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E2F2 Suppresses Myc-Induced Proliferation
and Tumorigenesis
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Deregulation of E2F transcriptional activity as a result of alterations in the p16-cyclin D-Rb pathway is a hallmark of
cancer. However, the roles of the different E2F family members in the process of tumorigenesis are still being
elucidated. Studies in mice and humans suggest that E2F2 functions as a tumor suppressor. Here we demonstrate that
E2f2 inactivation cooperates with transgenic expression of Myc to enhance tumor development in the skin and oral
cavity. In fact, hemizygosity at the E2f2 locus was sufficient to increase tumor incidence in this model. Loss of E2F2
enhanced proliferation in Myc transgenic tissue but did not affect Myc-induced apoptosis. E2F2 did not behave as a
simple activator of transcription in epidermal keratinocytes but instead appeared to differentially regulate gene
expression dependent on the individual target. E2f2 inactivation also altered the changes in gene expression in Myc
transgenic cells by enhancing the increase of some genes, such as cyclin E, and reversing the repression of other genes.
These findings demonstrate that E2F2 can function as a tumor suppressor in epithelial tissues, perhaps by limiting

proliferation in response to Myc. ® 2009 Wiley-Liss, Inc.
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INTRODUCTION

The E2F family of transcription factors regulates
the expression of genes involved in cell cycle
progression, apoptosis, DNA repair, and differentia-
tion. E2F family members have been divided into
several subclasses based on their transcriptional
regulatory properties on model gene promoters.
E2F1, E2F2, and E2F3a are referred to as ‘‘activator”’
E2Fs because they can potently induce transcription
of target genes like cyclin E when overexpressed.
These activator E2Fs are expressed in a cell cycle-
regulated manner with maximum levels observed in
late G; and early S phase. Based on overexpression
experiments, it is thought that activator E2Fs
function to drive cell cycle progression and prolifer-
ation [1,2]. Another subclass, which includes E2F3b,
E2F4, and E2FS5, are referred to as the “‘repressor’’ E2Fs
because their main function appears to be to inhibit
transcription of target genes when in association
with the retinoblastoma (Rb) tumor suppressor or
the related pocket proteins, p107 and p130. This
repressor subclass is expressed constitutively but
transcriptional repression by these E2Fs primarily
occurs in quiescent and early G; phase cells. It is
thought that repressor E2Fs function to promote cell
cycle exit and maintain quiescence and/or terminal
differentiation [3].

The E2F2 gene can be transcriptionally activated
by the Myc oncoprotein through functional E box
elements in the E2F2 promoter [4]. Initial studies
suggested that E2F2 contributes to cellular prolifer-
ation induced by Myc [5]. However, more recent
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findings demonstrate that E2F2’s classification as an
activator of transcription and stimulator of prolifer-
ation is overly simplistic. For example, while E2f2
inactivation impairs S phase progression in progen-
itor cells during hematopoiesis, the loss of E2F2
leads to increased proliferation of peripheral T cells
coinciding with reduced thresholds for antigen
activation [6,7]. Moreover, T cells and embryonic
fibroblasts from E2f2~/~ mice display increased levels
of several E2F targets, including cyclins D1, D3, A2,
and B1, CDK1, MCM2, and MCM6 [8]. The E2f1
gene, which is also an E2F target, is also upregulated
in T cells lacking E2F2 [6]. Thus, in at least some
contexts, E2F2 functions as a repressor of tran-
scription and inhibitor of cell proliferation.

Like E2F1, E2F2 can have either positive or
negative effects on tumor development depending
on the experimental context [9]. Transgenic mice
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overexpressing E2F2 in the thymic epithelial com-
partment have a high incidence of thymoma devel-
opment [10]. On the other hand, inactivation of E2f2
predisposes mice to hematopoietic malignancies [7].
The absence of E2F2 also accelerates lymphoma-
genesis in transgenic mice expressing Myc in T cells
[11]. Here we further explore the role of E2F2 in
tumorigenesis by using the KS5.Myc transgenic
mouse model in which Myc is overexpressed in the
basal layer of squamous epithelial tissues. We find
that the absence of E2F2 cooperates with Myc
to accelerate tumorigenesis in the skin and oral
cavity. This correlates with an enhancement of
Myc-induced proliferation and a reversal of Myc-
mediated transcriptional repression in the absence
of E2F2.

MATERIALS AND METHODS

Mice

KS5.Myc transgenic mice (line 5) have been
described [12,13]. E2f2 knockout mice have also
been described [5,6] and were a kind gift from
Michael Greenberg. The background strain for the
K5.Myc mice was SSIN. The strain background for
E2f2~/~ mice was a mix between 129/Sv and C57/BL.
Male K5.Myc mice were bred to mice containing
an inactivated E2f2 allele to generate K5.Myc mice
hemizygous for E2f2. K5.Myc, E2f2"/~ mice were
then bred to E2f2"/~ mice to generate transgenic
and nontransgenic mice wild-type, hemizygous,
and nullyzygous for E2f2. Sibling mice were used
for comparisons in all experiments.

Immunohistochemistry

Mice were injected with 170 uL of 20 mM bromo-
deoxyuridine (BrdU) 20 min before sacrifice. Skin
samples were fixed in formalin, paraffin-embedded
and sectioned. Skin sections were immunohisto-
chemically stained using an antibody specific for
BrdU (Becton Dickson, Franklin Lakes, NJ; 1:500
dilution) as previously described [13]. At least 1000
interfollicular basal layer cells were scored per
section to determine the percent that were BrdU
positive. Formalin fixed, paraffin-embedded skin
sections were also immunohistochemically stained
for the activated form of caspase 3 (R&D Systems,
Minneapolis, MN 1:2000 dilution) using the Histo-
stain-Plus kit (Zymed, San Francisco, CA). The
average number of caspase 3-positive cells per
10mm of linear skin was determined for 40 fields
per section.

Real-Time Quantitative RT-PCR

Epidermal keratinocytes were isolated from the
dorsal skin of adult mice. Dorsal skin samples were
incubated in trypsin for 3 h at 30°C after which the
epidermis was scraped into Eagle’s minimal essential
medium (EMEM). The scraped epidermis was
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minced, stirred for 30 min at room temperature and
strained through a 70-pum filter to remove debris. The
cells were then resuspended in 2mL of EMEM
medium and layered onto a 22.5% Percoll gradient,
centrifuged at 1000 rpm for 15 min and the resultant
keratinocyte pellet was washed twice in cold PBS.

RNA was extracted using the RNeasy kit with
optional DNasel treatment (Qiagen, Valencia, CA
cat. no. 74104, Valencia, CA). RNA was analyzed
for integrity using the Agilent 2100 Bioanalyzer
(Agilent, Lajolla, CA Technologies, Inc., LaJolla,
CA). Total RNA (1 ng) was then used as template to
synthesize ¢cDNA with the High Capacity ¢cDNA
Archive Kit (Applied Biosystems, Carlsbad, CA). qPCR
was subsequently performed on the ABI 7900HT Fast
Real Time PCR System using a custom TagMan Low
Density Array (Applied Biosystems) containing 93
genes related to cell proliferation and cancer. RNA
levels were normalized to the endogenous control
gene GAPDH. Data analysis was performed using
Sequence Detection System software from ABI,
version 2.2.2. The experimental C; (cycle thresh
hold) was calibrated against the GAPDH control
product. All amplifications were performed in dupli-
cate. The AAC; method was used to determine the
amount of product relative to that expressed by wild-
type-derived RNA (onefold, 100%).

Western Blot Analysis

Western blot analysis was performed on epidermal
lysates using antibodies to cyclin E (Cell Signaling
Technology, Danvers, MA mouse monoclonal HE12
# 4129, 1:700 dilution) and GAPDH (Abcam Inc.,
Cambridge, MA ab948S5, 1:10 000 dilution).

RESULTS

Both E2f1 and E2f2 knockout mice are predisposed
to spontaneous tumor development but the specific
contexts and mechanisms by which these factors
suppress tumorigenesis remain unclear [9]. We
previously demonstrated that inactivation of the
E2f1 gene in KS5.Myc transgenic mice accelerates
tumor development [12]. To determine if E2F2
would also behave as a tumor suppressor in this
model system, K5.Myc mice were crossed to E2f2 7/~
mice [5,6]. Similar to previous studies [12,13], 37.5%
of KS.Myc mice wild-type for E2f2 developed sponta-
neous tumors in the skin and oral cavity by 1 yr of age
(Figure 1 and Table 1). In the absence of E2f2, tumor
incidence increased to 88% of K5.Myc mice by 1 yr
of age. Moreover, several K5.Myc, E2f2~/~ mice
developed multiple tumors while no KS5.Myc,
E2f2*/* mice developed more than one tumor.
Surprisingly, inactivation of a single E2f2 allele
significantly enhanced tumor incidence in KS.Myc
transgenic mice. This is in agreement with a recent
report demonstrating that inactivation of a single
E2f2 allele cooperates with Myc to accelerate lym-
phoma development [11]. Inactivation of E2f2 did
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Figure 1. E2f2 deficiency increases tumor incidence in K5.Myc
transgenic mice. K5.Myc transgenic mice wild-type (+/4), hemi-
zygous (+/=) or nullizygous (—/—) for E2f2 were monitored
for spontaneous tumor development for 1 yr. Tumors arising in
K5-expressing epithelial tissues were recorded. The Fisher’s exact
test was applied to demonstrate statistically significant differences
between E2f2* and E2F2*/~ (P<0.05) and E2/27'~ (P<0.001)
transgenic mice. The number of mice for each genotype is indicated
in Table 1.

not appear to alter the type of tumors that developed
or their invasiveness.

In contrast to the Myc-induced lymphoma model,
inactivation of E2f2 enhanced the proliferation
index in KS.Myc transgenic epidermis as measured
by BrdU incorporation, while Myc-induced apopto-
sis was unaffected (Figure 2). A previous report
suggested that E2F2 inhibited proliferation by tran-
scriptionally repressing a number of cell cycle
regulators in both lymphocytes and embryonic
fibroblasts [8]. In epidermal keratinocytes, E2f2
inactivation modestly reduced cyclin E1 (Ccnel)
expression but enhanced cyclin E2 (Ccne2) expression
(Figure 3A). Moreover, inactivation of E2f2 cooper-
ated with the transgenic expression of Myc to further
increase cyclin Elevels at both the mRNA and protein
levels (Figure 3). The absence of E2F2 also cooperated
with Myc to enhance expression of the Mcm10 gene
in epidermal keratinocytes (Figure 3A).

In addition to positively regulating transcription,
Myc is also known to repress the transcription of
some genes, including the c-myc gene itself [14,15].
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Figure 2. Inactivation of E2f2 enhances proliferation in K5.Myc
transgenic epidermis. (A) BrdU incorporation in the epidermis was
analyzed by immunohistochemical staining of skin sections from
wild-type (E2f2+*), E2f27/=, K5.Myc, and K5.Myc, E2f2~/~ mice.
The percentage of BrdU-positive cells in the epidermis was calculated
from at least four mice for each genotype. * Indicates a statistically
significant difference between K5.Myc, E2f2*"+ and K5.Myc, E2f2~/~
mice as determined by the Student’s paired t-test (P<0.05).
(B) Skin sections from the same mice used above were stained for
the activated form of caspase 3 as an indicator of apoptosis. The
average number of caspase 3-positive cells per 10mm of linear
epidermis was determined for each genotype.

Interestingly, inactivation of E2f2 reversed in part
the repression of the endogenous c-myc gene in
KS5.Myc transgenic keratinocytes (Figure 3A). The
absence of E2F2 also reversed the Myc-mediated
repression of several other genes, including Serpinel,
Serpinb2, Mcm7, and Igfbp3. This suggests that E2F2
directly or indirectly contributes to Myc-mediated
transcriptional repression of these genes.

On the other hand, E2F2 appears to positively
regulate Rprm (Reprimo) and Tsc22d3 in the absence
of exogenous Myc expression. Inactivation of E2f2
reduced Rprm and Tsc22d3 expression in epidermal

Table 1. Epithelial Tumors in K5.Myc Transgenic Mice

Number of Tumor incidence  Average age of
Genotype mice (gender) at 1yr, % onset, weeks Tumor types
E2f2* 16 (6F, 10M) 37.5 42.6 One basal cell tumor of the skin and five SCC of
oral cavity, of which three were invasive
22t 26 (14F, 12 M) 73.1 43.6 One papilloma, five SCC of skin and fourteen
SCC of oral cavity, of which six were invasive®
E2f2~"~ 25 (11F, 14 M) 88.0 40.3 One papilloma, six SCC of skin and seventeen

SCC of oral cavity, of which three were
invasive®

#All K5.Myc mice wild-type for E212 showed only one tumor per mouse, whereas some E2f2 heterozygous and null mice developed more
than one tumor per mouse, typically a SCC of skin and SCC of oral cavity. F, female; M, male; SCC, squamous cell carcinoma.
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Figure 3. Inactivation of E2f2 can positively or negatively effect
gene expression. (A) cDNA was made from epidermal keratinocytes
isolated directly from mice with the indicated genotypes and used in
real-time quantitative RT-PCR assays for the indicated genes. Results
are the average of three independent assays performed in duplicate
using RNA isolated from three different mice of each genotype.
Statistically significant differences in expression between wild-type
and E2f27/~ genotypes were found for Rorm and Tsc22d3 and
between K5.Myc, E2f2*"*, and K5.Myc, E2f2~/~ genotypes for
Serpine1 and Tsc22d3 (paired t-test, P<0.001). (B) Western blot
analysis of epidermal lysates from mice with the indicated genotypes
was performed using antibodies specific for cyclin E (recognizes both
the cydin E1 and E2 proteins) and GAPDH as a loading control.

keratinocytes by 13- and 7-fold, respectively
(Figure 3A). Both Rprm and Tsc22d3 have been
implicated as negative regulators of cell proliferation
and are putative tumor suppressor genes.

DISCUSSION

The E2F2 gene is located at human chromosome
1p36, a locus that is frequently lost in a variety of
cancers and is thought to harbor multiple tumor
suppressor genes [16]. Relevant to our mouse model
study, 1p36 is often deleted in squamous cell
carcinoma of the oral cavity [17,18]. In neuro-
blastomas and some other cancers, 1p36 deletion is
frequently observed together with amplification of
the MYCN gene, suggesting cooperation between
increased Myc activity and 1p36 loss [19]. Taken
together with our findings, this suggests that the
E2F2 gene may function as a tumor suppressor in
humans and be a target for deletions associated with
chromosome 1p36.

We find that E2f2 inactivation leads to a further
increase in epidermal hyperproliferation in K5.Myc
transgenic mice. This correlated with increased
cyclin E expression in the absence of E2F2, partic-
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ularly in the presence of the K5.Myc transgene. This
contradicts the current model for the E2F family in
which E2F2, together with E2F1 and E2F3a, func-
tions to promote cellular proliferation by activating
the expression of positive regulators of the cell cycle.
Instead, our findings are in agreement with several
other studies indicating that E2F2 functions as a
negative regulator of cellular proliferation, at least
in some contexts [6-8]. The related E2f1 gene has
also been shown to function as a tumor suppressor
in mouse models, including the K5.Myc model
employed here [12]. However, unlike E2f2 inactiva-
tion, the absence of E2F1 did not affect Myc-induced
proliferation and instead increased Myc-induced
apoptosis in transgenic tissue. This suggests that
although E2F1 and E2F2 can both function as tumor
suppressors, they may inhibit cancer development
through distinct mechanisms.

A previous study demonstrated that E2f2 inactiva-
tion cooperated with transgenic expression of Myc to
induce T cell lymphomagenesis [11]. In agreement
with that report, we also find that inactivation of a
single E2f2 allele is sufficient to accelerate Myc-
driven tumor development. However, in contrast to
our findings, inactivation of E2f2 did not affect cell
proliferation in Myc transgenic T cells but instead
caused decreased levels of apoptosis. The reason for
this discrepancy is unclear but may be related to cell
type-specific functions for E2F2.

In addition to activating transcription, Myc also
represses the transcription of some genes and this
function is critical for oncogenic transformation by
Myc [141520-22]. A number of mechanisms have
been proposed for how Myc represses transcription,
including interaction with Mizl and the recruit-
ment of DNA methyltransferase 3a (DNMT3a) and
histone deacetylase 3 (HDAC3) [1423]. A striking
finding from our limited gene expression analysis is
that the absence of E2F2 reverses, at least in part, the
downregulation of several genes in K5.Myc kerati-
nocytes. This includes the endogenous c-myc gene
and Serpinel/plasminogen activator inhibitor 1 (PAI-1),
which is a previously identified target for Myc-
mediated transcriptional repression [24]. Further
studies will be required to determine how E2F2
participates in the regulation of these Myc-repressed
genes and the role this plays in tumor suppression
by E2F2.
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