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The E2F transcription factors are key downstream targets of the retinoblastoma protein (pRB) tumor
suppressor. We have previously shown that E2F3 plays a critical role in mediating the mitogen-induced
activation of E2F-responsive genes and contributes to both the inappropriate proliferation and the p53-
dependent apoptosis that arise in pRB-deficient embryos. Here we show that E2F3 also has a significant effect
on the phenotype of tumor-prone Rb*'~ mice. The absence of E2F3 results in a significant expansion in the life
spans of these animals that correlates with a dramatic alteration in the tumor spectrum. E2F3 loss suppresses
the development of the pituitary tumors that normally account for the death of Rb*'~ mice. However, it also
promotes the development of medullary thyroid carcinomas yielding metastases at a high frequency. This
increased aggressiveness does not seem to result from any change in p53 levels or activity in these tumors. We
show that, instead, E2F3 loss leads to an increase in the rate of tumor initiation. Finally, analysis of Rb*';
E2f3*/~ mice shows that this tumor-suppressive function of E2F3 is dose dependent.

The retinoblastoma gene (RB-1) was identified by its ab-
sence in early childhood retinoblastoma (6, 7, 18). Subsequent
studies revealed that RB-/ is mutated in approximately one-
third of all human tumors (reviewed in reference 45). To elu-
cidate the precise role of the retinoblastoma protein (pRB) in
both tumorigenesis and development, a number of mutant
mouse strains have been established (reviewed in reference
26). These analyses underscore the importance of pRB both as
a tumor suppressor and as a key regulator of cellular growth in
normal development. Consistent with the familial cancer syn-
dromes, mice carrying a single Rb mutant allele are highly
cancer prone (12, 46). These animals develop pituitary tumors
with almost complete penetrance, and a significant number
also display medullary thyroid tumors (MTCs). In addition,
pRB is essential for embryogenesis (1, 15, 17). The midgesta-
tion lethality of pRB-deficient embryos is accompanied by de-
fective development of the fetal liver, erythrocytes, neurons,
and lens resulting from a combination of ectopic S-phase entry
and inappropriate programmed cell death. Subsequent studies
have shown that the apoptosis can be either p53 dependent or
p53 independent depending on the particular tissue (22, 25).

The growth-suppressive properties of pRB are thought to be
largely dependent on its ability to regulate the E2F transcrip-
tion factors (reviewed in references 5 and 41). The E2Fs con-
trol the expression of genes essential for cell proliferation,
including key components of both the DNA replication and
cell cycle machinery. pRB binds to E2F during the G, phase of
the cell cycle and inhibits the activation of E2F-dependent
target genes. In response to mitogenic signals, pRB is phos-
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phorylated by the cell cycle-dependent kinases cyclin D/cdk4 or
cyclin D/cdk6 and cyclin E/cdk2, and transcriptionally active
E2F is released. Notably, almost all pRB-positive tumors con-
tain activating mutations in cycDI or cdk4 or inactivating mu-
tations in the cyclin-dependent kinase inhibitor p/6 (reviewed
in reference 39). These findings suggest that functional inacti-
vation of pRB, and the consequent inappropriate release of
E2F activity, is an essential step in tumorigenesis.

To date, six genes that encode members of the E2F family
have been cloned (reviewed in references 5 and 41). Although
most of these genes encode a single protein product, E2f3 has
two alternative promoters that yield two distinct proteins,
called E2F3a and E2F3b, which differ in their N-terminal se-
quences. E2F3b has only recently been identified, and its bio-
logical properties are not well understood. The remaining E2F
proteins have been divided into three distinct subgroups based
on significant differences in structure and function.

E2F1, -2, and -3a represent one subgroup, and they are
believed to be the key downstream targets of pRB. These three
E2Fs are specifically regulated by pRB and not by the pRB-
related protein p107 or p130 (19). When overexpressed, E2F1,
-2, and -3a are potent transcriptional activators and are each
sufficient to induce quiescent cells to enter S phase (4, 21). The
endogenous E2F1, -2, and -3a proteins are released from pRB
during late G, and then associate with E2F-responsive pro-
moters just prior to the activation of E2F-responsive genes (34,
40). Taken together, these data suggest that E2F1, -2, and -3a
play a key role in the induction of cellular proliferation. In
agreement with this hypothesis, mouse embryonic fibroblasts
that lack E2F3a and E2F3b (for simplicity, these two proteins
are referred to below as E2F3) have a defect in the mitogen-
induced activation of almost all known E2F-responsive genes
that impairs the proliferation of both primary and transformed
cells (14). Moreover, the combined loss of E2F1, E2F2, and
E2F3 completely blocks cellular proliferation, suggesting that
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these proteins have overlapping roles in vivo (47). Finally,
these “activator E2Fs” can trigger cells to undergo apoptosis
through both p53-dependent (32, 38, 48) and p53-independent
mechanisms (11, 31).

Analysis of E2f mutant mouse strains suggests that the ac-
tivating E2Fs play both overlapping and unique roles in normal
development. E2F1 and E2F2 are not required for embryonic
development, but adult £2f1 /" and E2f2~/~ mice each de-
velop a unique spectrum of tissue-specific abnormalities in-
cluding defined, but distinct, defects in T-lymphocyte develop-
ment (8, 27, 50-52). E2f] mutant mice are also susceptible to
hematopoietic malignancies, and the tumor incidence appears
to be increased by E2f2 mutation (50, 52). Tumorigenesis is not
dependent on loss of the remaining wild-type E2f1 and/or E2f2
allele, and there is still considerable debate about the under-
lying basis for these tumor-suppressive properties (reviewed in
reference 41). Initially, these properties were thought to be
due to E2F1’s role in the active repression of E2F-responsive
genes via recruitment of pRB and associated histone deacty-
lases. However, others have suggested that E2F1 acts as a
tumor suppressor through its ability to induce apoptosis and/or
its participation in a DNA damage response (20, 23, 24).

In contrast to that of the other activating E2Fs, the loss of
E2F3 causes a high frequency of neonatal lethality (2, 14). In
certain mixed-strain backgrounds, a small proportion of
E2f37/~ mice survive to adulthood, but most die prematurely
of congestive heart failure (2). Analysis of E2fI; E2f3 com-
pound mutant mice indicates that the developmental defects
arising in the E2f1 or E2f3 single-mutant mice are exacerbated
by the combination of the two mutations (2). This finding
strongly suggests that these genes have critical, overlapping
functions in development. However, E2f3 mutation has no
detectable effect on tumor incidence among E2f1 mutant mice,
raising the possibility that tumor suppression is a specific prop-
erty of E2f] and E2f2 but not of E2f3 (2).

Compound Rb; E2f mutant mouse models have been used to
determine how pRB’s growth-suppressive properties relate to
its role in the inhibition of the activating E2Fs. These studies
show that the absence of either E2F1 or E2F3 greatly sup-
presses the ectopic S-phase entry and the p53-dependent and
p53-independent apoptosis arising in pRB-deficient embryos
and thereby significantly extends their life spans (42, 53). This
finding suggests that E2F1 and E2F3 both make significant
contributions to the phenotypic consequences of pRB defi-
ciency. In agreement with this hypothesis, E2F1 loss has been
shown to significantly reduce the development of pRB-defi-
cient tumors (49). However, the lack of a complete rescue
raised the possibility that one or more additional E2Fs might
also contribute to the tumor phenotype. This notion is sup-
ported by the finding that E2F4 loss greatly suppresses the
formation of tumors in Rb™/~ mice by enabling p107 and p130
to bind, and presumably inhibit, both E2F1 and E2F3 (16). In
this study, we have generated Rb; E2f3 compound mutant mice
to assess how E2F3 contributes to the Rb mutant phenotype.
Our analysis reveals an unexpected role for E2F3 in suppress-
ing the metastasis of pRB-deficient MTCs.

MATERIALS AND METHODS

Animal maint e and histological analysis. The Rb and E2f3 mutant
mouse strains were genotyped by using previously described PCR protocols (14,
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15). Animals were sacrificed just prior to the expected time of death or as
warranted by the sizes of the tumors. In some cases, animals were examined after
they were found dead. Full necroscopies were performed on all animals accord-
ing to standard procedures. For histology all tissues were fixed in 10% phos-
phate-buffered formalin or Bouin’s solution and embedded in paraffin blocks,
and 4- to 6-pm-thick representative sections were stained with hematoxylin and
eosin. For more-detailed analysis of the pathology of thyroids and c-cell lesions
as well as ensuing metastasis in lungs, sections from four to six different levels of
these organs were produced. Tumor genotypes were determined by conducting
semiquantitative PCR on tissues that had been isolated by using a dissection
microscope.

Statistical analysis and establishment of relative tumor areas. Survival and
longevity statistics were calculated with the Excel (Microsoft) and Stata (version
6.0; Stata Corporation) programs. To establish the relative areas of pituitary
tumors, low-power microscopic views of Rb mutant pituitary tumors were pho-
tographed, and a normalized grid was electronically merged with the entire
tumor area. The largest pituitary carcinoma was set to 100%, and tumors of all
other genotypes were measured accordingly.

Immunohistochemistry, Western blotting, and gel retardation assays. Immu-
nohistochemical detection of p53 (CM5; Novocastra), pRB (144011A; BD Bio-
science), and calcitonin (CMC-101; Cell Marque) was performed on formalin-
fixed, paraffin-embedded, 4-pm-thick sections. Antigen retrieval was performed
by boiling the specimen in Trilogy (Cell Marque). Primary antibodies were
detected by using a biotinylated secondary antiserum facilitated by ABC (avidin-
peroxidase-biotin complex) as suggested by the manufacturer (Vector Labora-
tories). The specificities of anti-pRB primary antibodies were verified by using
sections from the central nervous systems of wild-type and viable Rb~/~ day-13.5
embryos. All stainings included a control reaction that did not contain any
primary antibody. Western blotting and gel retardation assays were performed
on whole-cell extracts of dissected late-stage MTCs as previously described (43).

RESULTS

Rb mutation increases the viability of E2f3~'~ neonates. It
has previously been shown that E2F3 is critical for cellular
proliferation and contributes to the inappropriate proliferation
and apoptosis that arise in pRB-deficient embryos (14, 53).
Given these observations, we hypothesized that E2F3 might
contribute to the development of pRB-deficient tumors. Since
the viability of the E2f3~/~ mice and the severity of the tumor
phenotype of the Rb*'~ mice are both influenced by strain-
specific modifiers (2), we conducted crosses between Rb (15)
and E2f3 (14) mutant mouse strains on both a 129/Sv and a
mixed (129/Sv X C57BL/6) background.

Initially, we examined the abilities of mice with the com-
pound Rb; E2f3 mutant genotypes to survive until weaning. In
the pure 129/Sv background (data not shown), we observed
complete embryonic lethality of the E2f3~/~ mice as previously
described (2). Unfortunately, the presence of a single Rb mu-
tant allele did not suppress the lethality of the E2f3~/~ ani-
mals. However, Rb*/~ and Rb™'~; E2f3*/~ mice were both
generated at the expected Mendelian ratio and were aged for
analysis of adult phenotypes. In the mixed 129/Sv X C57BL/6
strain background, a small fraction of the E2f3~/~ mice sur-
vived to weaning (2). Significantly, matings of mixed-back-
ground Rb*'~; E2f3*/~ females with either Rb™/~; E2f3"/~ or
Rb™'~; E2f37/~ males yielded surviving E2f3~/~ animals at a
significantly higher frequency in the presence (25.75% =
4.05% of the expected frequency) than the absence (11.4% =
0.3% of the expected frequency) of one Rb mutant allele (Ta-
ble 1). This result strongly suggests that a reduction in pRB
levels is sufficient to overcome the requirement for E2F3 in
one or more developmental processes that are essential for
neonatal viability.
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TABLE 1. Rb mutation increases the viability of £2f3™/~ neonates

o No. of % of expected
Cross and genotype animals frequgncy
Rb*/~; E2f3%7~ X Rb*/~; E2f3*/~
(2 = 479 progeny)
WT 60 100
E2f37/~ 110 104.5
Rb*/~ 85 91.7
Rb*/—; E2f3%/~ 191 70.8
E2f37/~ 7 11.7
Rb*/—; E2f37/~ 26 21.7
Rb*/~; E2f3"~ X Rb*'~; E2f37/~
(2 = 375 progeny)
E2f3%/~ 99 100
Rb*/—; E2f3%/~ 206 104
E2f37/~ 11 11.1
Rb*/~; E2f37/~ 59 29.8

“ Genotypic analysis of the progeny was performed at weaning or at the age of
21 days. WT, wild type.

E2f3 mutation increases the life spans of the tumor-prone
Rb*'~ mice. To determine whether E2F3 loss alters the viabil-
ity of Rb™/~ adults, we aged a large cohort of surviving neo-
natal E2f3; Rb mutant littermates and compared their life
spans (Fig. 1; Table 2). Among the inbred 129/Sv mice, we
observed a significant increase (P = 0.0008 by the log rank test)
in the mean survival of Rb*™/~; E2f3™/~ mice (9.8 = 1.3
months) over that of their Rb™/~ littermates (8.6 = 1.2
months). Similarly, in the mixed (129/Sv X C57BL/6) strain,
the life spans of Rb™/~ mice (10.2 = 1.6 months) were pro-
gressively increased by the presence of either one (10.8 = 1.8
months) or two (13 = 2.6 months) E2f3 mutant alleles. Both of
these changes are statistically significant (P = 0.0128 and P <
0.00001 by the log rank test, respectively). Thus, £2f3 mutation
increases the viability of Rb™/~ mice in a dose-dependent man-
ner. Importantly, the Rb*'~; E2f3~/~ mice could also be
clearly distinguished from their E2f3/~ littermate controls;
they died earlier and had no evidence of the congestive heart
failure that causes the deaths of most £2f3~/~ adults (2). Thus,
the Rb mutation influences the viability of these Rb*'~;
E2f37' adults.

E2f3 mutation suppresses the development of pituitary tu-
mors in Rb heterozygous mutant mice. Since E2f3 mutation
extends the life spans of Rb*/~ animals, we first examined
whether it had any effect on either the incidence or the sizes of
the intermediate-lobe pituitary tumors that are the docu-
mented cause of death for Rb heterozygotes (10, 12, 28, 35, 46).
For these studies, we focused primarily on the mixed 129/Sv X
C57BL/6 background, because all genotypes of interest were
available for analysis. The phenotypes of the Rb™*/~ littermate
controls were entirely consistent with previous reports. We
observed melanotroph carcinomas that had arisen from the
intermediate lobe of the pituitary gland (Fig. 2A and data not
shown). In almost every case, the tumors had expanded to
compress adjacent brain structures, causing the death of the
animal. In contrast, microscopic histological examination
showed that the pituitary glands of E2f3 mutant littermates
were completely normal (Fig. 2A and data not shown).

At the time of death, the pituitary tumors of the Rb™/'~;
E2f3"/~ mice were indistinguishable from those of the Rb™/~
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FIG. 1. Effect of E2f3 status on the life spans of Rb heterozygous
mice. Progeny arising from Rb™'~; E2f3"/~ intercrosses were aged
together. Shown are log rank survival curves obtained by plotting
percent survival against age. (A) In the pure 129/Sv background, the
life spans of Rb™/~; E2f3*/~ animals (n = 25) were significantly higher
than those of Rb™*/~ animals (n = 28). Additionally, E2f3*/~ animals (n
= 19) were aged as a control. (B) In the mixed 129/Sv X C57BL/6
background, the life spans of Rb™~; E2f3*/~ (n = 125) and Rb*'~;
E2f3~~ (n = 40) animals were progressively longer than those of
Rb*'~ (n = 50) animals but shorter than those of £2f3~/~ animals (n
= 18).

controls as judged by incidence, size, and pathological criteria
(Fig. 2A and C and data not shown). Since there is a short
increase in the life spans of the Rb™/~; E2f3"/~ animals rela-
tive to those of the Rb™/~ controls, it seems likely that these
tumors develop slightly more slowly. Consistent with this hy-
pothesis, the complete absence of E2F3 had a major effect on
pituitary tumor development. Although all of the Rb*/;
E2f37/~ mice displayed pituitary carcinomas, these were sig-
nificantly smaller than those detected in the Rb™/~ controls
(Fig. 2B and C). Indeed, in several cases, the tumor was still
primarily contained within the intermediate layer of the pitu-
itary gland, causing little disruption of the other layers (Fig.
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TABLE 2. E2F3 loss increases life spans of Rb™'~ mice in mixed
(129/Sv X C57BL/6) and pure (129/Sv) genetic backgrounds

Genetic background No. of Mean survival Survival
and genotype animals ~ (months) = SD  range (days)
Mixed (129/Sv X C57BL/6)
Rb*/~ 50 102 £ 1.6 194 to 431
Rb*/—; E2f3*/~ 125 10.8 = 1.8 166 to 437
Rb*/—; E2f37/ 50 13.0 £ 2.6 252 to 582
E2f37/~ 18 171 £55 213 to 770
Pure (129/Sv)
Rb*'~ 28 8.6 +1.2 157 to 316
Rb*/~; E2f3*/~ 25 9.8 13 262 to 388
E2f3%/~ 19 19553 157 to 810

2B). The suppression of tumor formation is particularly strik-
ing given that the Rb™/~; E2f37/~ animals live longer than
their Rb™/~ controls. Importantly, for about 30% of the Rb™/~;
E2f37/~ animals, the pituitary tumor was ruled out as the cause
of death. We therefore conclude that E2F3 acts to promote the
development of pituitary tumors in Rb mutant mice.

E2f3 mutation promotes the development of pRB-deficient
MTCs. Since the pituitary tumors could not account for the
deaths of all Rb*'~; E2f37/~ animals, we next examined
whether E2f3 status altered the known MTC tumor phenotype
of the Rb heterozygotes. Rb*/~ mice are predisposed to de-
velop c-cell hyperplasia, which subsequently progresses into
MTCs(10, 12, 30, 46). Depending on the specific recombinant
mouse mutant used and the genetic background, the incidence
of these tumors ranges from 50 to 90%. In our study, 56% of
the Rb™*/~ cohort displayed either c-cell hyperplasia or MTCs
(Fig. 3A). Consistent with previous reports, the MTCs were
mostly small, predominantly unilateral, and nonaggressive and
showed signs of necrosis. In contrast, 10 E2f3/~ and 15
E2f3*/~ littermates that were aged together with our Rb*/~
cohort showed no signs of c-cell abnormalities (data not
shown).

Significantly, the mutation of E2f3 dramatically increased
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Rb*E2f3%  C
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the development of these tumors. In the Rb™'~; E2f3*'~ ani-
mals, MTCs with almost complete penetrance (98%) were
detected. Moreover, almost all of these compound mutants
had bilateral rather than unilateral tumors, and these were
much larger than those observed in the Rb™/~ controls (Fig.
3A). In many cases, these tumors had invaded adjacent struc-
tures and were palpable in the living mice (Fig. 3A). In a subset
of the Rb*'~; E2f3"/~ animals, the tumor had begun to com-
press the trachea and impede breathing. In these mice, the
pituitary and c-cell tumors were both sufficiently severe to be
considered the cause of death. The relatively small difference
in the time of death between Rb™/~ (10.2 = 1.6 months) and
Rb*'~; E2f3*/~ (10.8 * 1.8 months) mice strongly suggests
that the increase in MTC development is induced by the
change in E2f3 dosage rather than by the change in life span.

The aggressiveness of this particular tumor located in the
thyroid was further increased in the Rb™/~; E2f3™'~ mice.
MTCs were detected at a high frequency (92%), and the vast
majority were bilateral and showed extensive infiltration into
adjacent structures (Fig. 3A). In several animals (3 of 38), the
tumors were found to have traversed the muscle and cartilage
layers and invaded into tracheal space (Fig. 3A). Histologi-
cally, the MTCs of the Rb™~; E2f37/~ mice also appeared
much more aggressive than those of their Rb*'~ and Rb™*'~;
E2f3"/~ littermates, as evidenced by a significant increase in
the nuclear/cytoplasmic ratio (data not shown). Importantly,
these highly aggressive MTCs and/or the resulting metastases
(see below) could account for the death of the subset of Rb*'~;
E2f37/ mice that had insignificant pituitary tumors. Thus, in
the same animal, E2f3 mutation suppresses tumor develop-
ment in the pituitary gland while promoting the development
of c-cell tumors.

E2f3 mutation promotes metastasis of pRB-deficient MTCs
in a dose-dependent manner. In a significant fraction of the
Rb™'~; E2f37/~ mice (37.5%), we observed metastasis of the
MTC (Fig. 3B; Table 3). These secondary tumors were easily
observed in the liver and lungs upon macroscopic inspection.
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FIG. 2. Loss of E3f3 suppresses tumor formation in the pituitary gland. (A) Hematoxylin-and-eosin-stained sections of pituitary glands from
a healthy £2f37/~ animal that died at 14 months due to congestive heart failure and Rb™'~ and Rb*'~; E2f3™/~ mice that died at the age of 10.5
months due to the pituitary tumors. Magnification, X20. (B) Hematoxylin-and-eosin-stained sections of pituitary glands from a healthy wild-type
animal sacrificed at the age of 12 months and two Rb*/~; E2f3~/~ mice that died at 10.5 and 12 months. Magnification, x40. (C) Comparison of
pituitary tumor sizes (as judged by the area of the median section) at the time of death for Rb™'~ (n = 12), Rb*'~; E2f3"/~ (n = 11), and Rb*'~;

E2f377 (n = 15) mice.
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FIG. 3. E2f3 mutation promotes thyroid tumor development. (A) Hematoxylin-and-eosin-stained sections of thyroids from a healthy control
wild-type animal sacrificed at the age of 10.5 months and of MTCs derived from Rb*/~, Rb™/~; E2f3*/~, and Rb*'~; E2f3~/~ mice that died at the
ages of 10.5, 11, and 12 months, respectively. Arrowheads indicate the locations of the thyroid (Thy), trachea (Tra), and esophagus (Esop) in the
wild-type control. The open arrowhead highlights the infiltration of the tumor into the intratracheal space in an Rb™/~; E2f3~/~ animal.
(B) Cross-section of metastatic tumor growth in the bone marrow, lungs, lymph nodes, and livers of four different Rb*/~; E2f3~/~ animals. Selected
sites of secondary tumor growth (ST) are indicated. (C) PCR-based LOH analysis of DNA extracted from freshly isolated biopsy specimens from
either MTCs (T), metastases (Met), or matching normal tissues (N) derived from either Rb*/~ (T1) or Rb*/~; E2f3*/~ (T2 to T8; Met8-1 and
Met8-2) mice alongside a water-only control reaction (H,O). All of the tumors showed LOH for Rb but not for E2f3. An E2f4-specific PCR was

used to confirm equal input of DNA. WT, wild type; mut., mutant.

Further histopathological analyses revealed the presence of
metastases in numerous other organs including the kidneys,
intestines, lymph nodes, and adrenal glands, and more impor-
tantly, in the marrow of various bones. Importantly, metastases
were detected in Rb™/~; E2f3/~ mice that died at the earliest
(e.g., 252 days) as well as the latest time points (e.g., 582 days),
indicating that the onset of metastasis was not merely a result
of life span extension. In comparison, only a small fraction of
the Rb™/~ controls (9%) developed metastases, and these were
primarily located in the lungs (Table 3). Interestingly, there
was also an increase in the frequency of metastasis in the
Rb*'~; E2f3"/~ mice (23%), although these were also mostly
present in the lungs and liver and merely a few animals devel-
oped secondary tumors in numerous organs comparable to
those in Rb™'~; E2f3~/~ mice (Table 3). Additionally, the
onset of metastasis was detected despite the fact that these
animals were similar in age to the Rb™'~ mice (Table 2). Taken

TABLE 3. Loss of E2F3 promotes metastasis of pRB-deficient
MTC:s to distant organs

Organ in which
metastases were

No. of animals with metastasis/total no. of animals

present Rb*'~ Rb™/~; E2f3%/~ Rb™/~; E2f37/~
Lung 3/36 9/46 12/40
Liver 1/36 4/46 11/40
Kidney 0/36 3/46 6/40
Lymph nodes 1/36 2/46 4/40
Bone (marrow) 0/8 0/10 3/12
Intestines 0/36 3/46 3/40
Adrenal 1/30 2/40 1/35
Stomach 0/36 1/46 1/40
Heart 0/36 2/46 1/40
Testis 0/36 1/46 1/40
Prostate 0/36 0/46 1/40
Mammary 0/36 1/46 1/40

Total 4/45 (8.9%) 12/52 (23.1%) 15/40 (37.5%)
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Rb*"

E2r3”

N

D Rb+/',' Rb+/','

Observed lesion Rb*" E2f3+ E2f3+" E2f3*-
Islet cell tumour 0/36 0/46 2/31 0/16
Anterior pituitary tumour  0/36 1/46 2/31 0/16
Pheocytochroma 1/36 1/22 1/28 0/16
Parathyroid tumour 0/36 0/46 1/31 0/16
Pineoblastoma 0/36 0/46 1/31 0/16
Uterine endometrial 0/18 0/23 1/15 0/8

adenoma

FIG. 4. Additional, novel tumor types arise in Rb™'~; E2f3~/~ mice. (A) Comparison of normal islets (N) in a wild-type mouse with islet-cell
tumors (T) from two Rb™/~; E2f3~/~ mice. Magnification, X20. (B) Histological appearance of a typical Rb mutant intermediate-lobe (IL) pituitary
tumor versus that of pituitary tumors from two different Rb™/~; E2f3~/~ mice who had tumors initiating in both the intermediate lobe and the
anterior lobe (AL) or solely in the anterior lobe of the pituitary gland. Magnification, X40. (C) A pheocytochroma, a parathyroid tumor, and a
uterine endometrial adenoma detected in different Rb™/~; E2f3~'~ mice. (D) Incidences of various lesions in Rb™*/~, Rb*/~; E2f3"/~, Rb™'~;

E2f37'~, and E2f3"/~ mice. Magnification, X40.

together, these data show that E2F3 acts to suppress the de-
velopment of the pRB-deficient thyroid tumor and to inhibit its
metastasis.

We wanted to establish whether the increased aggressive-
ness of MTCs and ensuing metastasis in Rb*/~; E2f3*/~ mice
required inactivation of the wild-type E2f3 allele. To address
this issue, we microdissected late-stage MTCs from mice of the
various Rb; E2f3 genotypes and performed semiquantitative
PCR to screen for loss of heterozygosity (LOH) of both the Rb
and E2f3 genes. In agreement with the results of a previous
analysis (28), we observed LOH for Rb in all of the tumors
derived from Rb™'~, Rb*'~; E2f3*/~, and Rb*'~; E2f37/ an-
imals (Fig. 3C and data not shown), confirming that our tumor
samples are of sufficient purity to detect LOH. In contrast, we
consistently detected the wild-type E2f3 allele in tumors de-
rived from the 8 Rb*/~ and 15 Rb*'~; E2f3*/~ mice (Fig. 3C
and data not shown). Importantly, there was no evidence of

LOH for E2f3 in either the primary thyroid tumors or any of
the 10 metastatic lesions that we examined. We therefore con-
clude that E2F3 is acting in a dose-dependent manner to sup-
press the development and the metastatic growth of MTCs in
mice.

Rb; E2f3 mutant animals display several novel tumorigenic
lesions. In addition to the change in the MTC phenotype, our
necropsy studies showed that the Rb; E2f3 compound mutant
mice also developed novel tumorigenic lesions at a low fre-
quency (Fig. 4). We detected tumors that had clearly initiated
in the anterior lobe of the pituitary gland in both an Rb*'™;
E2f37/~ and an Rb™/~; E2f3"/~ animal. In the latter case, the
anterior-lobe tumor had developed alongside, but clearly in-
dependently from, the typical intermediate-lobe pituitary tu-
mor. The remaining, novel tumors were all specifically de-
tected in the Rb*/~; E2f37/~ and not the Rb*'~; E2f3™/~ mice.
First, two animals developed islet cell tumors that were large,
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FIG. 5. Further characterization of tumors derived from Rb; E2f3
mice. (A) (Upper panels) Levels of p53 protein in MTCs derived from
Rb*'~ versus Rb™'~; E2f37/~ mice were assayed by Western blotting
(WB) of whole-cell extracts derived from various tumors. Whole-cell
lysates from wild-type mouse embryonic fibroblasts that had been
subjected to 1 Gy of +y-irradiation (-y-irr. WT) and a lymphoma derived
from a p53~/~ mouse (p53~'") were used as positive and negative
controls, respectively. -Tubulin was used as a loading control. a-p53,
antibody against p53; «-Tub, antibody against B-tubulin. (Lower
panel) The same cell extracts were also screened for the presence of
p53 activity by EMSAs. The samples were incubated with a mutant
competitor (lanes 1), a wild-type competitor (lanes 2), and/or a mutant
competitor that included a p53-specific antibody (lanes 3). Arrowhead
indicates the p53-DNA complex. (B) Numbers of Rb*/~, Rb™/";
E2f3%/~, and Rb™/~; E2f37/~ animals that had c-cell lesions or devel-
oped MTCs at the indicated ages according to histological analysis of
serial sections of thyroids. (C) There was a considerable difference in
the sizes of tumors in the various Rb; E2f3 genotypes. For example, the
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highly vascularized, and nonnecrotic. Although this incidence
is low, histological examination revealed a significant incidence
of islet cell hyperplasia in the majority of Rb™~; E2f37/~
animals that is clearly distinct from the background level of
occasional hyperplastic islet cells that arise in many ageing
animals of this specific genetic background. Finally, we also
observed one parathyroid tumor and one pineoblastoma in two
independent Rb™/~; E2f37/~ animals. Interestingly, islet cell
tumors, parathyroid tumors, and pineoblastomas are never ob-
served in the Rb™/~ controls (10, 12, 28, 35, 46; this study) but
have been detected previously in Rb™'~; p537/~ and Rb*'~;
P53/~ mutant mice (44, 46). The presence of these novel
tumor types in the Rb™/~; E2f37/~ mice reinforces our con-
clusion that E2F3 can act to suppress tumor formation in the
mouse.

E2f3 mutation does not alter p53 levels or activity in pRB-
deficient tumors. Inhibition of apoptosis is often a critical
event in tumor development, and p53, or its upstream regula-
tors, is a frequent target for mutation (reviewed in reference
9). It has previously been shown that E2f3 contributes to the
induction of p53-dependent apoptosis arising in pRB-deficient
embryos (53), and we now find that Rb*'~; E2f3~/~ mice
develop a similar spectrum (although not the same incidence)
of novel tumors as Rb™/~; p53™/~ and Rb*/~; p53~/~ animals.
These observations suggested that £2f3 mutation might pro-
mote the development of pRB-deficient tumors by reducing
the activation of p53 and therefore reducing the need to func-
tionally inactivate this protein. To test this hypothesis, we first
compared p53 protein levels in size-matched, late-stage MTCs
derived from 8 Rb™/~, 12 Rb*'~; E2f3*/~, and 9 Rb*'";
E2f37/~ animals (Fig. SA and data not shown). Regardless of
genotype, p53 was expressed at very low levels in most of the
tumor samples. Although a small fraction of the tumor samples
(2 of 8 Rb™~, 3 of 12 Rb*'~; E2f3*'~, and 1 of 9 Rb™'~;
E2f37'~ samples) expressed slightly higher levels of p53, we
did not observe any significant differences between the various
genotypes (Fig. SA and data not shown).

To determine whether the p53 protein was functionally ac-
tive, we used electrophoretic mobility shift assays (EMSAs) to
screen for p53 DNA binding activity. For the majority of tumor
samples, including those with the highest levels of p53, there
was a direct correlation between p53 protein levels and DNA
binding activity (Fig. 5A and data not shown). This was also
true of the metastases that were assayed (data not shown).
Although we cannot rule out the possibility that a low level of
mutant p53 is present in a subset of these tumors, our data
suggest that the majority of the MTCs and their metastases still
maintain a low level of functional wild-type p53. These data
suggest that the functional inactivation of p53 is not a prereq-
uisite for the development or metastasis of the MTCs in Rb ™"/~

tumor in a 210-day-old Rh™/~ animal was smaller than that in an
age-matched Rb™/~; E2f3*/~ mouse and closely resembled that of a
150-day-old Rb™/~; E2f37/~ animal. Magnification, X40. (D) Analysis
of p53, pRB, and pCalc (calcitonin gene product) expression in early
c-cell adenomas of Rb™'~; E2f37/~ mice by immunohistochemistry.
Solid arrowheads highlight the presence of low levels of p53 and high
levels of pCalc, but the absence of pRB expression, in early adenomas.
Open arrowheads indicate expression of p53, pRB, and pCalc in c-cells
of the thyroid. Magnification, X40.
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mice. Thus, there is little reason to believe that E2F3 loss
promotes the development of these tumors through the regu-
lation of p53.

E2f3 mutation promotes the initiation of the MTC. We next
tested whether E2f3 status affected the development of pRB-
deficient MTCs by influencing the time of onset. To address
this question, Rb™'~, Rb™~; E2f3*/~, and Rb™/~; E2f37/~
littermates were sacrificed at the age of 90, 150, 210, 240, or
270 days and their thyroids were screened for the presence of
hyperplastic c-cell lesions or early tumors by serial sectioning
(Fig. 5C and data not shown). Up to the age of 90 days, there
was no evidence of lesions in any of the animals examined.
However, by 150 days we observed significant differences in
both the frequency and the size of tumors among the three
genotypes. While tumors were not detected in the Rb™/~ con-
trols (0 of 4), they were present in half of the Rb™/~; E2f3*/~
(3 of 6) and all of the Rb*'~; E2f3~/~ (3 of 3) animals that we
examined. However, two of the lesions in the Rb™/~; E2f3~/~
mice were larger than those arising in their Rb™/~; E2f3*/~
littermates (data not shown). C-cell tumors were first detected
in Rb™/~ mice at the age of 210 days. Importantly, these were
much smaller than those arising in age-matched Rb™*/~;
E2f3"/~ mice and were similar in size to the tumors of Rb™/~;
E2f37/~ mice at the age of just 150 days. Immunohistochem-
istry confirmed that the early tumorigenic lesions of Rb™/~;
E2f37/~ mice had all the hallmarks of pRB-deficient MTCs
(Fig. 5D). The tumor stained positive for calcitonin, a specific
marker of c-cells. Moreover, pRB was clearly expressed in the
c-cells but not in the MTC, confirming that its loss is required
for tumorigenesis. Finally, in agreement with our analysis of
late-stage tumors, we detected low-level p53 staining in the
early MTCs derived from Rb"/~; E2f3~/~ mice and also in
those from Rb™/~ and Rb™*'~; E2f3*'~ mice (Fig. 5D and data
not shown). Taken together, these data indicate that E2f3 acts
in a dose-dependent manner to suppress the initiation of
MTCs.

DISCUSSION

An E2f3 mutant mouse strain in which expression of E2F3a
and E2F3b is disrupted has been described previously, and it
has been shown that E2F3 contributes to the induction of
cellular proliferation in both wild-type and pRB-deficient cells
(14, 53). In this study, we have used Rb; E2f3 compound mu-
tant mice to determine how E2F3 contributes to the develop-
ment of pRB-deficient tumors. This analysis reveals consider-
able interplay between E2F3 and pRB in both normal
development and tumorigenicity (Fig. 6).

E2F3 and pRB act in opposition to one another in normal
development. With regard to development, all of our findings
support a simple model in which pRB and E2F3 act in direct
opposition to one another (Fig. 6). Our data clearly show that
mutation of a single Rb allele is sufficient to increase the
fraction of surviving E2f3~/~ neonates two- to threefold.
Moreover, it also completely suppresses the congestive heart
failure that is responsible for the deaths of most E2f3~/~ adults
(2; this study). This directly complements the previous finding
that £2f3 mutation suppresses the inappropriate proliferation
and apoptosis in pRB-deficient embryos and thereby greatly
extends their life spans (37, 53). Significantly, many of the
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FIG. 6. Relative roles of pRB and E2F3 in both development and
tumorigenesis.

properties of E2F3 in normal development are shared by
E2F1. The phenotypes of Rb~'~; E2f3~/~ and Rb ™/~ E2f1 '/~
embryos are similar to one another (42, 53). Moreover, the
analysis of E2fI; E2f3 compound mutant mice shows that the
developmental and age-related defects of the individual E2f7
or E2f3 mice are exacerbated by the mutation of the other E2f
gene (2). Together, these data indicate that E2F1 and E2F3
play critical, overlapping roles in the development and main-
tenance of a variety of tissues and that pRB opposes the action
of these factors. Importantly, this regulation appears to be
critically dependent on the appropriate balance of pRB and
E2F proteins, since a reduction in Rb or E2f gene dosage can
either disrupt or restore development.

E2f3 acts as either an oncogene or a tumor suppressor in
different Rb mutant tumors. In contrast to their roles in de-
velopmental regulation, the relative roles of pRB and E2F3 in
tumorigenesis appear highly complex. It is well documented
that the retinoblastoma gene behaves as a classic tumor sup-
pressor. Humans or mice carrying a germ line Rb mutation
develop tumors with complete penetrance, and tumor devel-
opment is accompanied by LOH (reviewed in reference 26).
One significant difference is in the spectrum of tumors: reti-
noblastoma in humans versus pituitary and c-cell carcinomas in
mice. In this study, we show that E2F3 loss in mice has a
differential effect on the development of these specific tumor
types. In the pituitary gland, the absence of E2F3 significantly
suppressed tumor formation, resulting in an extension of life
span. Thus, E2f3 acts as an oncogene in this tissue. In contrast,
in c-cells, E2F3 loss clearly increased tumorigenicity, leading to
the formation of highly aggressive carcinomas that metasta-
sized to form secondary tumors within a wide variety of other
tissues. Indeed, these MTCs and/or their metastases, and not
pituitary tumors, were responsible for the deaths of a signifi-
cant fraction of the Rb*'~; E2f3~/~ animals. This represents
the first evidence that E2F3 can collaborate with pRB to act as
a tumor suppressor in vivo. This conclusion is supported by the
finding that Rb™/~; E2f3~/~ mice develop additional types of
tumors that are not observed in the Rb™/~ controls. Thus, in
different tissues of a single animal, E2f3 acts as either an
oncogene or a tumor suppressor (Fig. 6). This underscores the
importance of tissue-specific roles for E2F3 and raises ques-
tions about the underlying mechanism of these opposing ac-
tivities. Clearly, since the E2f3 mutation affects expression of
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both E2F3a and E2F3b, it is entirely possible that these op-
posing effects result from differential activities of the two E2F
isoforms.

Before further discussion of potential mechanisms, it is im-
portant to consider what we now know about the tumorigenic
properties of the various E2F family members. The concept
that E2f genes could function as tumor suppressors was origi-
nally deduced from the analysis of E2f] mutant mice (49, 50).
This early study showed that both E2f1™/~ and E2f1 '~ mice
had an increased propensity to develop tumors with late onset
and low penetrance (50). It was subsequently shown that E2f2
mutant mice are tumor prone and that the combined mutation
of E2f] and E2f2 increases both the incidence and onset of
tumorigenesis (52). Thus, at least in certain tissues, E2F1 and
E2F2 have similar, additive roles in the suppression of tumors.
In contrast, we have found that the mutation of E2f3, either
alone or in combination with mutation of E2fI, or E2f4 has no
detectable effect on tumorigenesis (2, 13). This initially sug-
gested that tumor suppression might be a specific property of
E2fI and E2f2 but not of E2f3 or E2f4.

Significantly, the tumorigenic properties of the individual
E2f genes appear quite different when analyzed in the context
of the Rb™/~ mutant background. In this setting, E2fI clearly
displays oncogenic, not tumor-suppressive properties. E2F1
loss suppresses the development of pRB-deficient brain tu-
mors in a large T-antigen transgenic mouse model (29) and the
formation of both pituitary and thyroid tumors in Rb*'~ mice,
yielding a dramatic extension of life span (49). In contrast,
E2F3 loss has opposing effects on pituitary tumors (suppress-
ing) and thyroid tumors (promoting), indicating that it is be-
having as both an oncogene and a tumor suppressor. The
phenotype of the Rb™/~; E2f4~'~ mice adds to this complexity.
E2f3 mutation suppresses the pituitary and thyroid tumors
arising in Rb™'~ mice more effectively than the loss of any
other E2F tested to date (16). However, molecular analyses
suggest that this suppression occurs via an indirect mechanism
in which the absence of E2F4 allows its associated pocket
proteins, p107 and p130, to bind, and presumably suppress the
activity of, E2F1 and E2F3 (16). Thus, it appears that the
complete loss of E2F3 has a different effect on the tumor
spectrum of Rb™/~ mice than restoration of the normal pocket
protein regulation of the endogenous E2F1 and E2F3. We
cannot rule out the possibility that the consequences of E2F3
loss result from changes in the regulation or activity of the
remaining E2F proteins. However, together these observations
show that the activating E2Fs (E2F1, -2, and -3) all have the
ability to either promote or suppress tumorigenicity depending
on the setting.

It is widely believed that the oncogenic activity of the acti-
vating E2Fs results from the known, shared (cell-autonomous)
role of these proteins in the transcriptional activation of E2F-
responsive genes and the induction of cellular proliferation
(14, 47). In contrast, there is still considerable debate about the
underlying basis for the E2Fs’ tumor-suppressive activity. Sev-
eral models, all of which are cell autonomous, have been pro-
posed to account for the E2Fs’ tumor-suppressive activity. One
of the most popular is that this results in the known ability of
the E2Fs to activate p53-dependent apoptosis (32, 38, 48).
Since apoptosis requires a higher threshold level of E2F activ-
ity than the induction of cellular proliferation, this offers a
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simple explanation for the E2fs’ ability to act as an oncogene
(low levels induce proliferation) or a tumor suppressor (high
levels induce apoptosis). Our analysis of Rb; E2f3 mutant tu-
mors provides some insight into this model. Initially, our ob-
servation that Rb™/~; E2f37/~ animals develop the same novel
tumor types as Rb*/~; p53™/~ and Rb™/~; p53~/~ mutant mice
seemed to support it. Perhaps E2F3 loss promoted tumor de-
velopment by reducing the requirement to inactivate p53-de-
pendent apoptosis. However, our further analysis did not sup-
port this conclusion. Regardless of whether the MTCs and
their metastases were isolated from Rb™/~, Rb™/~; E2f3*/~, or
Rb*'~; E2f37'~ mice, the majority retained a low level of
functional p53 protein. Thus, p53 inactivation is not a prereq-
uisite for the development of MTCs or subsequent metastases,
and E2f3 status does not appear to alter its frequency. This
suggests that, at least in this specific tumor type, E2f3 does not
exert its tumor suppressor effect by altering the need to inac-
tivate p53. Obviously, this does not rule out the possibility that
the apoptosis mechanism is operating in other tumor types,
including the additional, rare tumors arising in Rb*/~; E2f3~/~
mice that phenocopy those arising in Rb™/~; p53 mutant ani-
mals.

Importantly, our analysis of staged tumors strongly suggests
that E2f3 status affects the rate of tumor onset. Specifically,
tumorigenic lesions arise at a progressively earlier time in the
thyroids of Rb™/~; E2f3~/~, Rb™/~; E2f3"/~, and Rb*'~ mice.
This observed acceleration of tumor onset is consistent with
three other models of the E2Fs’ tumor suppressor function.
First, since the activating E2Fs bind pRB family members and
their associated histone deacetylases, it is widely believed that
they can participate in the repression of E2F-responsive genes
(for an example, see reference 34). Second, E2F1 has also been
implicated as a component of the ATM/ATR-Nbsl/Mrell
damage response pathway (20, 23, 24). Finally, it has recently
been reported that E2F3 loss can lead to centrosome amplifi-
cation, mitotic spindle defects, and aneuploidy (36). Signifi-
cantly, the latter two mechanisms have been linked primarily to
E2F1 and E2F3, respectively. This raises the possibility that the
activating E2Fs might suppress tumor formation through dis-
tinct mechanisms.

The tumor-suppressive properties of E2f1 and E2f3 do have
at least one, unusual characteristic in common. Analysis of
tumors derived from E2fI™/~ mice showed that there is no
evidence of LOH of E2fI (2, 50, 52). This is entirely consistent
with the finding that E2fI*'~ and E2f1 '~ mice have similar
spectra, incidences, and kinetics of tumor formation, and it
strongly suggests that a reduction in E2F1 levels is sufficient to
negate its tumor-suppressive properties. Here we show that the
development of pRB-deficient thyroid tumors is promoted by
the heterozygous mutation of E2f3 and that the primary and
secondary tumors retain the wild-type E2f3 allele (in a mixed
background). This is further supported by the fact that het-
erozygous mutation of E2f3 also increases the incidence of
MTCs in Rb*'~ mutant mice on a pure 129/Sv background
(data not shown). Thus, in a manner analogous to that of E2fI,
a mere reduction in E2f3 dosage is sufficient to impair tumor
suppression. This is not a unique phenomenon, but it has been
ascribed to only a small number of tumor suppressors (re-
viewed in references 3 and 33). Thus, the finding that this is a
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shared property of E2f1 and E2f3 supports the notion that they
may suppress tumor formation via similar mechanisms.

Interestingly, the tumorigenicities of Rb™~; E2f3"/~ and
Rb*'~; E2f37/~ animals are not equivalent. Mutation of the
second E2f3 allele increases the aggressiveness of the MTC,
broadens the tissue spectrum of the resulting metastases, and
allows the formation of novel tumor types. There are two
possible explanations for these different tumor phenotypes.
E2f3 could simply act to suppress tumors in a dose-dependent
manner. Alternatively, the heterozygous and homozygous mu-
tations of E2f3 could promote tumorigenesis via different
mechanisms. Indeed, it seems possible that E2f3 haploinsuffi-
ciency could promote tumor formation through a mechanism
that is shared with E2F1 while complete loss of E2F3 might act
through a unique mechanism, for example, centrosome ampli-
fication. Obviously, additional experiments will be required to
address all potential models.

Regardless of the underlying mechanism, it now seems clear
that the activating E2Fs (E2F1, -2, and -3) all display similar
abilities to promote or suppress tumorigenicity. However, the
observed behavior appears to be highly context dependent, in
that it is greatly influenced by the absence or presence of pRB
and the levels and/or activities of the remaining E2F species.
The simplest explanation for this finding is that the individual
E2Fs have both positive and negative functions that are inte-
grated to determine the rate of cell proliferation and/or sur-
vival. In this manner, the changes in the individual E2Fs could
either promote or suppress tumor formation depending on the
balance of positive and negative activities in individual tissues.
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