown in Fig. 3, pl6 mRNA expression was retained
during neoplastic development, providing further evidence for the
disruption of the pRb pathway by cyclin Dl overexpression in these
transgenic mouse models.

Overexpression of E2F1 and E2F2 during c-myc- and c-myc/
TGF-a-Induced Hepatocarcinogenesis. We were interested in in
vestigating E2F during hepatocarcinogenesis in c-myc and c-myc/
TGF-a transgemc mice for a number of reasons: (a) the fact that pRb
was highly phosphorylated in c-myc and c-myc!FGF-a HCCs raised
the possibility of an excessive E2F activity, resulting in cell cycle
deregulation in neoplastic cells; (b) because it has been shown that
E2F1 can autoregulate its own transcription (18, 26, 40) and induce
E2F2 expression (26), the E2F activity in the c-myc and c-myciTGF-a
tumors might be constantly autoamplified and result in overexpression
of both E2F1 and E2F2; (c) it has been reported that c-myc can
activate E2F1 and E2F2 expression (41, 42), which raises the possi
bility that further E2F activity might be directly induced in the liver by
the c-myc transgene and be one of its oncogenic targets; and (d)
although aberrant expression and/or inactivation of other members of
the cyclin D/CDK4-p16-pRb-E2F pathway have been described in
many cancer types (14, 15, 3 1), including HCC (43â€”46),very little is
known about alterations of E2F expression in carcinogenesis (31).

Northern blot analysis showed an induction of E2F1 mRNA in
c-myc and c-myc/TGF-a transgenic livers that reached, in the tumors,
levels up to 9- and 7-fold, respectively (Figs. 3 and 8). Because we did
not possess a specific E2F2 probe and because E2Fs undergo several
posttranslational regulations (see â€œIntroductionâ€•),we investigated the
expression of E2F1 and E2F2 by immunodetection methods. In our
experimental conditions, no IP of these transcription factors was
obtained from wild-type liver homogenates, whereas E2F1 and E2F2
were clearly induced in the transgenic livers (Fig. 6). The expression
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Fig. 6. Representative H' showing induction of pRb-free E2F1-DP1 and E2F2-DPI
complexes in c-myc and c-mycrl'GF-a transgenic livers. The expression correlates well
with the variations of mitotic activity at the indicated time points and is particularly strong
in the HCCs (see text for details). E2F1 and E2F2 were immunoprecipitated from liver
sample homogenates and detected by Western blotting analysis. Membranes were subse
quently stripped and reblotted with antibodies for DPI or pRb. Rb protein was not
coimmunoprecipitated with E2F2 in the set of samples used here. C. control wild-type
liver; 7', tumor samples; HeLa, HeLa nuclear extracts.

of E2F1 protein in the liver of c-myc mice correlated well with the
mitotic index, being overexpressed when hepatic proliferation was
increased (Fig. 6, Lanes 2 and 4) and significantly reduced later on as
the latter diminished in nontumorous tissues (Fig. 6, Lanes 3, 5, and
6, respectively). Moreover, E2F1 was further induced in 28 of the 30
(93%) c-myc HCCs analyzed, at levels on the average of 8â€”10-fold,
but sometimes even up to 30-fold, of those present in the correspond
ing surrounding tissues (Fig. 6, compare Lanes 7 and 8 with Lanes 5
and 6, respectively). An induction of the E2F1 protein was also
present in c-mycfFGF-ct transgenic livers, but in this case, the increase
in tumors versus peritumorous tissues (25 of 30 cases; 83%) was of
smaller magnitude (3â€”5-fold)than that in monotransgenic livers be
cause of the substantial E2F1 expression in the c-myciTGF-a peritu
morous tissues (Fig. 6, Lanes 9â€”12).Given the marked invasiveness
of c-mycITGF-a HCCs (3), the latter may be due to contamination of
c-myciTGF-a peritumorous tissues by neoplastic cells overexpressing
E2F1. Alternatively, peritumorous cells with high levels of TGF-a
may survive the apoptotic elimination triggered by c-myc-induced
E2F1 expression, whereas other inhibitory mechanisms such as up
regulation of TGF-(3l (3) and p21â€•4â€•Â°1@ may account for similar
apoptotic and mitotic rates in c-myc/TGF-a and c-myc peritumorous
tissues. E2F2-IP also showed an expression pattern that correlated
with the peaks of proliferative activities in nontumorous tissues (Fig.
6, Lanes 2â€”4,and data not shown). However, as shown in Fig. 6,
E2F2 differed from E2F1 in that the former protein induction was
conspicuous also in c-myc pentumorous tissues and more variable in
HCCs. Thus, an E2F2 increase over the surrounding tissues was
noticed in 19 of the 30 c-myc HCCs examined (63%), ranging be
tween less than 2- and 5-fold (respectively, Lanes 5 and 7, and Lanes
6 and 8 in Fig. 6). In the c-mycfFGF-cx tumors, the E2F2 enhancement
relative to peritumorous tissues was present in 27 of 30 cases (90%)
and varied from 3- to 6-fold (respectively, Lanes 9 and JO, and Lanes
11 and 12 in Fig. 6).

To localize more precisely E2F1 and E2F2 proteins, IHC was

4Unpublisheddata.
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Fig. 5. Representative Western blot showing pRb hyperphosphorylation in HCCs but
not in peritumorous tissues of transgenic mice. Total liver protein was extracted and used
for Western analysis as described in â€œMaterialsand Methods.â€•P, peritumorous tissue; T,
tumor.
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Fig. 7. Immunohistochemical pattern of E2F1 and
E2F2 overexpression in c-myc- and c-myc!FGF-a
induced hepatocarcinogenesis. Leftpanel. represent
ative nuclear immunostaining for E2FI showing that
the majority of hepatocytes are stained at the time of
maximum mitotic activity in c-myc liver (8 months).
The staining is particularly intense in large dysplas
tic cells, which are highly susceptible to apoptosis (3,
51). In contrast, wild-type liver (inset) shows no

staining. Diaminobenzidine was used as chromogen
detector on liver sections that were not counter
stained to appreciate better the nuclear immuno

staining (X 125). Right panel, example of nuclear
immunostaining for E2F2 showing that almost all of
the cells in a c-mvcll'GF-a tumor (1) overexpress
E2F2, in contrast to a few positive dysplastic cells in
the peritumorous tissue (p1). Immunodetection was
performed with VIP peroxidase substrate as a chro
mogen without counterstaining ( X 125). S

Pt

performed on paraffin-embedded sections from the same subsets of
tissues examined by 12. Virtually no E2F1 and E2F2 immunostaining
was detected in wild-type livers, consistent with the mitotic inactivity
in these tissues (Fig. 7, left panel, inset). In contrast, intense E2F1
nuclear immunoreactivity was found in the transgenic livers, partic
ularly in the tissues at high turnover. As shown in Fig. 7 (left panel),
the vast majority of c-myc transgenic hepatocytes were stained at the
time of maximum mitotic and apoptotic activities (6â€”10months) that
precedes tumor formation. Comparable results were obtained in c
mycfl'GF-cr samples collected during preneoplastic (first to third
month) phases (data not shown). Interestingly, the labeling was par
ticularly intense in the large dysplastic hepatocytes (Fig. 7) that, as we
reported previously (3), are particularly prone to apoptosis, suggesting
that excessive E2F expression may predispose these cells to apoptose.
In keeping with the IP data, E2F1-positive immunostaining was
reduced in peritumorous tissues. However, some of the large dysplas
tic cells in these areas maintained a strong expression, consistent with
their significant apoptotic rates. IHC also confirmed the induction of
E2F2 in both c-myc and c-mycfFGF-cs livers. Similar to E2F2 IP, the
E2F2 immunostaining exhibited a certain variability in the nontumor
ous tissues but in general followed the pauern for E2F1 staining. The
most important immunohistochemical feature for both E2F1 and
E2F2, however, was a clear overexpression of these two proteins in
the majority of c-myc and c-myc/TGF-a HCCs in comparison to
adjacent noncancerous tissues, showing excellent concordance with
the results of the IP. As shown in Fig. 7 (right panel), in the tumors
almost all of the cells were E2F positive, with variable nuclear
staining intensity, whereas only a few scattered cells were labeled in
the peritumorous areas. Thus, the IP and IHC data showed that HCCs
possess increased E2F expression that, presumably, translates into
increased E2F activity, suggesting that E2F1 and E2F2 may play an
important role in liver cancer.

DPi but not pRb Coimmunoprecipitates with the Induced
E2F1 and E2F2 in Transgenic Livers. As mentioned above, E2F1
and E2F2 are transcriptionally active when dissociated from pRb.
Furthermore, although E2F can bind DNA and transactivate its target
genes as a homodimer, the transcriptional activity is maximized to
optimal levels when E2F forms a heterodimeric complex with the
polypeptide DPI (reviewed in Refs. 21 and 47). To address these

issues in our transgenic models, we analyzed whether these two
important regulators of E2F activity coimmunoprecipitated with E2F1
and E2F2. The membranes used for Western blot analysis of immu
noprecipitated E2Fs were stripped and reprobed with antibodies to
pRb or DPi. The former protein never appeared in the E2F1 immu
noprecipitates. This might seem surprising, given that at least in
peritumorous tissues, where most of pRb is hypophosphorylated, the
pRb-E2F1 complex should have been detected. Nonetheless, there are
potential explanations for this result. For instance, because we immu
noprecipitated E2F1 by using an antibody to its COOH terminus, one
could argue that the binding of pRb, which also occurs at the E2F
COOH terminus, might have sterically interfered with the E2F1
antibody, i.e., this antibody might be able to precipitate only free
E2F1. However, the E2F1 antibody that we used is raised to amino
acids 418â€”437, whereas the pRb binding domain is located at amino
acids 342â€”386.Alternatively, in the transgenic livers the ratio-free
E2F1 to pRb-complexed E2F1 may be dramatically increased. This
would drastically reduce the likelihood of coimmunoprecipitating
enough pRb-E2F1 complex to be subsequently revealed in a sensitive
manner by the anti-pRb antibody. Finally, pRb was not detected in the
E2F immunoprecipitates when the proteins were blotted from a 6%
SDS-polyacrylamide gel, thus excluding that the blotting conditions
used for E2Fs and DPi would interfere with those for pRb (data not
shown).

Additional support for the concept that E2F IP revealed a strong
excess of free E2F came from the analysis of E2F2 immunoprecipi
tates. In this case, the antibody used to precipitate E2F2 was directed
to its NH2 terminus and thus did not present the potential problem of
sterical competition with E2F-bound pRb. Apart from a few peritu
morous tissue samples in which a small amount of pRb was observed
(data not shown), the tumors did not display any pRb coimmunopre
cipitated with E2F2 (Fig. 6, bottom). Obviously, the presence of free
E2Fs in the tumors reflected not only their dramatic induction but also
the fact that pRb was highly phosphorylated in HCCs.

Unlike pRb, DP1 coimmunoprecipitated with E2F1 and E2F2 (Fig.
6) in a manner proportional to the relative amounts of the latter in
nonneoplastic and neoplastic tissues. This is consistent with the fact
that DPi is inducible by E2F (26, 34) and critical for enhancing E2F
activity (47). Thus, the results suggested that in the transgenic livers,
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in the transgenic livers, with particularly high levels in the HCCs,
consistent with their mitotic indices. A summary of mRNA fold
increases over wild-type liver of E2F-inducible putative target genes
and cyclin B in transgenic peritumorous tissues and HCCs is shown in
Fig.8.

The present investigations demonstrate that growth regulation is
profoundly altered during c-myc- and c-myciTGF-a-induced hepato
carcinogenesis. Dramatic cell proliferation and apoptosis are present
before the appearance of tumors occurring in c-myc and c-myc/TGF-a
transgenic livers at 12 and 3 months of age, respectively (3). Both
transgenes are capable of strikingly enhancing the juvenile growth
that normally takes place over the first 6 weeks in the murine liver.
More importantly, in the first 2 months of life, the mitotic activity in
c-mycffGF-a livers is more than 2-fold that in c-myc livers and, in
contrast to c-myc livers, is not completely compensated by apoptosis
(Fig. 1). This results in a substantial level of net cell proliferation in
c-mycfFGF-a mice before the appearance of tumors, suggesting that
this period of unbalanced proliferation may play a key role in the
selection of early malignant clones in the double transgenic livers.
Consistent with this idea is the dramatic amount of chromosomal
aberrations observed in 2-month-old c-myclfGF-a dysplastic livers
compared to age-matched wild-type and c-myc livers (50). Further
more, transplantation of dysplastic tissues from c-myc/TGFa mice of
this age onto nude mice produces HCCs composed of small diploid
cells, indicating that initiated cells are present in the early dysplastic
livers (3). Hepatic mitotic indices comparable to those present in
young c-myciTGF-a mice were observed in c-myc mice only between
the 6th and the 12th month of age, the period proximal to the
appearance of (pre)neoplastic lesions in these animals. Thus, it ap
pears that the elevated proliferation levels reached by c-myc hepato
cytes over this period of time may augment the risk of acquiring
and/or fixing genetic abnormalities, ultimately resulting in neoplastic
growth. However, it is noteworthy that the levels of net cell prolifer
ation in 6- to 12-month-old monotransgenic livers were never signif
icant, due to the parallel, compensatory increase of apoptotic activity.
Taken together, these findings suggest that TGF-a may accelerate
c-myc-induced hepatocarcinogenesis, not only by stimulating addi
tional proliferation of transgenic hepatocytes but also, and perhaps
more importantly, by reducing the homeostatic apoptotic elimination
during cell transformation. That TGF-a may act as a survival factor
for transformed cells is also indicated by the striking reduction of
apoptotic rates in c-myc!TGF-cx HCCs compared to surrounding tis
sues and to c-myc HCCs. Indeed, consistent with this view, we
reported previously that c-myc/TGF-a HCCs express more TGF-a
than surrounding parenchyma (3).

After tumor appearance, the mitotic indices in the nonneoplastic
tissues of both transgenic lines progressively declined concomitant

with the reported autocrine induction of TGF-/3l in dysplastic hepa
tocytes (3). This phenomenon occurred although the transgenes were
never down-regulated throughout hepatocarcinogenesis (3). In con
trast, high levels of apoptosis remained in the nontumorous transgenic
tissues, consistent with TGF-@31 being both a growth inhibitor and an

apoptosis inducer for hepatocytes (9). Taken together, the data suggest
that in these transgenic livers, dysplastic cells are highly sensitive to
TGF-/31 , whereas cancerous cells are able to bypass at least some of
its growth-inhibitory effects. Indeed, according to our preliminary
data, 50% of the c-myc HCCs and 90% of the c-myc/TGF-a HCCs
analyzed in the current study displayed loss of TGF-@ type II recep
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particularly in the HCCs where most of pRb was inactivated by
phosphorylation, there was a dramatic increase of free, transcription
ally active E2F1- and E2F2-DP1 complexes.

Induction of E2F Target Genes and Cyclin B Correlates with
Liver Oncogenesis. The inductionof putativetargetgenes provided
more evidence for the increase of E2F activity in the transgenic livers.
In this report, we already have described the up-regulation of cyclin
Dl, E2FI, E2F2, and DPi, all genes shown to be transactivated by
E2F (18, 26, 34, 40, 48). We also have observed previously, during
c-myc- and c-mycTfGF-a-induced hepatocarcinogenesis, the overex
pression of proliferating cell nuclear antigen and endogenous c-myc
(3), other known putative E2F targets in human cells (17, 25, 26, 49).
To confirm the transcriptional induction of E2F target genes involved
in cell cycle progression, we measured by Northern analysis the
steady-state mRNA levels of the other two such genes, cyclin A and
Cdc2 (17, 26). As for the previous genes investigated, cyclin A and
Cdc2 transcripts were induced in c-myc and c-myc/TGF-a livers,
particularly during the neoplastic phase (Fig. 8). Once again, tumors
showed maximum mRNA expression, with no significant differences
between the c-myc and c-myc!FGF-a HCCs (Fig. 8). To see whether
overexpression of Cdc2 in the transgenic livers correlated not only
with induction of cyclin A but also with that of cyclin B, we examined
the mRNA steady-state levels of this cyclin. Similar to cyclin A and
Cdc2, the expression pattern showed again a significant up-regulation
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Fig. 8. Transcriptional induction of E2F putative target genes and cyclin B in trans
genic livers. Phosphorlmager scans of Northern blots for mRNA expression in 30 c-myc
and 30 c-mycfl'GF-a HCCs (HCC) and corresponding peritumorous tissues (PT) were
normalized to rpL7 and quantified by ImageQuant software. Values of fold-induction over
age-matched wild-type liver are expressed as means; bars. SE. SignifIcant differences
(two-tailed P < 0.05) between HCC and PT (*) and between c-mycand c-rnycrfGF-a (**)
were obtained with unpaired t tesL
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tors that correlated with down-regulation of the TGF-j31-inducible
@J5INK4B gene expression.5

In keeping with the notion that disruption of the G1-S transition
regulatory pathways by oncogene overexpression can result in malig
nant transformation (14, 15, 31), we show that several components of
these pathways are deregulated during hepatocarcinogenesis in c-myc
and c-myc/TGF-a transgenic mice. In both lines, cyclin Dl mRNA
and protein were strongly induced during neoplastic development
reaching maximum levels in the HCCs. D-type cyclins are essential
for the G1-S transition because, once induced by mitogenic stimuli in
a cell lineage-specific manner, they associate with and activate CDK4
or CDK6, resulting in pRb phosphorylation, the rate-limiting step
required for G1 exit (14, 15, 31). Not only did cyclin Dl expression
correlate with the intense mitotic activities present before the appear
ance of tumors, but it was also induced in peritumorous tissues
characterized by low mitotic rates. The up-regulation in the peritu
morous tissues is consistent with the persistent expression of the
transgenes throughout the neoplastic development in c-myc and c
myc/TGF-a livers (3). However, it also suggests that growth-regula
tory mechanisms, such as induction of TGF-@l and other cell cycle
inhibitors, may efficiently compensate for the stimulation of cell
proliferation brought about by the transgene-induced cyclin Dl over
expression (this report).5 On the other hand, cyclin Dl mRNA and
protein induction was much more conspicuous in the HCCs than in the
nontumorous tissues, consistent with the elevated mitotic rates in the
former but not in the latter. This may suggest that additional factors
stimulating cyclin Dl expression are present in HCCs but not in
peritumorous tissues. Our findings support the concept that cydin Dl
up-regulation over a certain threshold level confers growth advantages
to neoplastic cells by allowing them to overcome homeostatic inhib
itory signals and progress through the G1 cell cycle restriction point.
Finally, the data also correlate with pRb being mainly in the hyper
phosphorylated form in HCCs as opposed to the predominant hy
pophosphorylated pRb observed in adjacent tissues. In this regard, it
is significant that both pRb and@ genes, the loss of which
would make cyclin Dl up-regulation dispensable for entry into S
phase (15, 31), were expressed throughout c-myc- and c myc/TGF-a
induced hepatocarcinogenesis. Such an observation provides addi
tional evidence for a major role played by cyclin Dl overexpression
in the abrogation of pRb-mediated tumor suppressor function in
hepatocarcinogenesis. This is in agreement with the cyclin Dl over
expression found in subsets of human HCC that retained pRb expres
sion and were characterized by high aggressiveness (43, 45). Alter
native mechanisms for the pRb pathway disruption, such as direct
genetic changes of the Rb gene or inactivation@ have been
reported in some human HCCs (43, 44, 46). Yet, alterations in the Rb
gene have not been found in transgenic mouse models for hepatocar
cinogenesis (Ref. 51 and this report), and recently it has been reported
that alterations of the @j61@@@4Agene are less common in HCCs than
in the neoplasias of other organs (31, 52).

Cycin Dl expression was significantly higher in c-myc,'FGF-a
than in c-myc transgenic livers and was further increased in the HCCs.
These tumors overexpress the TGF-oz transgene as well as the endog
enous c-myc and TGF-cs genes (2, 3), which indicates that cyclin Dl
may be an important sensor and integrator of c-myc- and TGF-a
mediated mitogenic signals in hepatocarcinogenesis. This role of
cyclin Dl as a sensor for mitogens in the liver is consistent with that
reported in different cell types in vitro (reviewed in Refs. 31 and 38),
including rodent and human hepatocytes (53, 54), and with the cyclin
Dl induction observed in regenerating rat, mouse, and human liver

5 E. Santoni-Rugiu and S. S. Thorgeirsson, unpublished data.

(see Refs. 53â€”55and references therein). Although the induction of
D-cyclins by growth factors like TGF-a, acting via tyrosine kinase
receptors, is a well-established phenomenon involving the Ras-Raf
mitogen-activated protein kinase pathway (Refs. 38, 53, and 54 and
references therein), it is less clear how the c-myc transgene may
regulate cyclin Dl expression. In previous in vivo and in vitro studies,
hepatocyte c-myc expression has been related to G0-G1 transition but
not to progression through the G1 restriction point, which is dependent
on growth factors and is coupled to cydin Dl induction (53â€”55).In
this regard, we have shown previously that endogenous TGF-a is
up-regulated in c-myc transgenic livers (3), which may explain cyclin
Dl induction in these organs. In other experimental systems, however,
myc has been reported either to induce or repress directly the cyclin
Dl gene (56â€”59).Importantly, myc binding sites have been identified
in the human and mouse cyclin Dl 5' regulatory region (57 and
references therein), and the myc protein domains critical for cyclin Dl
induction as well as cell transformation appear separable from those
involved in cyclin Dl down-regulation (57, 58). Although from in
vitro experiments myc and cyclin Dl have been proposed to be
interdependent players on the same mitogenic pathway (57, 59), this
interdependence appears less clear in vivo. Cyclin Dl strongly col
laborates with myc in lymphomagenesis of transgenic mice (60, 61).
However, overexpression of a c-myc transgene in the breast induced
tumors displaying cyclin Dl down-modulation, in contrast to breast
tumors induced by a TGF-a transgene (62) and to the c-myc HCCs
discussed here, showing cyclin Dl induction. All these observations
suggest that the interaction between myc and cyclin Dl may be
regulated by additional genetic changes and/or tissue-specific factors
involved in tumorigenesis. Tissue specificity also appears to modulate
the extent to which cyclin Dl overexpression contributes to carcino
genesis. For instance, cyclin Dl transgene expression caused hyper
proliferation and/or disruption of maturation in different tissues (60,
61, 63, 64), whereas neoplastic growth was observed when this gene
was targeted to the breast (63) but not to other epitheial tissues (64)
and in lymphocytes mostly when coexpressed with myc (60, 61).

Another major element of cell cycle deregulation observed during
c-myc- and c-myc/TGF-a-induced hepatocarcinogenesis was the ab
normal increase in E2F activity. E2F1 and E2F2 were not immuno
detected in adult wild-type livers but were clearly induced in the
transgenic livers. These observations are consistent with the increas
ing evidence indicating that E2F1 and E2F2, virtually absent in
quiescent cells, accumulate as cells progress through G1 (23, 65), and
that overexpression of E2F1 induces quiescent cells to enter S phase
(65â€”68).More importantly, the vast majority of c-myc and c-myc/
TGF-a HCCs exhibited higher levels of both E2F1 and E2F2 than
nonneoplastic tissues, indicating that these proteins may play impor
tent and possibly distinct roles in neoplastic transformation of the
mouse liver. Moreover, unlike pRb, DP1 consistently coimmunopre
cipitated with E2F1 and E2F2, proportionally to their relative
amounts. The interaction of DP1 with any of the five E2F family
members is thought to critically enhance DNA binding and transcrip
tional activity of E2F (21, 47). Recently, it has been also proposed that
a high ratio of free E2F:pRb-complexed E2F may be a critical rate
limiting step for determining the G1-S transition and cell cycle pro
gression (23, 65). These concepts imply that in the transgenic livers,
particularly in neoplastic tissues, there is a dramatic increase of free,
transcriptionally active E2F1-DP1 and E2F2-DP1 complexes, capable
of stimulating cell replication. Further support for this notion is
provided by our current and earlier observations (3) that in the c-myc
and c-mycITGF-a livers, especially in the HCCs, there is a prominent
induction of putative E2F target genes involved in cell cycle progres
sion, such as proliferating cell nuclear antigen, the endogenous c-myc,
cyclin Dl, cyclin A, and Cdc2, as well as E2F1, E2F2, and DP1

130

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/1/123/2466378/cr0580010123.pdf by guest on 19 M

ay 2023



pRb/E2FPATHWAYIN MOUSELIVERONCOGENESIS

themselves (18, 25, 26, 40, 48, 49). Some caution, though, is required
in interpreting these results. E2F target genes have been defined
mostly from the analysis of E2F sites in their promoters, and often,
controversial reports have originated from lack of complete knowl
edge of the actual E2FIDP1 complex(es) required for regulating gene
expression. For instance, myc transactivation by E2F1 has been shown
in human but not in mouse cells (25, 34, 49, 69). However, in the latter
case, the requirement for the association of E2F1 with DP1 to tans
activate this promoter or the possibility that other E2F family mem
hers, such as E2F2, may be involved in this activation has not been
tested. Nevertheless, the induction of known E2F putative target genes
in c-myc- and c-myci'FGF-a-induced hepatocarcinogenesis provides
evidence for the existence of a continuously aberrant cell cycle
progression during this process. The near 20-fold cyclin B induction
in the HCCs further confirms the existence of this aberration. In
mammalian cells, including hepatocytes, cyclin A and B accumulate
and associate with Cdc2 in the late S and G2 phases of the cell cycle
(31, 53, 54), forming the kinase activities necessary for correct exe
cution and termination of mitosis. Moreover, cyclin A/CDK2 partic
ipates in the completion of S phase by down-modulating E2F activity
via phosphorylation of the E2F1IDP1 complex (28). Given these
prominent roles, cyclin A and B are considered markers for normal
and neoplastic cell replication (reviewed in Refs. 53, 54, 70, and 71).
Hence, from these concepts we may conclude that a large number of
cells in the c-myc and c-mycfFGF-a HCCs are constantly advancing
through S and G2. Furthermore, cyclin A- and B-dependent kinases
are presumably also important to maintain pRb in its hyperphospho
rylated form until completion of mitosis (15, 31). This may addition
ally explain the prominent pRb hyperphosphorylation detected in
c-myc and c-myc/TGF-a HCCs. Interestingly, overexpression of cy
din A mRNA caused by integration of the hepatitis B virus into the
cyclin A gene has been described in human HCC not associated with
cirrhosis (70), and myc has been shown to induce cyclin A mRNA via
activation of Gi cyclin/kinases in proliferating cells (71), two obser
vations supporting a causal role for sustained overexpression of cyclin
A in liver cancer.

Taking into account recent evidence correlating E2F activity with
neoplastic transformation, the up-regulation of E2F during c-myc- and
c-mycfFGF-a-induced hepatocarcinogenesis appears particularly in
triguing. Overexpression of E2F1 (72, 73), but also of E2F2 or E2F3
(73) in established rodent embryo cell lines, causes the transformation
and tumor formation in nude mice injected with these cells. Moreover,
E2F1, particularly in combination with DP1, cooperates with the
activated ras oncogene in transforming primary embryo fibroblasts
(74, 75). Additional oncogenic potential for E2F has been ascribed to
the ability of overexpressed E2F family members to overcome cell
cycle arrest induced by agents such as TGF-j3l (48), â€˜y-irradiation
(26), or CDKIs (19, 76). It is important to note that in all of these
cases, the oncogenic properties of E2F have been correlated with
enhanced expression of E2F-dependent genes and stimulation of cell
cycle progression, rather than with only a simple titration of pRb by
the transcription factor. In light of the accumulating evidence that E2F
is a downstream effector of pRb (15, 3 1), it is likely that regulation of
E2F activity may be a critical target for these growth-inhibitory
signals, a possibility also supported by the drastic reduction of E2F1
RNA levels in TGF-@l-treated cells (48). In this regard, we may
postulate that the increased E2F activity observed during hepatocar
cinogenesis in our transgenic models may well be one of the mech
anisms by which transformed hepatocytes become insensitive to TGF

@l.In keeping with this view, many of the E2F target genes that we
have found strongly up-regulated in c-myc- and c-myc!FGF-a-in
duced HCCs are genes known for being negatively regulated by
TGF-f31. Although several alterations seem to indicate decreased

131

sensitivity to TGF-j3l in HCC cells, down-regulation of TGF-@ type
II receptors appears to be an early event during neoplastic transfor
mation in the transgenic livers.5 Hence, we cannot rule out the
possibility that increased E2F activity might be a consequence, rather
than a cause, of reduced sensitivity to TGF-f3l in c-myc and c-myc/
TGF-a livers.

The previous considerations strongly argue that increased E2F
activity in the liver may have an oncogenic impact. However, E2F1
may be also considered, at least in certain tissues, a tumor suppressor,
because abnormal proliferation and sporadic aggressive tumors, such
as sarcomas and lymphomas, have been observed in some organs of
recently generated mice lacking the E2F1 allele (77, 78). The most
plausible explanation provided for this apparent paradox resides in the
double nature of E2F sites within gene promoters (77, 78). On the one
hand, in quiescent cells, the complex pRbIE2F1 is thought to bind E2F
sites and actively repress transcription of E2F target genes until free
E2F is generated upon mitogen-induced phosphorylation of pRb (18,
24). The pRbIE2Fl-mediated repression of key promoters is lost in the
E2F1 @â€m̃ice, which may result in deregulated expression of genes
promoting cellular replication and predisposing to neoplastic devel
opment. On the other hand, inappropriate entry into S phase and,
ultimately, oncogenesis may be also caused by E2F1 overexpression,
an event that is able to titrate out pRb and generate substantial
amounts of free, transcriptionally active E2F. Therefore, these inter
pretations are supported by our observation that during c-myc- and
c-mycfFGF-a-induced hepatocarcinogenesis, there is a dramatic in
crease of active E2F1-DP1 and E2F2-DP1 complexes, resulting in
induction of E2F target genes. Although alterations of E2F expression
in human and experimental tumors have not been extensively inves
tigated (31), recently E2F1 has been found amplified and overex
pressed in erythroleukemia cells (79), indicating that abnormal levels
of E2F1 may be oncogenic for human cells as well. Moreover,
overexpression of an E2FJ transgene in mouse megakaryocytes (80)
or epithelia (81 ) blocks differentiation and causes cell hyperprolifera
tion, two conditions that can predispose to neoplastic growth.

Despite that cyclin Dl induction was significantly stronger during
c-mycTFGF-a- than in c-myc-induced hepatocarcinogenesis, compa
rable hyperphosphorylation of pRb was observed in the HCCs of both
transgenic lines, and the expression levels of E2F1 mRNA and protein
were in general higher in c-myc than in c-mycfFGF-a HCCs. As for
pRb, it is conceivable that other kinase activities regulated by G1-to
S-phase cyclins other than cyclin Dl, such as cyclins E and A, may
contribute to its phosphorylation in the HCCs. Cyclin A is strongly
up-regulated in HCCs of both transgenic lines and, in all likelihood,
cyclin E, another E2F target gene (26, 27), would also be induced.
These assumptions are consistent with the fact that the mitotic indices
in c-mycfFGF-cs HCCs are not significantly higher than those ob
served in c-myc tumors. The latter interpretation, though, does not
explain why c-myc/TGF-a tumors express lower levels of E2F1
relative to c-myc tumors. One could think that somehow c-mycfFGF-a
HCC cells might compensate for the relative lack of E2F1 by inducing
higher levels of E2F2-dependent transcriptional activity. However, in
spite of the higher frequency of E2F2 up-regulation in hepatic tumors
relative to peritumorous tissues in c-myc/TGF-a than in c-myc mice,
the overall expression levels of E2F2 in the HCCs of the two lines
were similar. Although deregulated expression of Gi cyclins can
activate the E2F1 promoter (18, 20) and Gl cyclin-kinase activity
seems to be an important prerequisite for generating E2F activity (19),
it is possible that other mechanisms may also account for the induc
tion of E2F in the transgenic livers. For instance, it has been reported
that myc can activate E2FJ gene expression and that the E2F2 pro
moter activity depends on multiple myc binding sites (41, 42). Thus,
c-myc transgene may directly activate E2F, and this might explain
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Fig. 9. Schematic representation of potential oncogenic events
caused by chronic coexpression of c-myc and TGF-a in the liver. We

can envision that both transgenes contribute to the induction of cyclin
Dl expression up to levels that in certain cells can successfully coun
teract the action of growth inhibitors, such as TGF-j31-dependent and
-independent CDKIs. The consequential, sustained cyclin Dl-depend
ent kinase activity maintains pRb functionally inactive, causing the
release of active E2F1- and E2F2-DP1 heterodimers. Furthermore,
c-myc may directly induce E2F1 and E2F2, generating additional E2F
activity. This increased transcriptional activity leads to overexpression
of genes involved in cell cycle progression, including E2F1, E2F2, and
DPI themselves. This ensures an amplifying autoregulatory loop of
E2F activity and causes uncontrolled cell proliferation, despite the
presence of growth-inhibitory homeostatic signals (thin dotted lines).
Ultimately, this may result in additional genetic lesions and selection/
expansion of malignant cells. Importantly, TGF-a overexpression is
capable of accelerating the neoplastic process by reducing the homeo
static apoptotic elimination brought about by overexpression of c-myc,
TGF-@I, and E2F. Thick arrows and lines, oncogenic effects of trans
gene expression. Boxes and circles. critical elements in neoplastic
progression.
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why the expression levels of E2F and its target genes are similar in
c-myc and c-mycfFGF-a livers. Alternatively, the overexpression of
E2F1 might be a consequence of rearrangements in the E2FJ locus
mapped on mouse chromosome 2 (34), but this would not account for
increased E2F2 expression and thus seems unlikely. It is, however,
intriguing to postulate that the lower expression of E2F1 in c-myc/
TGF-a HCCs might be part of the antiapoptotic function exerted by
TGF-a in neoplastic cells. E2F overexpression, like that of c-myc,
causes cells deprived of exogenous mitogens to enter S phase prema
turely, but this event can also trigger apoptosis (67, 68, 82). This
E2F-induced apoptosis seems to be p53 dependent in certain cell
types, such as fibroblasts (67, 82), but not in others, like interleukin
3-dependent myeloid progenitor cells (83), and seems to occur also in
vivo when E2F1 is overexpressed as a transgene (80, 81). Bcl2
oncoprotein, a known inhibitor of programmed cell death, including
c-myc-induced apoptosis, can rescue apoptosis in E2F1-overexpress

ing cells (76, 83). In contrast, it has been proposed that the ability of
growth factors to ensure survival of cells with increased E2F activity
is a function of specific thresholds of reciprocal expression levels
(84). Thus, the levels of TGF-a in c-myc/TGF-a HCCs may be
sufficient to protect the cells from E2F1-induced apoptosis, as well as
cell death associated with overexpression of other effectors, such as
c-myc or TGF-j3l. Conversely, in peritumorous tissues, which express
less TGF-a than the HCCs (3), we have observed that E2F nuclear
immunostaining was particularly intense in the large dysplastic hepa
tocytes, which are characterized by high susceptibility to apoptosis

(3). Accordingly, the high expression of TGF-a in the neoplastic
lesions of double transgenic mice (3) might, therefore, favor the
selection of cells with E2F1 expression under a certain threshold level.
Regardless of this possibility, taking into account the overall similar
ity in cell cycle aberrations in the two transgenic lines, the dramatic
decrease of apoptosis observed in c-myc/TGF-a HCCs appears to be
the main reason for the striking acceleration of c-myc-dependent
hepatocarcinogenesis by TGF-a.

In summary, our work shows that coexpression of c-myc and
TGF-a in the liver, an event frequently observed in human hepato
carcinogenesis (1), leads to cell cycle deregulation in this organ by
targeting upstream and downstream effectors of the pRbIE2F path
way, thus resulting in uncontrolled cell proliferation and neoplastic
growth. A hypothetical scheme of these oncogenic events is repre
sented in Fig. 9. The expression of the c-myc transgene appears
sufficient to severely disrupt cell cycle progression in the liver.
However, the neoplastic process is attenuated by the apoptotic re
sponse caused by increased levels of c-myc and E2F as well as the

homeostatic autocrine induction of TGF-j31. Under these conditions,
TGF-a provides a strong growth advantage for neoplastic cells by
acting as a survival factor blocking apoptosis and causing tremendous
acceleration of neoplastic development. Future studies in TGF-a
single-tansgenic mice might further clarify whether TGF-a does play
a major role in the pRbIE2F pathway disruption or whether this event
is mostly dependent on the c-myc transgene. The molecular changes in
the pRbIE2F pathway identified in the present study need further in
vivo analysis to confirm their importance in hepatocarcinogenesis. For
instance, generating c-myc and c-mycfFGFa transgenic mice in a
cyclin Dl@ or E2F1@ background or targeting cyclin Dl or E2F
as transgenes to the liver would allow us to investigate further the
relevance of cyclin Dl and E2F overexpression in this process.
Nevertheless, to our knowledge this is the first report on the involve
ment of E2F in hepatocarcinogenesis. If this is confirmed in human
hepatocarcinogenesis, E2F might represent a potential target for gen
erating therapeutic strategies aimed at opposing the dramatic progres
sion of liver cancer. It is interesting to note that topoisomerase II
inhibitors are able to sensitize myeloid progenitor cells tansfected
with E2F1 to undergo apoptosis (83), which suggests the possibility of
using these drugs in tumor cells overexpressing this transcription
factor.
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