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Using a transgenic mouse model expressing the E2F1 gene under the control of a keratin 5 (K5) promoter,
we previously demonstrated that increased E2F1 activity can promote tumorigenesis by cooperating with either
a v-Ha-ras transgene to induce benign skin papillomas or p53 deficiency to induce spontaneous skin carcino-
mas. We now report that as K5 E2F1 transgenic mice age, they are predisposed to develop spontaneous tumors
in a variety of K5-expressing tissues, including the skin, vagina, forestomach, and odontogenic epithelium. On
the other hand, K5 E2F1 transgenic mice are found to be resistant to skin tumor development following a
two-stage carcinogenesis protocol. Additional experiments suggest that this tumor-suppressive effect of E2F1
occurs at the promotion stage and may involve the induction of apoptosis. These findings demonstrate that
increased E2F1 activity can either promote or inhibit tumorigenesis, dependent upon the experimental context.

Activation of E2F transcription factors, via perturbation in
the p16INK4a-cyclin D-retinoblastoma (Rb) tumor suppressor
pathway, may be a key event in the development of most
human cancers. This hypothesis is supported by the finding
that several members of the E2F gene family, including E2F1,
can behave as oncogenes in cell culture-based transformation
assays (9, 22, 24). The oncogenic capacity of E2F1 is thought to
be related to its ability to regulate the expression of genes
critical for cell proliferation (4, 21). There is also accumulating
evidence that E2F participates in a protective, apoptotic path-
way that functions to eliminate cells that have lost normal cell
cycle control. E2F1 has been shown to stimulate the expression
of the ARF tumor suppressor, a regulator of p53 protein ac-
tivity (1, 4, 13). A tumor-suppressive function for E2F1 is
demonstrated by the finding that mice lacking E2F1 are pre-
disposed to develop tumors (25).

The mouse skin model of carcinogenesis has been instru-
mental in developing many concepts currently applied to hu-
man neoplasias, including the idea that cancer develops
through a multistep process (3). Three mechanistic stages can
be defined in this model: initiation, promotion, and progres-
sion. Initiation is carried out by administration of a single dose
of a carcinogen that results in specific genetic mutations in a
subpopulation of cells. In the case of 9,10-dimethyl-1,2-benz-
anthracene (DMBA), the specific mutation occurs at codon 61
of the c-Ha-ras gene (17). Promotion occurs as a result of
exposure of the initiated skin to repetitive treatments with an
irritating, nongenotoxic agent such as O-tetradecanoyl-phor-
bol-13-acetate (TPA). Promotion usually involves hyperplasia
and results in the expansion of initiated cells. The endpoint of
the promotion stage is the formation of squamous papillomas,
which are exophytic, noninvasive lesions. Progression is the
conversion of a subset of benign papillomas into malignant
carcinomas. Using this model, we and others have recently
found that several E2F family members, including E2F1, are

overexpressed in late-stage papillomas and squamous cell car-
cinomas (20, 26).

To study the role of deregulated E2F1 activity in tumor
development, we recently developed transgenic mice in which
expression of the human E2F1 gene is under the control of a
keratin 5 (K5) promoter (15, 16). The K5 promoter is active in
several epithelial tissues, including the basal cell layer of the
epidermis, hair follicles, oral epithelium, vagina, stomach,
esophagus, bladder, and thymus (18). Two transgenic lines
were developed, 1.0 and 1.1, that overexpress E2F1 in keratin-
ocytes 80- and 40-fold respectively, as measured by Western
blot analysis (15). However, electrophoretic mobility shift as-
says demonstrate a relatively modest increase in E2F1 DNA-
binding activity in transgenic keratinocytes, similar to or below
that seen in many tumor cells (16). Deregulated expression of
E2F1 was found to induce hyperproliferation, hyperplasia, and
p53-dependent apoptosis in the epidermis of transgenic mice
(15, 16). Moreover, the K5 E2F1 transgene could promote skin
tumor development in combination with other genetic alter-
ations, such as p53 deficiency (16). We now find that older K5
E2F1 transgenic mice develop spontaneous tumors in a variety
of K5-expressing tissues, including the skin, vagina, and odon-
togenic epithelium. To further define the role of E2F1 in
cancer development, K5 E2F1 transgenic mice were used in
the mouse skin model of multistage carcinogenesis. Surpris-
ingly, we found that E2F1 overexpression inhibits tumor pro-
motion in this model system. This correlates with the induction
of apoptosis in the skin of K5 E2F1 transgenic mice following
TPA treatment.

MATERIALS AND METHODS

Mice. K5 E2F1 transgenic mice contain the human E2F1 cDNA under the
control of the bovine K5 promoter (15). Line 1.1 mice express approximately
fourfold lower levels of the transgene than line 1.0 mice. For skin carcinogenesis
experiments, transgenic mice were backcrossed to the SENCAR inbred strain
SSIn. All of the mice used in this study were at least 90% SSIn. Tg.AC mice carry
a v-Ha-ras gene under the control of a z-globin promoter, but because of the site
of integration, expression can be induced in the skin (11). Tg.AC transgenic mice
were also in the SSIn strain background.

Immunohistochemistry assay. Formalin-fixed sections were deparaffinized
and incubated in methanol containing 1% hydrogen peroxide for 20 min. For
analysis of odontogenic epithelium, heads were first decalcified in Krajian solu-
tion (J. T. Baker) for 2 days with four changes of the solution and washed in
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water for 6 h. Tissue sections were then rinsed with phosphate-buffered saline
(PBS) containing 0.1% bovine serum albumin (BSA) three times. For E2F1
staining, slides were boiled for 5 to 10 min and again rinsed in PBS-BSA. Slides
were preincubated with normal goat serum and then incubated with primary
rabbit antibody (1:500 dilution) to E2F1 (C-20; Santa Cruz Biotechnology) or K5
(a gift from Dennis Roop) for 30 min at room temperature. After incubation with
the primary antibody, slides were rinsed in PBS-BSA, incubated with biotinylated
goat anti-rabbit immunoglobulin G for 30 min, and rinsed again. Slides were
incubated with streptavidin-horseradish peroxidase conjugate for 30 min, devel-
oped with diaminobenzidine tetrahydrochloride solution, rinsed again, and coun-
terstained.

Two-stage mouse skin carcinogenesis model. The dorsal skin of 6- to 8-week-
old line 1.1 K5 E2F1 transgenic mice and wild-type sibling controls was clipped
1 to 2 days before initiation. Mice were initiated by topical application of 10 nM
DMBA in 200 ml of acetone to the dorsal skin. Mice were promoted twice weekly
with topical TPA in acetone beginning at week 3 after initiation. Mice in exper-
iment 1 initially received 2.5 mg (15 nM) of TPA in 200 ml of acetone per
treatment through week 7. At week 8, the TPA dose was reduced to 0.5 mg (3
nM). Mice in experiment 2 received 1.0 mg of TPA in 200 ml of acetone per dose
throughout the experiment. Treatment of control mice in each experiment was
initiated with DMBA, but the mice were treated twice weekly with the acetone
vehicle only. Mice were scored for papillomas weekly. Mice with skin lesions
were included in tabulations until their condition mandated their withdrawal
from the study.

Tg.AC promotion assay. Tg.AC mice were crossed with K5 E2F1 transgenic
mice (lines 1.0 and 1.1) to obtain single- and double-transgenic mice. Tg.AC mice
with and without the K5 E2F1 transgene were treated with 1.0 mg of TPA in 200
ml of acetone applied topically to the dorsal epidermis. Mice were treated twice
weekly and observed for papilloma development until an endpoint defined by the
tumor load was reached.

TUNEL assay. K5 E2F1 transgenic mice and wild-type sibling controls were
clipped, and the dorsal skin was treated with either a single application of 10 nM
DMBA in 200 ml of acetone or four applications of 1.0 mg of TPA in 200 ml of
acetone over a 2-week period. Mice were sacrificed 24 h after treatment, and skin
sections were fixed in formalin. The terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling (TUNEL) assay was performed on skin

sections by using the Apoptag kit (Oncor) in accordance with the manufacturer’s
protocol.

RESULTS

Tumor development in K5 E2F1 transgenic mice. Previ-
ously, we demonstrated that K5 E2F1 transgenic mice that also
contained a v-Ha-ras transgene under the control of a z-globin
promoter developed benign skin papillomas by 24 weeks of age
(15). In addition, K5 E2F1 transgenic mice that were also
heterozygous for p53 developed skin carcinomas between 18
and 46 weeks of age (16). A group of K5 E2F1 transgenic mice
without additional genetic alterations have been maintained
for over 1 year for examination of spontaneous tumor devel-
opment. Of 34 mice over 1 year of age, 17 (50%) developed
spontaneous tumors (Table 1). The majority of these lesions
are papillomas, squamous cell carcinomas, or other tumors of
the skin. However, tumors have also developed in other K5-
expressing tissues, such as the vagina, forestomach, and odon-
togenic epithelium (Fig. 1).

The vast majority of the tumors arising in K5 E2F1 trans-
genic mice stain positive for E2F1 protein expression (Fig. 1).
Our immunohistochemistry assay detects E2F1 protein only in
tissues expressing the transgene and does not detect endoge-
nous E2F1. The one tumor that did not stain positive for E2F1
is a mammary carcinoma. K5 is not expressed in the luminal
epithelium, the tissue that gives rise to most mammary tumors,
but it is expressed in the myoepithelium. It is possible that this
mammary tumor arose independently of the E2F1 transgene

FIG. 1. Histopathology of tumors from K5 E2F1 transgenic mice. Shown are squamous cell carcinoma of the skin of a 47-week-old line 1.1 mouse (A and B) and
vaginal carcinoma from a 54-week-old line 1.1 mouse (C and D) either stained with hematoxylin and eosin (A and C) or immunostained with E2F1 antibody (B and
D).
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or that a paracrine interaction with the myoepithelium was
involved in tumor development. It was not possible to examine
E2F1 staining in some of the odontogenic tumors because the
original decalcification method used for processing of these
samples interfered with the E2F1 immunostaining assay. How-
ever, as shown in Fig. 2, K5 is expressed in the odontogenic
epithelium and, in the K5 E2F1 transgenic mice, ectopic E2F1
expression can be detected in this tissue after use of an im-
proved decalcification method.

Inhibition of tumor promotion by E2F1. K5 E2F1 (line 1.1)
transgenic mice and wild-type sibling controls were used in the
mouse skin carcinogenesis two-stage protocol (Fig. 3). In ex-
periment 1, 16 transgenic and 16 nontransgenic mice were
initiated with DMBA and promoted with 2.5 mg of TPA twice
weekly. At week 8, the development of skin lesions in some
mice necessitated a reduction in the TPA dose to 0.5 mg for the
remainder of the experiment. Papillomas were first observed in
the wild-type controls at week 5 of TPA treatment and rapidly
increased in number and size until the termination of the
experiment (Fig. 3A). Wild-type mice developed an average of
14 papillomas per mouse by 16 weeks of TPA treatment. In
sharp contrast, K5 E2F1 transgenic mice averaged less than
one papilloma per mouse. In experiment 2, 18 K5 E2F1 trans-
genic mice (lane 1.1) and 14 wild-type sibling controls were
initiated with DMBA and followed by promotion with 1.0 mg of
TPA twice weekly for 21 weeks. Again, wild-type mice devel-
oped numerous papillomas (an average of 15 per mouse) while
K5 E2F1 transgenic mice were almost completely resistant to
tumor development (Fig. 3B). Control mice for both groups,
which were initiated with DMBA but treated with the acetone
vehicle only, did not develop papillomas.

A transgenic mouse line, termed Tg.AC, containing a v-Ha-

ras gene under the control of a z-globin promoter has been
described (11). When treated repeatedly with TPA, these mice
rapidly develop multiple skin papillomas. Thus, these trans-
genic mice serve as a “preinitiated” model for mouse skin
carcinogenesis. We previously demonstrated that double-
transgenic Tg.AC/K5 E2F1 line 1.0 mice developed spontane-
ous papillomas. K5 E2F1 line 1.1 transgenic mice, which ex-
press lower levels of E2F1, were also crossed with Tg.AC mice.
As before, the K5 E2F1 transgene cooperated with the v-Ha-
ras gene to induce tumors (Fig. 4). Double-transgenic mice
developed an average of three spontaneous papillomas per
mouse by 32 weeks of age. Tg.AC single-transgenic mice de-
veloped an average of one papilloma per mouse, while wild-
type and K5 E2F1 transgenic mice did not develop spontane-
ous papillomas.

The finding that the K5 E2F1 transgene cooperates with a
v-Ha-ras transgene to induce spontaneous papillomas but in-
hibits papilloma development in the two-stage carcinogenesis
model is puzzling given that initiation with DMBA results in a
point mutation in codon 61 of the mouse Ha-ras gene (17).
Thus, both models involve an activated ras oncogene as an
initiating event in tumor development. One difference in the

FIG. 2. Expression of K5 and the K5 E2F1 transgene in odontogenic epithe-
lium. (A) Immunohistochemistry assay of a head section from a K5 E2F1 trans-
genic mouse using an antibody specific for K5. (B) Immunohistochemistry assay
of a section similar to that in panel A using an antibody specific for E2F1.

TABLE 1. Spontaneous tumor development in K5 E2F1
transgenic mice

Mouse
no. Line Sexa Ageb Tumor

location
Histological
appearance E2F1c

1 1.1 F 53 Vagina Carcinoma 1
2 1.1 F 54 Vagina SCCd 1
3 1.1 F 47 Skin SCC 1
4 1.1 F 63 Skin SCC 1
4 1.1 F 63 Skin Adenocarcinoma 1
5 1.1 F 51 Skin Papilloma 1
6 1.1 F 48 Skin Papilloma 1
6 1.1 F 48 Mammary

gland
Carcinoma 2

7 1.1 M 88 Skin SCC 1
8 1.1 M 55 Forestomach SCC 1
9 1.0 M 94 Penis SCC 1
9 1.0 M 94 Mouth Ameleoblastoma NDe

10 1.0 M 95 Mouth Complex composite
odontoma

ND

11 1.0 M 62 Forestomach Papilloma 1
12 1.0 F 68 Mouth Ameleoblastoma 1
13 1.0 M 86 Skin Adenosquamous

carcinoma
1

14 1.0 M 74 Skin SCC 1
14 1.0 M 79 Skin SCC 1
15 1.0 F 52 Skin Carcinoma 1
16 1.0 M 86 Head Carcinoma 1
17 1.0 M 91 Mouth Ameleoblastoma ND

a F, female; M, male.
b Age in weeks at time tumor was detected.
c Immunohistological staining for E2F1 overexpression.
d SCC, squamous cell carcinoma.
e ND, not determined.
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experiments, however, is that papillomas were allowed to de-
velop spontaneously in the K5 E2F1/Tg.AC double-transgenic
mice while TPA was used to promote papillomas in the two-
stage carcinogenesis model. To determine if overexpression of
E2F1 could also inhibit TPA-promoted tumorigenesis in
Tg.AC mice, double K5 E2F1/Tg.AC transgenic mice and sin-
gle-transgenic Tg.AC controls were treated twice weekly with
TPA. As expected, Tg.AC single-transgenic mice developed
numerous papillomas in two separate experiments (Fig. 5). In
sharp contrast, double-transgenic mice generated with either
K5 E2F1 line were resistant to tumor promotion by TPA.
Consistent with previous findings, some K5 E2F1/Tg.AC dou-
ble-transgenic mice in these experiments did develop sponta-
neous papillomas outside the area of TPA treatment.

Induction of apoptosis in K5 E2F1 epidermis by TPA treat-
ment. It has been suggested that the ability of E2F1 to function
as a tumor suppressor is related to its ability to induce apo-

ptosis. To determine if E2F1-mediated apoptosis could ac-
count for the ability of E2F1 to inhibit tumor development in
the two-stage carcinogenesis model, skin sections were exam-
ined for apoptotic cells by the TUNEL assay following either
treatment initiation or tumor promotion. Transgenic (line 1.1)
and nontransgenic mice were treated with 10 nM DMBA, and
skin sections were taken 24 h later. DMBA has been shown to
cause DNA damage and to induce apoptosis in the mouse
epidermis (14). However, at the concentration of DMBA used
for treatment initiation in our experiments, we found no evi-
dence for significant levels of apoptosis occurring in treated
skin (Fig. 6A). This was true for both wild-type and K5 E2F1
transgenic mice. K5 E2F1 and wild-type controls were also
treated with TPA twice weekly for 2 weeks and sacrificed 24 h
after the final treatment. TPA treatment was found to induce
epidermal hyperplasia in both transgenic and wild-type mice
(Fig. 6B and 7). However, only in the epidermis of the K5
E2F1 transgenic mice did TPA treatment provoke an apoptotic
response over background levels (Fig. 6A and 7). Although the
total number of apoptotic cells in the TPA-treated epidermis
from K5 E2F1 mice may appear low, this is likely a conse-
quence of performing this analysis on animal tissue. In vivo,
apoptotic cells are rapidly removed through phagocytosis by
macrophages and other phagocytes (6).

DISCUSSION

There is much indirect evidence that the activation of E2F
transcription factors, via alterations in the p16INK4a-cyclin
D-Rb pathway, is a key event in the development of most
human cancers. Findings obtained with K5 E2F1 transgenic
mice now demonstrate directly that increased E2F1 activity can
contribute to tumor development. Tumors arise in the skin, as
well as a few other K5-expressing tissues, including the odon-
togenic epithelium, forestomach, and vagina. Even though the
transgene is expressed in other K5-expressing tissues, such as
the thymus, bladder, and esophagus, we have not observed

FIG. 3. Resistance of K5 E2F1 transgenic mice to two-stage carcinogenesis.
(A) Initiation of carcinogenesis in line 1.1 mice and wild-type sibling controls
with DMBA and promotion with 2.5 mg of TPA until week 7, followed by
promotion with 0.5 mg of TPA until week 16. (B) Two-stage carcinogenesis
induction as described above, except that promotion was performed by using a
dose of 1.0 mg of TPA throughout the experiment.

FIG. 4. Cooperation of the K5 E2F1 transgene with a v-Ha-ras transgene to
induce spontaneous papillomas. A female Tg.AC transgenic mouse was crossed
with a male K5 E2F1 (line 1.1) transgenic mouse to generate wild-type (wt) mice
(n 5 2), Tg.AC ras (n 5 4), K5 E2F1 (n 5 4), and double K5 E2F1/Tg.AC ras
(n 5 3) transgenic mice. The average numbers of spontaneous papillomas these
mice developed at 32 weeks of age are presented.
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tumors in these tissues. A previous study analyzing the effect of
p53 deficiency on the phenotype of K5 E2F1 transgenic mice
also found that the vast majority of tumors arose in the skin,
with only one other tumor of the odontogenic epithelium (16).
These findings suggest that some tissues are more sensitive to
the oncogenic effects of increased E2F1 activity than are oth-
ers.

As in human cancers, recent studies suggest that upregula-
tion of E2F transcriptional activity occurs during mouse skin
carcinogenesis. Overexpression of cyclin D1 occurs in 100% of
mouse skin papillomas and squamous cell carcinomas obtained
by the DMBA-TPA treatment protocol (2, 19). We and others
have also found increased expression of other G1 phase regu-
lators, such as cyclin D2 and cyclin E, in early papillomas

and/or squamous cell carcinomas of the mouse skin (20, 26).
Moreover, the levels of several E2F family members, including
E2F1, are elevated in mouse skin papillomas (20, 26). Based on
these findings, together with our previous data demonstrating
that the K5 E2F1 transgene can promote skin tumor develop-
ment, one might have expected that K5 E2F1 transgenic mice
would be more sensitive to two-stage carcinogenesis. Instead,
we found that K5 E2F1 transgenic mice are resistant to tumor
development in this model system. This demonstrates that
increased E2F1 activity can either promote or suppress tumor-
igenesis in the same tissue, dependent upon the experimental
conditions.

FIG. 5. Inhibition of TPA-induced papilloma development in Tg.AC mice by
overexpression of E2F1. Two Tg.AC (ras) and two line 1.1 (E2F1/Tg.AC ras)
transgenic mice were treated twice weekly with 1.0 mg of TPA. The number of
papillomas per mouse after 12 weeks of treatment is presented (A). Three Tg.AC
(ras) and three line 1.0 (E2F1/Tg.AC ras) transgenic mice were treated twice
weekly with 1.0 mg of TPA. The number of papillomas per mouse after 20 weeks
of treatment is presented (B).

FIG. 6. Response of K5 E2F1 transgenic mice to DMBA and TPA treat-
ment. Line 1.1 mice and wild-type (wt) siblings were either left untreated or
treated with 10 nM DMBA one time or 1.0 mg of TPA four times over 2 weeks.
Skin sections were taken 24 h after treatment, and a TUNEL assay was per-
formed. Each group contained three mice, and the average number of apoptotic
cells per 10 mm of skin is presented (A). The average thickness of the epidermis
from the TPA-treated mice and untreated controls from the experiment whose
results are shown in panel A was calculated (B).
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The findings that E2F1 inhibits tumor promotion by TPA
and that TPA treatment induces epidermal apoptosis in K5
E2F1 transgenic mice suggest that the mechanism by which
E2F1 suppresses tumorigenesis involves the induction of apo-
ptosis. This hypothesis is consistent with our finding that im-
pairment of E2F1-mediated apoptosis, through loss of p53
function, results in spontaneous skin tumor development in K5
E2F1 transgenic mice (16). It is also consistent with recent
studies using E2F1 knockout mice which suggest that the abil-
ity of E2F1 to induce apoptosis underlies its tumor suppressor
function (13). Although the level of apoptosis observed in
TPA-treated K5 E2F1 epidermis is significant, the level is not
sufficient to offset TPA-induced hyperplasia. In fact, K5 E2F1

transgenic mice have an enhanced hyperplastic response to
TPA compared to wild-type sibling controls (Fig. 4B). If apo-
ptosis is the mechanism by which E2F1 suppresses tumor pro-
motion, then it must occur preferentially in a subset of critical
cells, perhaps the initiated cells.

The nature of the signal that TPA treatment generates to
enhance E2F1-mediated apoptosis is unclear. The major activ-
ity of TPA with regard to tumor promotion is the activation of
members of the protein kinase C (PKC) family (3). TPA di-
rectly binds PKC, causing an increase in PKC’s affinity for
calcium and the stimulation of enzymatic activity. It is believed
that a key substrate for PKC is the raf kinase (12). Phosphor-
ylation of raf by PKC leads to stimulation of the mitogen-

FIG. 7. Induction of apoptosis by TPA in the epidermis of K5 E2F1 transgenic mice. Wild-type mice (A, C, and E) and K5 E2F1 line 1.1 mice (B, D, and F) were
treated with 1.0 mg of TPA four times over 2 weeks. Skin sections were used for staining with hematoxylin and eosin (A and B), immunostaining for E2F1 protein (C
and D), and performance of TUNEL assays (E and F). TUNEL-positive cells in panel F are marked by arrows.
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activated protein kinase signaling pathway and cell prolifera-
tion. However, activation of the raf pathway has also been
shown to promote apoptosis under some circumstances (10).
Another substrate for PKC is the p53 tumor suppressor protein
(8, 23). Phosphorylation of p53 by PKC converts p53 from its
latent state to its high-affinity DNA-binding state. It is possible
that activation of raf and/or induction of p53 by PKC, when
combined with E2F1 overexpression, leads to apoptosis of ini-
tiated cells that otherwise would develop into a papilloma.

The ability of increased E2F1 activity to inhibit tumor de-
velopment under some conditions may have valuable applica-
tions in cancer therapy. Studies using recombinant adenovi-
ruses have shown that E2F1 can kill human tumor cells both in
vitro and in nude mice (5, 7). With further study, it may be
possible to design cancer therapies that would enhance the
tumor-suppressive activity of E2F1 while inhibiting its onco-
genic activity. Since upregulation of E2F1 appears to be a very
common event in human cancers, such a treatment could be
useful for a broad range of tumor types.
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