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The E2F1, -2, and -3 transcription factors are key downstream targets of the retinoblastoma protein (pRB)
tumor suppressor that drive expression of proliferation-associated genes. Here we use mutant mouse strains
to investigate E2F3’s role in vivo. We show that E2F3 is essential for embryonic viability in the pure 129/Sv
background but the presence of C57BL/6 alleles yields some adult survivors. Although growth retarded,
surviving E2f3~/~ animals are initially healthy. However, they die prematurely, exhibiting no obvious tumor
phenotype but with the typical signs of congestive heart failure. The defects are completely distinct from those
arising in E2f1 mutant mice (S. J. Field et al., Cell 85:549-561; 1996; L. Yamasaki et al., Cell 85:537-548, 1996),
supporting the prevailing view that these E2Fs must have some unique biological functions in vivo. To test this
model, we examined the phenotypes of E2f1 E2f3 compound mutant mice. Almost all of the developmental and
age-related defects arising in the individual E2f1 or E2f3 mice were exacerbated by the mutation of the other
E2f. Thus, E2F1 and E2F3 appear to play critical, overlapping roles in the development and maintenance of
a variety of tissues. Importantly, this study did identify one major difference in the properties of E2F1 and
E2F3: either alone or in combination with E2F1 loss, E2f3 mutation did not increase the incidence of tumor
formation. These data strongly suggest that tumor suppression is a specific property of E2F1 and not E2F3.

The E2F transcription factors control the cell cycle-depen-
dent expression of genes that are essential for cellular prolif-
eration, including key components of the DNA replication and
cell cycle control machinery (reviewed in reference 13). E2F
activity is regulated by the retinoblastoma protein (pRB), a
tumor suppressor that is functionally inactivated in most, if not
all, human tumors (reviewed in reference 42). The hypophos-
phorylated form of pRB binds to E2F during the G, phase of
the cell cycle (5). This association inhibits activation of tran-
scription by E2Fs (15, 21), and the pRB-E2F complex has the
capacity to actively repress E2F-responsive genes by recruiting
histone-modifying enzymes to the promoter (2, 35, 52). In
response to mitogenic signaling, pRB is phosphorylated by the
cyclin-dependent kinases (3, 6, 10) and transcriptionally active
E2F is released at the G,/S transition (reviewed in reference
13). In this manner, E2F can contribute to either the repres-
sion or activation of E2F-responsive genes.

To date, eight genes encoding components of E2F have been
cloned (reviewed in reference 13). The protein products are
subdivided into two groups, the E2Fs (1 through 6) and DRTF
proteins 1 and 2 (DPs), that heterodimerize to generate func-
tional E2F activity (22, 27). Although the DP subunit is critical
for activity, the functional specificity of the E2F-DP complex is
determined by the E2F subunit. The E2F family can be divided
into three distinct subgroups based on differences in both se-
quence homology and functional properties.
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Two of the three E2F subgroups appear to be primarily
involved in the repression of E2F-responsive genes. In the case
of E2F4 and E2FS5, this is thought to occur via recruitment of
the pRB family members and their associated histone-modify-
ing enzymes (reviewed in reference 19). In contrast, E2F6 lacks
the sequences required for pRB binding (4, 18, 39, 48) but
instead associates with the mammalian polycomb complex, a
known transcriptional repressor (49). Mutant mouse models
have been generated for E2F4 and E2F5 (17, 24, 32, 45).
Analysis of these mice indicates that E2F4 and E2FS5 are fully
dispensable for cellular proliferation but are required for cell
cycle arrest and the terminal differentiation of specific cell
lineages. The role of E2F6 in development and/or tumorige-
nicity has yet to be determined.

The final E2F subclass contains E2F1, E2F2, and E2F3.
When overexpressed, these three E2Fs are potent activators of
E2F-responsive genes (28) and their ectopic expression is suf-
ficient to induce quiescent cells to enter S phase (26, 34). The
endogenous E2F1-DP, E2F2-DP, and E2F3-DP complexes are
specifically regulated by pRB, not p107 or p130, and the timing
of their release from pRB correlates with the timing of the
activation of E2F-responsive genes (28, 38). These observa-
tions strongly suggested that the tumor-suppressive properties
of pRB are at least partially dependent upon its ability to block
the induction of proliferation by E2F1, E2F2, and E2F3. This
hypothesis is directly supported by the finding that E2F1 loss
reduces tumor development in Rb™/~ mutant mice (56).

Recent studies have identified a second form of E2F3, called
E2F3b, in which the N-terminal 121 amino acids of the original
E2F3 variant (now called E2F3a) are replaced by 6 novel
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TABLE 1. Genotypes of progeny from E2fI E2f3 compound mutant animals

No. with E2fI E2f3 status

Progeny”
/4 +H+ +/— +/+ —/— +/+ +/+ +/- +/— +/- —/- +/- +/+ =/ +/- —/- —/= ==

3 Wk (455)

Observed 36 82 35 69 149 72 12 0 0

Expected 28 57 28 57 114 57 28 57 28
el8.5 (52)

Observed 3 8 5 9 17 8 2 0 0

Expected 3 7 3 7 13 7 3 7 3
el3.5 (72)

Observed 3 15 7 8 19 9 4 7 0

Expected 5 9 5 9 18 9 5 9 5
ell.5 (50)

Observed 4 6 7 5 8 11 4 3 (2)

Expected 3 6 3 6 13 6 3 6 3
e10.5 (123)

Observed 10 13 4 18 30 13 9 23 1(2)

Expected 7 15 7 15 31 15 7 15 7
€9.5 (130)

Observed 13 19 8 10 42 15 4 11 8

Expected 8 16 8 16 32 16 8 16 8

“ Numbers in parentheses indicate numbers of nonviable embryos.
® Numbers in parentheses are the total number of animals.

amino acids (20, 30). The E2f3a and E2f3b mRNAs are tran-
scribed from distinct promoters at different stages of the cell
cycle (1, 30). The biological properties of E2F3b have yet to be
described.

Given the importance of E2F1, E2F2, and E2F3, consider-
able attention has been focused on understanding their precise
roles in vivo. Mutant mouse strains have been used to assess
the phenotypic consequences of E2F1 deficiency. E2f1 /~ mice
are fully viable but develop several tissue-specific defects (14,
16, 57, 58). There is a decrease in the apoptotic potential of
E2f1~'~ thymocytes that results in increased lymphoid prolif-
eration. E2f1 '~ males develop testicular atrophy. Finally,
E2f1*'~ and E2f1~/~ mutant mice have an increased suscep-
tibility to a variety of tumor types, including histiocytic sarco-
mas, hemangiosarcomas, lymphomas, hepatocarcinomas, and
lung tumors. This increase in cancer susceptibility might seem
paradoxical in light of E2F1’s purported role in proliferation.
However, E2F1’s tumor suppressive role is believed to be due
to its known ability to trigger cells to undergo p53-dependent
apoptosis in response to inappropriate cell cycle entry (11, 23,
44, 46, 55).

We have previously generated an E2f3 mutant mouse strain
that is deficient for both E2F3a and E2F3b (25). Since we
cannot attribute the resulting phenotypes to the loss of one or
both of the two E2F3 variants, we refer to this strain using the
general term “E2F3 deficient.” Using mouse embryonic fibro-
blasts (MEFs) derived from these animals, we have shown that
E2F3 acts in a dose-dependent manner to control the mitogen-
induced transcriptional activation of many known E2F-respon-
sive genes (25). As a result, E2F3 controls the rate of prolif-
eration of both primary and transformed MEFs. Consistent
with this observation, E2F3 makes a major contribution to
both the inappropriate proliferation and the apoptosis that
results from the loss of the pRB (60). Given its key prolifera-
tive role, we have focused our attention on establishing the in
vivo consequences of E2F3 loss. We show that E2F3 is essen-
tial for full embryonic viability in a strain-specific manner. The

small proportion of animals that survive to adulthood exhibit
growth retardation that is dependent on the dosage of E2F3. In
addition, this study reveals an unexpected and critical role for
E2F3 in the adult heart. Significantly, the phenotypes of the
E2f3 mutant mice are completely distinct from those of E2f]
mutants. Through the generation and analysis of E2fI E2f3
compound mutant mice, we also show that the role of E2F3 in
cardiac function, as well as the regulation of many other de-
velopmental processes, is a shared property of E2F1 and E2F3
but that E2F1 has a specific function in tumorigenesis.

MATERIALS AND METHODS

Animal maintenance and histological analysis. The E2f7 and E2f3 mutant
mouse strains were genotyped using previously described PCR protocols (25, 57).
The window of lethality of E2f3~/~ (or E2fl ™/~ E2f3/~) embryos was deter-
mined by establishing timed pregnancies through the detection of vaginal plugs
(embryonic day 0.5 [€0.5]). Embryos were harvested by cesarean section, and
viability was assessed by detection of a heartbeat. For histology, embryos and
tissues were fixed in 10% formalin or Bouin’s solution and embedded in paraffin
blocks and 6-pum sections were stained with either hematoxylin and eosin or
Gomori’s one-step trichrome stain (Poly Scientific). All conclusions about sta-
tistical significance were derived using Student’s ¢ test.

RESULTS

E2f3 is essential for normal embryonic development. We
have previously shown that E2F3 is required for mitogen-
induced cell cycle entry and that viable E2f3~/~ mice are under-
represented at weaning (Fig. 1A) (25). Given these observa-
tions, we wished to determine the developmental consequences
of E2F3 deficiency. Upon close examination of the newborn
litters, we found that a significant number of the mixed
(C57BL/6 X 129/Sv) background E2f3~/~ mice were born alive
but failed to thrive and died within 48 h of birth. Although we
were able to successfully foster wild-type and E2f37/~ litter-
mate controls, the use of foster mothers did not increase the
proportion of surviving £2f3/~ neonates. Thus, the high inci-
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FIG. 1. E2F3 is essential for full embryonic viability, promotes growth in a dose-dependent manner, and is critical for normal cardiac function.
(A) Progeny arising from E2f3"/~ intercrosses at various stages of embryonic development. Numbers in parentheses indicate numbers of nonviable
embryos found at each developmental stage. (B) Representative weight curve of female littermate animals. Similar data was obtained for other
litters and for males; however, the number of animals examined was insufficient to allow statistical analysis. (C) Kaplan-Meier plots of wild-type
(n =30), E2f3*/~ (n = 27), and E2f3/~ (n = 25) littermates with the mixed (C57/BL6 X 129/Sv) genetic background and wild-type (n = 20) and
E2f3"~ (n = 19) littermates with the pure 129/Sv background. (D) Hematoxylin- and eosin-stained sections of the lungs (X40 magnification) of
an E2f37/~ animal that died from congestive heart failure, displaying macrophages in the alveolar spaces. (E and F) Sections of hearts (X1 and
X5 magnification, respectively) from E2f3~/ mice, depicting atrial thrombi stained with Gomori’s one-step trichrome stain. LA, left atrium. LV,

left ventricle.

dence of perinatal lethality results from an intrinsic defect in
the E2f3~/~ mice rather than the E2f3*/~ mothers.

To determine whether the reduced viability of the E2f3~/~
mutant animals was entirely attributable to perinatal lethality,
we set up intercrosses of the mixed background E2f3"/~ ani-
mals and monitored embryonic development using timed preg-
nancies (Fig. 1A). The E2f3~/~ animals were present immedi-
ately prior to birth (e18.5) but their weight (0.77 = 0.12 g; n =
16) was significantly lower (P < 1.2 X 10~'') than that of
either their wild-type (1.17 = 0.146 g; n = 28) or E2f3*/~ (1.06
+ 0.106 g; n = 57) littermate controls. Moreover, these em-
bryos seemed to be underrepresented. Analysis of earlier de-
velopmental stages confirmed that some of the E2f3™/~ ani-
mals die in utero. E2f3~/~ embryos were present at the
expected frequency at e13.5, but 29% of these were already
dead. Dead E2f3~/~ embryos were also present at subsequent
developmental stages (Fig. 1A and data not shown), indicating

that the window of lethality extends from e13.5 to the postpar-
tum stages. Apart from the significant growth retardation, his-
topathological examination did not reveal any obvious defects
in either the E2f3~/~ embryos or neonates.

The deleterious nature of E2F3 deficiency was increased in
the pure 129/Sv genetic background. There was a significant
increase in the ratio of dead to viable E2f3~/~ embryos at
e13.5, and viable E2f3 homozygotes were present at only 30%
of the expected frequency at €18.5 (Fig. 1A). Finally, heterozy-
gous intercrosses generated no viable E2f3~/~ neonates. Only
four E2f3~/~ pups were recovered at birth, all of which were
dead. We therefore conclude that E2F3 is essential for viability
in the pure 129/Sv background. Thus, the survival of the mixed
background E2f3 /" animals must depend upon the presence
of one or more of the C57BL/6 alleles.

E2f3 mutant mice suffer premature death that results from
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congestive heart failure. We monitored the development of
the surviving mixed (C57BL/6 X 129/Sv) background E2f3~/~
animals to determine whether E2F3 is required postnatally.
Consistent with the growth retardation in utero, we saw a
significant reduction in the weight of the E2f3™/~ animals
relative to that of the littermate controls that was maintained
throughout their life span (Fig. 1B and data not shown). Fur-
thermore, the growth of the E2f3"/~ animals was found to be
intermediate between that of their wild-type and E2f3~/~ lit-
termates. Thus, in addition to playing a key role in embryonic
development, E2F3 acts in a dose-dependent manner to pro-
mote growth in the adult animal.

Previous studies have shown that E2f1 "/~ and E2f] '/~ mice
arise at the expected frequency but develop a variety of age-
related defects, including an increased predisposition to tu-
mors (14, 57). We therefore established and monitored colo-
nies of both the mixed and pure 129/Sv background E2f3
mutant mice to determine whether E2f3 mutation had any
influence on aging animals (Fig. 1C). The life span and cause
of death of the mixed background and the pure 129/Sv E2f3*/~
mice were indistinguishable from those of their littermate con-
trols. In contrast to the E2F1-deficient mice, there was no
difference in either the incidence or spectrum of tumors. The
E2f3~/~ (mixed background) animals began dying at 7 months
of age, and their average life span was significantly shorter that
that of the wild-type controls (16.6 = 4.8 months versus 22.6 =
3.6 months; P < 3.6 X 10~°) (Fig. 1C). By visual inspection, the
only evidence of ill health in these E2f3~/~ animals was a
mildly ruffled coat in the last 1 to 2 months of life and dyspnea
(shortness of breath) in the last few days of life.

Full necropsy showed that, like the E2f3"/~ animals, the
E2f37/~ animals were predominantly tumor free. Thus, E2F3
was not acting as a tumor suppressor in a manner similar to
that of E2F1. Instead, greater than 85% of the animals (23 of
27) showed indications of congestive heart failure. Specifically,
we observed bilateral pleural effusions as well as pulmonary
edema. Histological examination of the lungs revealed the
presence of macrophages in the alveolar spaces (Fig. 1D).
Strikingly, histological analysis also revealed the presence of
massive thrombi within the left atria of the E2f37/~ hearts
(Fig. 1E and F). In several cases, the clots nearly completely
filled the atrium and were also present in the left ventricle. The
thrombi were all focally organized, indicating that they were
formed at least one day prior to death (Fig. 1F). However,
there was no evidence of pulmonary embolism in these ani-
mals. We also detected a large atrial thrombus in one of the
four pure 129/Sv E2f3~'~ pups that was recovered dead im-
mediately after birth, indicating that a cardiac etiology was
likely responsible for this preperinatal death. Importantly, fi-
brin thrombi were consistently detected in the heart but not
other organs of the E2F3 deficient mice, indicating that clot
formation does not result from a general hypercoagulable
state. Also, there was no evidence of bacterial infection that
could lead to the development of a septic thrombus. Thus, we
believe that the congestive heart failure and the formation of
atrial thrombi likely resulted from a primary defect of the
heart. Although the underlying mechanistic basis for this phe-
notype is still unclear, the high penetrance of heart failure in
these animals demonstrates that E2F3 plays a critical role in
cardiac function.

MoL. CELL. BIOL.

E2F1 and E2F3 play overlapping roles in a variety of devel-
opmental processes. The activating E2Fs, E2F1, -2, and -3, are
key downstream targets of the pRB tumor suppressor, and
therefore, considerable attention has focused on understand-
ing their relative roles in vivo. Significantly, the defects arising
in the E2f3~'~ mice are completely distinct from the reported
phenotypes of the E2fI '~ mice, which include full neonatal
viability, testicular atrophy, defective thymocyte apoptosis, and
increased tumor susceptibility (14, 16, 57, 58). This finding
supports the prevailing view that E2F1 and E2F3 have distinct
roles in vivo. To test this hypothesis, we crossed the E2f1 and
E2f3 mutant mouse strains to assess whether their specific
developmental defects of each were exacerbated by the muta-
tion of the other E2F. This analysis was conducted in the mixed
(C57BL/6 X 129/Sv) background to enable generation of
E2f17'~ and E2f3~/~ control animals.

We first tested whether E2f1 mutation influences the viabil-
ity of the E2f3/~ mice by assessing the frequency of progeny
arising from E2f1™/~ E2f3"/~ intercrosses (Table 1). E2f1*/~
E2f3*/~ and E2fl1 '~ E2f3"/~ compound mutants were gen-
erated at the expected frequency. Viable E2f3™'~ mice were
present at a reduced frequency, as described above. The addi-
tional mutation of one or both alleles of E2fI progressively
shortened the life span of these E2f3~/~ mice. No viable
E2f1"~ E2f37'~ mice were detected at weaning or immedi-
ately prior to birth (€18.5) but these were present at reasonable
numbers at €13.5. Moreover, the E2f1 '~ E2f3~/~ embryos
died between €9.5 and el10.5. At €9.5, the E2fl~/~ E2f37/~
embryos appeared essentially normal but the single viable
E2f17'~ E2f37'~ embryo detected at el0 was substantially
smaller than the wild-type controls (Fig. 2A). Thus, E2F1 con-
tributes to the viability of E2F3 deficient embryos and neo-
nates in a dose-dependent manner.

We next examined same-sex littermate controls for evidence
of growth retardation, a specific defect of the E2f3"/~ and
E2f3/~ (this study) but not the E2f1 '~ (14, 57) mice. Signif-
icantly, the E2f1 '~ E2f3"/~ mice consistently displayed a de-
gree of growth retardation that was similar to that of the
E2f37/ rather than that of the E2f3"/~ littermates (Fig. 2B
and data not shown). Thus, E2F1 loss potentiates the growth
retardation that results from the heterozygous mutation of
E2f3.

We also screened single and compound mutant animals for
the presence of testicular atrophy, a specific defect of E2f1 '~
(57) but not E2f3~/~ (data not shown) mice. Yamasaki et al.
(57) showed that E2f1 '~ mice display testicular atrophy by 8
months of age. We therefore screened 4- to 5-month-old wild-
type, E2f1 /", and E2f1 '~ E2f3"/~ littermate males for this
defect (Fig. 2C). At this age we were able to detect mild
testicular atrophy in some but not all of the E2f1 '~ males, as
evidenced by a reduction in testicular weight and the number
of sperm in the seminiferous tubules. The severity of this de-
fect was exacerbated in the E2f1 '~ E2f3"/~ compound mu-
tants. The testes were considerably smaller than those of the
E2f1™/~ littermate controls, and they contained empty and
degenerated seminiferous tubules with no apparent loss of the
Leydig cells. Importantly, these changes were indistinguishable
from those seen in older E2f1/~ males, indicating that the
reduction in E2F3 dosage increases severity but does not alter
the fundamental nature of the phenotype.
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FIG. 2. E2F1 and E2F3 have overlapping functions in a variety of tissue types. (A) Hematoxylin- and eosin-stained sections (X4 magnification)
of E2f1~'~ E2f3~/~ embryos and littermate controls at embryonic days 9.5 and 10. (B) Weight curve from a representative litter of sex-matched
(male) mice of the indicated genotypes. Similar data were obtained for other litters; however, the number of animals examined was insufficient to
allow statistical analysis. (C) External view and hematoxylin- and eosin-stained sections (X20 magnification) of testes from representative

four-month-old wild-type, E2f1 /", and E2fI /= E2f3*/~ littermates.

Together, these studies show that we can increase the sever-
ity of developmental defects that are specific to either the E2f7
(testicular atrophy) or the E2f3 (viability and growth retarda-
tion) mutant mouse strains by reducing or abolishing the levels
of the second E2F family member. This strongly suggests that
E2F1 and E2F3 have one or more shared biochemical prop-
erties that are essential for the development and/or mainte-
nance of a variety of embryonic and adult tissues.

Phenotypes of aging E2f1 E2f3 compound mutant mice. The
average life spans of E2f1"/~ and E2fI~/~ mutant mice are
shortened by an increased tumor predisposition (57), while
E2f3'~ mice die of congestive heart failure as described
above. We therefore wished to establish the incidence of these
two defects in the viable compound E2f7 E2f3 mutant mice. To
address this, we monitored aging cohorts of E2f1™/~ E2f37/~
and E2f1~'~ E2f3*/~ mice versus those of E2fI*/~ and
E2f1'~ littermate controls. Statistical analysis did not detect
any significant differences in the life spans of these four geno-
types (Fig. 3A). Whenever possible, the cause of death was
established by necropsy and histological analysis (Table 2).

First, we considered the tumor phenotype of these animals.
The incidence and spectrum (histiocytic sarcomas, hemangio-

sarcomas, hepatocarcinomas, and lung tumors) of tumors aris-
ing in the E2f1"'~ and E2f1 '~ controls were similar to those
previously described (57). The one difference was that the
histiocytic sarcomas were primarily detected in the reproduc-
tive tract by Yamasaki et al. (57) (and therefore were classified
as reproductive tract sarcomas) but were found in many dif-
ferent tissues in our study. Importantly, there was no signifi-
cant difference in the incidence, spectrum, or time of onset of
tumors in the E2fI™/~ E2f3*/~ and E2fl~/~ E2f3*/~ mice
versus the E2f1™/~ and E2fI1~/~ controls. This finding, along
with the absence of any increased tumor predisposition in the
E2f3*/~ and E2f3”/~ mutant mice, suggests that E2F3 does
not make a significant contribution to the suppression of tumor
formation in a manner analogous to that of E2F1.

Although the difference was not statistically significant, we
observed that a fraction of the E2fI*/~ E2f3"/~ and E2f1 '/~
E2f3*"" mice died several months earlier than the £2f1 '~ and
E2f1™'~ controls (Fig. 3A). This was due to the increased
incidence, and severity, of age-related lesions that had previ-
ously been observed in the E2f1*'~, E2f1 ', and E2f3/~
mice rather than the appearance of any novel phenotypes
(Table 2). First, a larger proportion of the E2f1™/~ E2f3*/~
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FIG. 3. Aging phenotypes of E2f1 E3f3 compound mutant animals.
(A) Relative life spans of mixed (C57BL/6 X129/Sv) E2f1*'~ (n = 10),
E2f17'~ (n = 18), E2f1"/~ E2f3"'~ (n = 41), and E2f1 '~ E2f3"'~ (n
= 27) mice. (B) Hematoxylin- and eosin-stained sections of kidneys
from a control wild-type animal and from an E2f1 '~ E2f3%/~ animal
that died at 6 months of age with severe glomerulonephritis. (C) Signs
of congestive heart failure in an E2fI*/~ E2f37/~ animal that died at 8
months of age. The histological section of the left atrium of the heart
(X5 magnification) was stained with Gomori’s one step trichrome
stain, and the section of the lung (<40 magnification) was stained with
hematoxylin and eosin.

(21.6%) and E2f1 '~ E2f3*'~ (31.3%) animals died with se-
vere polyarteritis nodosa and/or glomerulonephritis (Fig. 3B),
defects that arise at a low frequency (12.5%) in both the
E2f1™~ and E2f1~'~ mice (reference 57 and this study). This
suggests that the mutation of a single E2f3 allele exacerbates
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the inflammatory defects that arise in the E2f mutant mice.
Most importantly, we discovered that four of the E2fI™/~
E2f3*/~ and three of the E2fI /= E2f3™/~ animals but no
E2f1"~ or E2f1 '~ controls died prematurely, with indications
of cardiac failure including large organized atrial thrombi, bi-
lateral pleural effusions, and pulmonary edema (Table 2; Fig.
3C.) Although wild-type and E2f3*/~ animals do develop heart
failure at a similar, low frequency (approximately 1 of 40), this
only occurs in older (>18 months) animals (our unpublished
data). Notably, two of the E2fI*'~ E2f3*/~ animals died at 8
and 14 months, well before the control animals are susceptible
to this defect. Although the incidence of heart failure in the
E2fI E2f3 compound mutants is relatively low, these data sug-
gest that mutation of E2fI can potentiate the effects of E2f3
mutation and that a reduction in dosage of these two activating
E2Fs is sufficient to induce congestive heart failure.

Since mutation of Rb is known to increase the amount of
free E2F (37, 43, 50, 56, 60), we were interested in establishing
whether Rb mutation would modulate the incidence of the
congestive heart failure in the E2F3-deficient animals. We
therefore examined a cohort of E2f3~/~ and Rb*'~ E2f37/~
littermate animals that had been independently generated for
a tumor study (U. Ziebold and J. A. Lees, unpublished data).
The Rb*/~ E2f37/~ animals died as a result of tumor forma-
tion, but their life spans (252 to 541 days) encompassed the
timeframe in which the E2f3 mutant mice die from heart fail-
ure (Table 3). Despite this fact, none of the Rb*'~ E2f37/~
mice (n = 25) showed any evidence of congestive heart failure.
In contrast, 7 of the 10 E2f3~/~ littermate controls, including
5 that were within the critical age range for the Rb™'~ E2f37/~
animals (213, 304, 317, 383, and 428 days of age), exhibited
signs of cardiac failure (Table 3). The high incidence of con-
gestive heart failure in these younger E2f37/~ littermates
strongly suggests that the suppression of this defect that results
from Rb mutation is not merely a consequence of their short-
ened life span. These results, combined with the incidence of
heart failure in the E2f] E2f3 compound mutant animals,
strongly suggest that normal heart function is dependent on a
critical dosage of activating E2Fs.

DISCUSSION

E2F3 is required for embryonic, neonatal and adult viabil-
ity. The endogenous E2F transcriptional activity is derived
from the combined action of multiple E2F-DP complexes (re-
viewed in reference 13). Since the biological properties of the
individual E2F-DP species are determined by the E2F moiety,
considerable attention has focused on understanding the pre-
cise roles of the individual E2F family members. In this study,
we used mouse models to investigate the phenotypic conse-
quences of E2F3 deficiency in vivo. First, we have shown that
E2F3 is critical for normal embryonic development. This dis-
tinguishes E2F3 from all other members of the E2F family
examined to date (E2F1, E2F2, E2F4, and E2F5), which are
fully dispensable for embryonic viability (14, 24, 32, 41, 57, 59).

Importantly, the incidence of embryonic lethality differed in
different genetic backgrounds, indicating the presence of
strain-specific modifiers of E2F3, and was fully penetrant in the
pure 129/Sv strain. The large window of lethality (from e13 to
birth) and the absence of any detectable tissue-specific de-
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TABLE 2. Phenotypes and time of death of E2f] E2f3 compound mutant animals

Age at death (mo)

Phenotype
E2f1*~ or E2f1 '~ (n = 24) E21*~ E2/3%~ (n = 37) E2f17/ E2f3%/~ (n = 16)
Tumor
Histiocytic sarcoma 16, 17, 17.5, 19, 19.5, 22.5, 23, 23.5 12.5, 18, 18, 20.5, 21.5, 21.5, 27.5, 32 13, 18, 18.5, 21, 26.5
Hemangiosarcoma 19, 19.5, 22.5 11.5, 14.5, 18, 20.5, 21.5, 23, 24.5, 26, 29 13, 17.5
Hepatocarcinoma 18 17, 23.5, 27 18.5, 31.5
Adenocarcinoma 15.5, 20, 22, 22.5 20.5, 24, 29 31.5
Lymphoma-leukemia 21,22, 22,225 15, 17.5, 18, 18, 19, 21, 27
Pheochromocytoma 16.5 22.5
Other
Glomerulonephritis 14.5, 21 8, 14, 15, 16.5, 19 6, 10, 16, 18, 19
Polyarteritis nodosa 14.5, 21, 21 10, 12.5, 19
Congestive heart failure 8, 14, 17, 17 20, 22.5, 24.5

fect(s) have made it difficult to establish the cause of death.
However, we have detected a strong correlation between the
penetrance of the embryonic lethality and that of the prolifer-
ation defect in MEFs. Specifically, MEFs derived from mixed
background E2f3~/~ embryos show a range of proliferation
defects from significantly impaired to near normal (25), while
those derived from pure 129/Sv E2f3~/~ embryos consistently
display a substantial proliferation defect (J. E. Cloud and J. A.
Lees, unpublished observations). This shows that the strain-
specific modifier(s) influences E2F3’s role in both viability and
cellular proliferation, and it suggests that the viability of the
individual E2f3~/~ embryos may be at least partially deter-
mined by their proliferative capacity.

Our ability to generate viable 23/~ animals allowed us to
assess the requirement for E2F3 in the adult. This analysis
revealed an unexpected role for E2F3 in cardiac function.
Specifically, histopathological analysis of E2F3-deficient mice
demonstrated a high incidence (greater than 85%) of atrial
thrombus formation and pulmonary edema resulting from con-
gestive heart failure. Importantly, there was no evidence of
coagulation defects in other tissues or of a bacterial infection
that could produce a septic thrombus. We therefore conclude
that the phenotype is most likely due to a primary heart defect.
There are two opposing mechanisms for the onset of heart
failure in these animals. One possibility is that a problem in the
heart in utero could set up a defect that does not manifest itself
as heart failure until adulthood. For example, subtle changes in
the geometry of the heart could affect cardiac function in the
adult mouse. Intriguingly, our analyses showed that the
E2f1~'~ E2f3™'~ mice failed around day 10, a time point that

TABLE 3. Rb mutation rescues heart failure of E2f3/~ mice

Deaths from heart failure/total no. of

Age at death (days) deaths of mice of genotype:

E2f3/~ Rb*/~ E2f37/~

200-250 11
250-300 0/4
300-350 2/3 0/6
350-400 1/1 0/6
400-450 11 0/5

>450 2/4 0/4
Total 7/10 0/25

is known to be critical for heart development. To date, we have
not detected any structural abnormalities in the hearts of ei-
ther the E2f3~/~ or E2fl '~ E2f3™/~ embryos, but it remains
possible that subtle defects exist. An alternative possibility is
that the congestive heart failure occurs late in the lives of the
animals because E2F3 is required for the maintenance of the
heart. There are many potential mechanisms for late-onset
heart problems, including either perturbations in the electrical
conduction system or deficiencies in the contractile properties
of the heart muscle itself (7). A clearer understanding of the
physiology of the cardiac dysfunction will help to elucidate the
underlying molecular basis for the role of E2F3 in the devel-
opment and/or maintenance of the heart.

The absence of both E2F3a and E2F3b proteins in these
animals further complicates our understanding of the under-
lying basis of the heart failure. Although E2F3a is known to be
a potent transcriptional activator controlling cellular prolifer-
ation, the properties of E2F3b are not well understood. An
E2F3a deletion mutant (E2F3AN) that is identical to E2F3b,
apart from six novel N-terminal amino acids, behaves as a
transcriptional activator (28), suggesting that E2F3b may have
an activating function similar to that of E2F3a. Consistent with
this observation, the proliferation defect arising in E2f mutant
MEFs can be suppressed by expression of either E2F3a or
E2F3b (54). However, the high levels of E2/3b mRNA in qui-
escent cells (20, 30) have led a number of groups to propose
that E2f3b functions in an analogous manner to the repressive
E2Fs, E2F4 and E2F5. This latter model would be consistent
with the idea that the majority of the mass of the heart is
comprised of terminally differentiated nonproliferative cardi-
omyocytes.

Although our data do not address the issue of E2F3a versus
E2F3b function, the analysis of the E2f1 E2f3 and Rb E2f3
compound mutant mice strongly suggests that the congestive
heart failure results from the loss of an activating function of
E2F3 (Fig. 4). Specifically, cardiac failure can be triggered by
either the complete loss of E2F3 or a reduction in the dosages
of both E2F1 and E2F3. Moreover, Rb mutation, which is
known to induce the release of its associated E2Fs, completely
rescues the congestive heart failure resulting from E2F3 defi-
ciency. These data strongly suggest that normal cardiac func-
tion is dependent on a critical dosage of activating E2Fs.

The relative roles of E2F1 and E2F3 in vivo. The analysis of
E2f1 E2f3 compound mutant mice yields additional insight into
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FIG. 4. Model of E2F action in cardiac function. As demonstrated by the comparison of wild-type, E2f3~/~, E2fI™'~ E2f3"/~, and Rb™*'~
E2f37'~ mice, the dosage of free activating E2F is critical for normal cardiac function.

the relative roles of E2F1 and E2F3 in vivo. This is a major
issue in the field, and there are currently two opposing models.
The first model predicts that E2F1, -2, and -3 regulate distinct
subsets of target genes and thus have distinct biological prop-
erties in vivo . Support for this model comes from a number of
studies. First, ectopic expression of E2F1, E2F2, or E2F3 has
been reported to mediate the differential activation of known
E2F-responsive genes (11, 12). Second, microinjection assays
and the analysis of E2F-deficient MEFs support the notion
that E2F3, but not E2F1, is critical for activation of E2F-
responsive genes and therefore cellular proliferation (25, 29).
Finally, it is widely believed that E2F1, but not other members
of the E2F family, induces p53- and p73-dependent apoptosis
(11, 33). Our finding that the phenotypic spectrum of the
E2f37/~ mice is completely nonoverlapping with that of the
E2f1 mutant animals appeared to be consistent with this spec-
ificity model of E2F action.

The alternative model of E2F action proposes that E2F1, -2,
and -3 have similar molecular properties. There is also consid-
erable evidence to support this second model. Several groups
have shown that E2F1, -2, and -3 are similarly capable of
inducing either ectopic S-phase entry (40) or programmed cell
death (51) (S. Lowe, personal communication; A. Aslanian and
J. A. Lees, unpublished data). Consistent with these findings,
mutant mouse models confirm that the endogenous E2F1 and
E2F3 proteins act in a similar manner to induce the inappro-
priate proliferation and apoptosis that arises in pRB-deficient
mouse embryos (50, 60). Finally, in vivo chromatin immuno-
precipitation assays have not detected any specificity for the
association of individual E2F-DP complexes to a variety of
known E2F-responsive promoters (47, 53). One limitation of
this model is that it does not immediately explain the distinct
phenotypes of the E2f1 and E2f3 mutant mice. However, in situ
hybridization studies reveal clear differences in the expression
levels of the individual E2F proteins in different tissues (8, 9).
Thus, we speculated that E2F1 and E2F3 deficiency could
reduce the total level of free E2F activity below a critical

threshold in a defined, but distinct, subset of tissues, giving rise
to a nonoverlapping spectrum of tissue-specific defects. Impor-
tantly, the phenotypes of the compound E2f] E2f3 mutant
mice provide strong support for the dosage model of E2F
action as opposed to the specificity model. Specifically, we
found that all of the developmental and age-related lesions of
the E2f] and E2f3 mutant mouse strains, including embryonic
lethality, growth retardation, testicular atrophy, polyarteritis
nodosa, glomerulonephritis, and congestive heart failure, were
exacerbated by loss or reduction in the levels of the other E2F.
We therefore conclude that the development of a wide variety
of tissues shows a critical dependence on the dosage of E2F1
and E2F3.

Importantly, our analysis does suggest one major difference
in the properties of E2F1 and E2F3 in vivo. Whereas E2f1 "/~
and E2fI~’~ mice are susceptible to tumors, E2f3*~ and
E2f37'~ mice do not have any increased tumor incidence rel-
ative to that of wild-type littermate controls. This difference
could have been attributed to early death from heart failure in
the E2f37/~ animals. However, mutation of a single E2f3 allele
also failed to alter the incidence, spectrum, or timing of tumor
development in the E2fI*'~ or E2fI~/~ mice. Interestingly,
analysis of DNA derived from the tumors of E2fI™/~ mice
indicates that tumor formation occurs without loss of the wild-
type E2f1 allele, explaining why E2fI*/~ and E2fI~/~ mice
develop tumors with similar kinetics (57, 59) (J. E. Cloud and
J. A. Lees, unpublished observations). Thus, a reduction in the
dosage of E2F1 seems sufficient to induce tumorigenesis, while
E2F3 does not appear to behave as a tumor suppressor in vivo.

There has been considerable debate about the underlying
basis of E2F1’s tumor-suppressive properties. These were orig-
inally thought to reflect E2F1’s ability to participate in the
repression of E2F-responsive genes via recruitment of pRB
and its associated histone-modifying enzymes (57). However,
the absence of any tumor phenotype in mice deficient for E2F4
(24), the major repressive E2F in vivo, was inconsistent with
this model. The prevailing view is that E2F1’s tumor-suppres-
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sive properties are dependent upon its ability to induce apo-
ptosis when cells enter the cell cycle inappropriately. Since we
have shown that E2F3 also induces apoptosis in vivo (60) but
does not to act as a tumor suppressor (this study), this model
also seems in doubt. Interestingly, two recent studies suggest a
link between E2F1 and the DNA damage response pathway.
Lin et al. showed that E2F1, but not E2F2 or E2F3, is stabi-
lized by phosphorylation by the ATM and ATR kinases after
DNA damage (31). The second study suggests why an accu-
mulation of E2F1 might be beneficial to a cell with DNA
damage: E2F1 was also found to associate with Nbs1 and the
Mrell recombination/repair complex (36). Maser et al. hy-
pothesized that E2F1 is required to target the Mrell complex
near the origins of DNA replication and suppress origin firing
when DNA is damaged. Although it has yet to be shown that
Nbs1 binds specifically to E2F1 and not E2F3, this link to DNA
damage could be the elusive explanation for E2F1’s tumor-
suppressive properties.
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