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While the E2F transcription factors (E2Fs) have a clearly defined role in cell cycle control, recent work has uncovered new func-
tions. Using genomic signature methods, we predicted a role for the activator E2F transcription factors in the mouse mammary
tumor virus (MMTV)-polyomavirus middle T oncoprotein (PyMT) mouse model of metastatic breast cancer. To genetically test
the hypothesis that the E2Fs function to regulate tumor development and metastasis, we interbred MMTV-PyMT mice with
E2F1, E2F2, or E2F3 knockout mice. With the ablation of individual E2Fs, we noted alterations of tumor latency, histology, and
vasculature. Interestingly, we noted striking reductions in metastatic capacity and in the number of circulating tumor cells in
both the E2F1 and E2F2 knockout backgrounds. Investigating E2F target genes that mediate metastasis, we found that E2F loss
led to decreased levels of vascular endothelial growth factor (Vegfa), Bmp4, Cyr61, Nupr1, Plod 2, P4ha1, Adamts1, Lgals3, and
Angpt2. These gene expression changes indicate that the E2Fs control the expression of genes critical to angiogenesis, the remod-
eling of the extracellular matrix, tumor cell survival, and tumor cell interactions with vascular endothelial cells that facilitate
metastasis to the lungs. Taken together, these results reveal that the E2F transcription factors play key roles in mediating tumor
development and metastasis in addition to their well-characterized roles in cell cycle control.

Breast cancer remains a leading cause of death for women, with
high mortality rates attributed to distant metastasis (1). To

simplify the examination of signaling pathway requirements in
metastatic breast cancer, research has turned to mouse model sys-
tems. Previous studies with mouse models of breast cancer have
begun to reveal the mechanistic features of breast cancer metasta-
sis, and in vivo selection has demonstrated the ability to select for
tumors that metastasize to a specific location (2–5). Yet we lack a
complete understanding of the pathways that govern the molecu-
lar circuitry of metastatic breast cancer. One model that has been
integral in examining metastatic progression is the mouse mam-
mary tumor virus (MMTV)-polyomavirus middle T oncoprotein
(PyMT) model. Originally described as exhibiting rapid tumor
onset and a high degree of pulmonary metastasis (6), this model
has since been used to examine a number of facets of metastasis.
For example, work using the MMTV-PyMT model led to the dis-
covery of the prometastatic signaling exchange between tumors
and macrophages (7). In addition, the metastatic contributions of
individual signaling molecules, such as transforming growth fac-
tor � (TGF-�), AKT, and adiponectin, have also been uncovered
using this model (8–10). Given that PyMT can activate multiple
signaling pathways with relevance to human breast cancer (11),
there is clear utility in this model for characterizing pathways that
contribute to breast cancer metastasis.

The identification of signaling pathways contributing to tumor
progression has been enhanced by recent progress in bioinfor-
matic methods. One such method is the development of genomic
signatures for determining signaling pathway activation status
(12, 13). By generating gene expression training data for cell sig-
naling pathways, a signature can be created and applied to subse-
quent gene expression data sets to predict whether the pathway in
question is activated. This method has demonstrated heterogene-
ity in human breast cancer (14), moving beyond and refining the
intrinsic classification of breast cancer (15, 16). In addition, this
method has demonstrated tumor heterogeneity in mouse models
of breast cancer (17, 18). As a predictive tool, genetic signatures

allow the identification of signaling pathways that may contribute
to tumor development. Indeed, the application of genomic signa-
tures to Myc-induced tumors revealed that E2F transcription fac-
tors (E2Fs) were predicted to function in tumorigenesis, and a
genetic test of this prediction demonstrated that E2Fs were in-
volved in tumor onset and progression (19). Using a similar ap-
proach, the current study predicted a role for the activator E2F
transcription factors in MMTV-PyMT-induced tumorigenesis.

The E2F transcription factor family is broadly classified into
transcriptional activators (E2F1 to E2F3A) and repressors (E2F3B
to E2F8), and the family members have been well characterized as
regulators of the cell cycle (20–22). Prior data implicating the E2Fs
in human cancer show that they are important regulators of apop-
tosis and proliferation (23). However, recent work has identified
roles for E2Fs beyond simple cell cycle regulation (24). For exam-
ple, a xenograft study utilizing short hairpin RNA (shRNA)
knockdown of E2F1 in melanoma cell lines showed that E2F1
knockdown significantly reduced the sizes of pulmonary metasta-
ses (25). In esophageal squamous cell carcinoma, it was shown
that patients with tumors that immunostained positive for E2F1
had a lower overall survival rate than patients with E2F1-negative
tumors (26). Similarly, in prostate cancer, patients with detectable
nuclear staining for E2F3 had worse prognoses than patients for
whom E2F3 was undetectable (27). Furthermore, we demon-
strated recently that E2Fs also play a role in relapse-free survival
time in human breast cancer (19). Together, these prior studies
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demonstrate the clinical significance of the E2Fs in human cancer.
Here we used genomic signatures to predict that E2F transcription
factors are involved in a mouse model of breast cancer metastasis.
We then genetically demonstrated that loss of E2F in MMTV-
PyMT tumors alters tumor development, progression, and metas-
tasis. Taken together, these data indicate that E2F transcription
factors play a critical role in the regulation of metastasis.

MATERIALS AND METHODS
Bioinformatics. Gene expression data for MMTV-PyMT tumor samples
and cell lines were obtained from Gene Expression Omnibus (GEO) un-
der accession numbers GSE13553, GSE13221, and GSE14457. These data
were combined with data for other mouse mammary tumor models, with
accession numbers GSE11259, GSE13230, GSE15904, GSE24594, GSE22406,
GSE6246, GSE6453, GSE6581, GSE7595, GSE8516, GSE8828, GSE8863,
GSE9343, GSE9355, GSE10450, GSE13259, GSE13916, GSE14226, GSE14457,
GSE14753, GSE15119, GSE15263, GSE15632, GSE16110, and GSE17916. Batch
effects between Affymetrix-derived data sets were removed using Bayesian
factor regression modeling (BFRM) (28). COMBAT (29) was used to
remove batch effects between Agilent and Affymetrix data sets. Pathways
were predicted as described previously using a gene signature approach
(12, 14, 30). Briefly, pathway predictions were made using gene expres-
sion training data for individual oncogenic pathways. By comparing onco-
gene overexpression to expression in control samples, the training data pro-
vided the transcriptional response of oncogenic pathway activation. For each
training data set, metagene scores were calculated and signature genes were
identified. Bayesian fitting of probit binary regression models was used to
map MMTV-PyMT tumors to the metagene signature and to calculate the
probability of activation of individual oncogenic pathways by utilizing
BINREG software in Matlab. Metastasis gene sets were downloaded from the
Molecular Signatures Database (MSigDB) (www.broadinstitute.org). Chro-
matin immunoprecipitation-DNA sequencing (ChIP-seq) data and chroma-
tin immunoprecipitation with microarray technology (ChIP-chip) data for
E2F1, E2F2, and E2F3 were obtained from previous publications (31–34).
Unsupervised hierarchical clustering was performed with Cluster 3.0, and the
results were visualized with Java TreeView. Figures were converted to a full-
spectrum color scale using Matlab. To examine human breast cancer, we used
the Kaplan-Meier plotter (KM-plot) (35) to examine distant-metastasis-free
survival (DMFS).

Animal studies. All animal work has been conducted according to
national and institutional guidelines. All mice were in the FVB back-
ground. MMTV-PyMT634 mice were obtained from The Jackson Labo-
ratory. PyMT transgenic mice were interbred with E2F1�/� (36),
E2F2�/� (37), or E2F3�/� (38) mice. A very small number of mice of each
genotype with runted growth were excluded from the experiment due to
failure to thrive. Tumors were detected through weekly palpation, and
tumor growth was measured twice per week. Kaplan-Meier curves for
tumor latency were generated using GraphPad Prism. The tumor growth
rate was measured by the amount of time it took for the primary tumor to
reach a volume of 2,000 mm3 after palpation.

Mammary whole mounts were conducted as described previously
(30). Once the primary tumor reached the approved endpoint, the num-
ber of lung metastases and the percentage of the area of the lungs occupied
by metastases were quantified across both lobes of a single section of
hematoxylin-and-eosin (H&E)-stained lungs. GraphPad Prism was used
to conduct the Mann-Whitney statistical test.

Immunohistochemistry was performed on sections of mammary glands
and representative end-stage tumors using the following antibodies: an anti-
F4/80 rat monoclonal antibody (Q61549) from Serotec, anti-Ki67 (Ab15580)
from Abcam, and anti-CD31 (DIA-310; Dianova) from HistoBioTec. Termi-
nal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) staining was done using the in situ cell death detection kit (catalog
no. 11684817910) from Roche and a diaminobenzidine (DAB) substrate kit
(SK-4100) from Vector Laboratories. For Western blotting to assess E2F3
protein levels, the primary antibody (sc-878) was purchased from Santa Cruz

and was imaged using a goat anti-rabbit secondary antibody (product no.
326-32211) from Li-Cor.

A colony-forming assay was conducted based on previously published
methods (39). Colonies were quantified using ImageJ software. GraphPad
Prism was used to conduct the nonparametric t test using Mann-Whitney
methods.

RNA was extracted from mammary glands, tumors, and blood cells by
using the QIAamp RNA blood minikit (catalog no. 52304; Qiagen).
Quantitative reverse transcription-PCR (RT-PCR) was performed using
the QuantiTect SYBR green RT-PCR kit (catalog no. 204243; Qiagen).
The primer sequences for the simian virus 40 (SV40) poly(A) transgene
marker were GGAACCTTACTTCTGTGGTGT (SV40-F) and GGAAAG
TCCTTGGGGTCTTCT (SV40-R). The other primers used were Actin-F
(CATCATGCGTCTGGACCTG) and Actin-R (CTCACGTTCAGCTGTGG
TCA), Adamts1-F (GATAATGGACACGGGGAATG) and Adamts1-R (G
ATAATGGACACGGGGAATG), Angpt2-F (GCCCAAGTACTAAACCA
GACG) and Angpt2-R (CACTGGTCTGATCCAAAATCTG), Bmp4-F (C
AATGGAGCCATTCCGTAGT) and Bmp4-R (CATGATTCTTGGGAG
CCAAT), Gapdh-F (TCATGACCACAGTGGATGCC) and Gapdh-R (G
GAGTTGCTGTTGAAGTCGC), Cyr61-F (ACGAGGACTGCAGCAAA
ACT) and Cyr61-R (TGAGCTCTGCAGATCCCTTT), Lgals3-F (CAAC
GCAAACAGGATTGTTC) and Lgals3-R (CGTGTTACACACAATGACT
CTCC), Nupr1-F (CAATACCAACCGCCCTAGC) and Nupr1-R (CCTT
ATCTCCAGCTCCGTCTC), P4ha1-F (ACCTGTGAAGTTCCCCA
AGA) and P4ha1-R (CAGTCATCTGACCAATTGACGTA), Plod2
Isoform 1-F (CCCCAAAGGGTGTGTTTATG) and Plod2 Isoform 1-R
(TTCAAAAATCTGCCAGAAGTCA), Plod2 Isoform 2-F (TCAAGGAA
AGACACTCCGATCT) and Plod2 Isoform 2-R (AACACACCCATATCT
CTAGCATTG), and Vegfa-F (CAGGCTGCTGTAACGATGAA) and
Vegfa-R (GCATTCACATCTGCTGTGCT).

Tumor cells were obtained from viably frozen tumor tissue (40) and
were cultured for 2 passages prior to colonization assays. Adherent pro-
liferating tumor cells were counted, and 5.0 � 105 cells were injected
retro-orbitally into MMTV-Cre wild-type (WT) control mice. Mice were
examined 35 days postinjection, and lungs were paraffin embedded prior
to routine H&E staining.

Tumor transplant studies were conducted using viable frozen tumor
samples generated during the study of tumor development and metastasis
using the transgenic mice. Tumors (E2FWT/WT, E2F1�/�, or E2F2�/�)
were implanted into the mammary fat pads of MMTV-Cre wild-type con-
trol mice. Once the primary tumor reached the endpoint, lung metastases
and the percentage of the area of the lungs occupied by metastases were
examined by routine histology and were quantified. GraphPad Prism was
used to conduct the nonparametric t test using Mann-Whitney methods.

In vitro assays. Tumor cells were obtained from viable frozen tumor
tissue and were cultured for use in a wound-healing assay in the presence
of 2 �g/ml mitomycin C using standard methods (41). Photomicrographs
were taken at 0 h, 12 h, 24 h, 36 h, and 48 h.

Tumor cells were obtained from viable frozen tumor tissue, cultured,
and serum starved for 24 h for use in a transwell invasion assay according
to standard protocols (41). Serum-starved cells were resuspended in a
serum-free medium with 2 �g/ml mitomycin C and were seeded at a
density of 3.0 � 105 cells on the insert. Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum (FBS) and 2 �g/ml mitomycin C
was used as a chemoattractant. Cells were allowed to migrate for 6 h prior
to fixation with 3% paraformaldehyde and staining with crystal violet.

RESULTS

To identify signaling pathways associated with the metastatic pro-
gression of breast cancer, we applied a number of genomic signal-
ing signatures to gene expression data from mouse models of
breast cancer. Using previously described training data and meth-
ods (12–14, 17), we predicted signaling pathway activity across
these models, which included the highly metastatic PyMT tumor
model. When we examined the pathway activation predictions in
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the PyMT tumor model (Fig. 1A), we noted activation in a num-
ber of pathways known to be critical in PyMT tumors, such as
AKT (8). We also observed a surprising degree of genomic heter-
ogeneity in the tumor samples. Despite this heterogeneity, we
found that virtually all samples had high levels of predicted activ-
ity for the E2F1 transcription factor. The two other activator E2Fs
were also observed to have elevated probabilities of activation in a
subset of tumor samples. The activation of E2F signatures in the
majority of samples indicated that the E2F transcription factors
may be involved in PyMT-mediated tumorigenesis.

PyMT-induced tumors are highly metastatic and have been
used previously to examine the metastatic process. Accordingly,
we used the Kaplan-Meier Plotter tool (KM-plot) to screen hu-
man breast cancer DMFS (distant-metastasis-free survival) clini-
cal data for associations between individual E2F1, E2F2, and E2F3
probes or upregulated signature genes and DMFS times in human
breast cancer. Importantly, elevated expression levels of either
E2F1 (hazard ratio, 1.52 [95% confidence interval {95% CI}, 1.22
to 1.88]; P, 0.00016), E2F2 (hazard ratio, 1.33 [95% CI, 1.07 to

1.66]; P, 0.012), or E2F3 (hazard ratio, 1.41 [95% CI, 1.15 to 1.74];
P, 0.00095) in breast cancer patients were individually associated
with shorter times to distant metastasis than those for patients
whose tumors exhibited low levels of expression (Fig. 1B to D,
respectively). Similarly, we assessed the upregulated genes in
E2F1, E2F2, and E2F3 pathway signatures. Elevated expression of
E2F1 (hazard ratio, 1.46 [95% CI, 1.19 to 1.79]; P, 0.00024) and
E2F2 (hazard ratio, 1.52 [95% CI, 1.25 to 1.87]; P, 0.000037) sig-
nature genes also correlated with shorter times to distant metas-
tasis in breast cancer patients than those for patients with low
expression of these genes (see Fig. S1A and B in the supplemental
material). In contrast, high expression of E2F3 signature genes
(hazard ratio, 0.73 [95% CI, 0.59 to 0.91]; P, 0.0052) correlated
with prolonged times to distant metastasis in breast cancer pa-
tients (see Fig. S1C). Taking into account intrinsic subtype status,
we found that high levels of E2F1 and E2F1 signature genes were
associated with a decreased time to distant metastasis in luminal A
and luminal B breast cancers (see Fig. S2 in the supplemental
material). High levels of E2F2 predicted a decreased time to me-

FIG 1 Pathway signatures predict E2F activation in metastatic breast tumors. (A) Heat map showing the probabilities of activation in transgenic MMTV-PyMT
tumors for the signaling pathways listed on the right. Below the heat map, a scale bar depicts the range of probabilities from 0 to 1. The probabilities were used
in unsupervised hierarchical clustering of pathways. Clusters were identified on the basis of pathway activation in the transgenic tumor samples. (B to D)
Kaplan-Meier plots showing metastasis-free survival times for the indicated proportions of breast cancer patients (n, 1,610) stratified on the basis of expression
of E2F1 (Affymetrix probe 204947_at) (P, 0.00016) (B), E2F2 (Affymetrix probe 207042_at) (P, 0.012) (C), or E2F3 (Affymetrix probe 203693_s_at) (P, 0.00095)
(D). Patient stratification was conducted using the KM-plot autoselection option. HR, hazard ratio. TDMFS, distant-metastasis-free survival as a function of
time.
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tastasis in luminal A breast cancer, while E2F2 signature genes
were similarly associated in both luminal subtypes (see Fig. S3 in
the supplemental material). For E2F3, elevated probe levels and
signature genes were not associated with decreased times to me-
tastasis in a particular subtype (see Fig. S4 in the supplemental
material). Considered with the PyMT mouse model data, these
findings strongly suggested that activator E2F transcription fac-
tors have a functional role in breast cancer progression and me-
tastasis.

To test the hypothesis that E2Fs regulate metastatic breast can-
cer, we interbred MMTV-PyMT mice with mice in the E2F1, E2F2
and E2F3 knockout backgrounds. Due to embryonic lethality,
E2F3 mice were maintained in the heterozygous state. To study
E2F function in mammary tumor development, we examined
mammary whole mounts of 35-day-old virgin MMTV-PyMT
mice in the various E2F backgrounds (Fig. 2A to D). In all E2F
backgrounds, transformation of the ductal tree was evident

through whole-mount analysis. In comparison to the wild-type
E2F control background (Fig. 2A), normal ductal epithelium was
consistently absent in E2F1�/� mammary glands (Fig. 2B). Unlike
the loss of E2F1, the loss of E2F2 or E2F3 did not result in mam-
mary glands appreciably different from those of controls (Fig. 2C
and D, respectively).

Given that the loss of E2F1 resulted in transformation of the
entire mammary epithelium, we postulated that this transforma-
tion should result in acceleration of tumor onset. Mammary
glands were regularly palpated for the presence of mammary tu-
mors. In agreement with the mammary whole-mount results, we
noted a significant (P, �0.0001) acceleration of tumor onset in
E2F1�/� mice relative to onset in the control wild-type E2F back-
ground (Fig. 2E). Indeed, 50% of control mice had developed
tumors by 42 days (MMTV-PyMT median latency, 42 days), while
the loss of E2F1 resulted in tumors in 50% of mice by 35 days
(MMTV-PyMT E2F1�/� median latency, 35 days; hazard ratio,

FIG 2 Loss of E2Fs alters tumor onset. (A to D) Representative mammary whole mounts from 35-day-old virgin MMTV-PyMT E2FWT/WT (A), E2F1�/� (B),
E2F2�/� (C), and E2F3�/� (D) mice. (E) The latencies of PyMT-induced tumors in wild-type (E2FWT/WT) (n, 34) and E2F1�/� (n, 22) backgrounds were
compared in a Kaplan-Meier plot, revealing a significant acceleration of tumor onset with the loss of E2F1 (P, �0.0001). (F) Kaplan-Meier plot for tumor onset
in the E2FWT/WT and E2F2�/� backgrounds (n, 34 and 20, respectively). (G) Kaplan-Meier plot for tumor onset in the E2FWT/WT and E2F3�/� backgrounds (n,
34 and 24, respectively), revealing a significant delay with the loss of E2F3 (P, 0.004).
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0.2507 [95% CI, 0.02660 to 0.1458]). In contrast, no differences in
latency were associated with the loss of E2F2 (median latency, 40
days; hazard ratio, 0.8195 [95% CI, 0.4109 to 1.461]) (Fig. 2F).
However, E2F3 heterozygous (E2F3�/�) mice had a significant
delay (P, 0.004) in tumor onset (median latency, 48 days; hazard
ratio, 1.955 [95% CI, 1.297 to 4.124]) (Fig. 2G). Together these
data demonstrate the differential roles of the E2Fs during the ini-
tiation of tumor development.

In order to examine the role of the E2F transcription factors in
tumor proliferation, we compared the growth rates of PyMT-in-
duced primary tumors in the various E2F backgrounds. Despite
the differences in tumor onset, no significant alterations in the
time from tumor palpation to the end stage were observed with
loss of the E2Fs (see Fig. S5A in the supplemental material). In
addition, we assessed the tumor burden at the endpoint, when the
primary tumor reached 20 mm in the largest dimension. While no
differences were observed for the E2F1�/� or E2F2�/� back-
ground, fewer tumors developed in the E2F3�/� background (P,
0.01) (see Fig. S5B). However, when total tumor volume was ob-
served, the E2F3 mutants were indistinguishable from the wild-
type E2F controls (see Fig. S5C). Moreover, Ki67 staining (see Fig.
S6 in the supplemental material) and TUNEL staining (see Fig. S7
in the supplemental material) in early-stage (tumor diameter, 6
mm) and end-stage tumors indicated that E2F1 loss had no effect
on tumor cell proliferation or apoptosis. Together, these data in-
dicate that despite alterations to tumor latency, E2F loss had sur-
prisingly few effects on growth rate, tumor burden, proliferation,
or apoptosis in MMTV-PyMT tumors.

Since E2F loss had no impact on these features of tumor
growth, we investigated whether compensatory upregulation of
other E2F family members had occurred. To do this, we assayed
levels of E2F1, E2F2, E2F3A, and E2F3B by RT-quantitative PCR
(qRT-PCR) across tumor genotypes (Fig. 3). Compared to
E2FWT/WT tumors (n, 4), E2F1�/� tumors (n, 4) showed similar
levels of E2F2 and E2F3B but significant upregulation of E2F3A
(P, 0.0232). In E2F2�/� tumors (n, 4), we detected a significant

decrease in E2F1 levels (P, 0.0016) and significant upregulation of
E2F3A (P, 0.0105). In E2F3�/� tumors, expression levels of E2F1
and E2F2 were similar to those in E2FWT/WT tumors. Interestingly,
E2F3�/� mice had upregulation of E2F3A bordering on statistical
significance (P, 0.0641) and significant downregulation of E2F3B
(P, 0.0175). The mammary glands of 35-day-old E2F3�/� mice (n,
4) showed E2F3 protein levels slightly lower than those in the
mammary glands of E2FWT/WT mice (n, 4) (see Fig. S8A in the
supplemental material). In early-stage E2F3�/� tumors (diame-
ter, 6 mm) (n, 3), we detected E2F3 levels similar to those in
E2FWT/WT tumors (n, 3) (see Fig. S8B). Similar observations were
made for end-stage tumors (diameter, 20 mm) (n, 4 for each ge-
notype), although E2F3 protein levels were more variable (see Fig.
S8C). As a whole, these results demonstrate that E2F loss in these
tumors led to compensatory upregulation of the E2F3A isoform.

In addition to effects on latency, histological patterns observed
in the tumors indicated that the E2F transcription factors play a
role in tumor heterogeneity. In all backgrounds, the most com-
mon histological type of tumor was the microacinar subtype (Fig.
4A). In addition, we frequently noted adenosquamous tumors
(Fig. 4B), as well as a number of other types at reduced frequencies
across genetic backgrounds (Fig. 4C). The frequency of adeno-
squamous tumors was noticeably affected in E2F1�/� and
E2F2�/� mice. Indeed, loss of E2F1 significantly reduced the fre-
quency of adenosquamous tumors, from 8% to 1% (P, 0.001)
(Fig. 4D). Conversely, loss of E2F2 significantly increased the pro-
portion of adenosquamous tumors to 21% of all tumors (P,
0.0003). In contrast to the alterations in histology found with
E2F1 and E2F2, no effects on tumor histology were noted for E2F3
mutants.

Since we predicted a high probability of E2F activation in the
highly metastatic MMTV-PyMT mouse model and noted that
high E2F levels were associated with decreased time to distant
metastasis in human breast cancer, we hypothesized that the E2Fs
were involved in breast cancer metastasis. To test this hypothesis,
we examined the lungs of MMTV-PyMT mice in the various E2F
backgrounds at the endpoint. Metastatic tumors were readily ob-
served on the surfaces of the lungs of control MMTV-PyMT mice
(Fig. 5A). Interestingly, we did not observe these metastases in the
E2F1�/� or E2F2�/� background (Fig. 5B and C, respectively) but
did note metastatic tumors on the surfaces of the lungs in the
E2F3�/� background (Fig. 5D). Histological examination of
matched sections of the lungs demonstrated widespread metasta-
sis in the lungs of E2FWT/WT mice (Fig. 5E; histology for the me-
dian number of metastatic lesions is shown). In accordance with
the gross observations, there were readily apparent decreases in
the numbers of metastatic lesions in E2F1�/� and E2F2�/� mice
(Fig. 5F and G) but not in E2F3 mutant mice (Fig. 5H). The me-
tastases in the boxed areas of Fig. 5E to H are shown at a higher
magnification in Fig. 5I to L. To quantitate the metastases, they
were counted in a representative section of the lung for each of the
tumor-bearing mice (37 E2FWT/WT mice, 21 E2F1�/� mice, 21
E2F2�/� mice, and 23 E2F3�/� mice). This revealed significant
reductions in the numbers of metastases in the lungs of mice in
both the E2F1�/� (P, �0.0001) and E2F2�/� (P, 0.002) back-
grounds (Fig. 5M). Since many of the metastases noted were
smaller in the E2F1�/� and E2F2�/� backgrounds, we also exam-
ined the area occupied by the metastases as a function of the total
lung area. This demonstrated that loss of either E2F1 or E2F2

FIG 3 E2F loss results in changes in the expression of the genes of other E2F
family members. Shown are quantitative PCR results for the relative expres-
sion of E2F1, E2F2, E2F3A, and E2F3B in E2FWT/WT, E2F1�/�, E2F2�/�, and
E2F3�/� tumors (n, 4 for each genotype). E2F1�/� tumors had upregulation
of E2F3A (P, 0.0232). In E2F2�/� tumors, a decrease in E2F1 levels (P, 0.0016)
and significant upregulation of E2F3A (P, 0.0105) were observed. In E2F3�/�

tumors, significant downregulation of E2F3B (P, 0.0175) was observed.
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significantly reduced the metastatic burden (P, �0.0001 for both)
(Fig. 5N).

To determine the stage at which E2F1 or E2F2 loss blocked
metastasis, we assayed the number of circulating tumor cells
(CTCs) at the endpoint in tumor-bearing mice. To detect CTCs,
we collected blood by cardiac puncture and cultured the CTCs in
a colony-forming assay. Compared to age-matched wild-type tu-
mor-free controls (n, 6), in which no colonies were detected

(Fig. 6A), mice of the MMTV-PyMT strain (n, 14) were found to
have a number of discrete colonies (Fig. 6B). The number of CTCs
was visibly reduced in both E2F1�/� (n, 7) (Fig. 6C) and E2F2�/�

(n, 10) (Fig. 6D) mice but not in E2F3�/� (n, 10) mice (Fig. 6E).
Quantitation revealed that this decrease in the number of CTC
colonies from that for the PyMT control was significant in the
E2F1�/� (P, 0.02) and E2F2�/� (P, 0.006) mice (Fig. 6F). A reduc-
tion in the number of CTCs was confirmed by extracting RNA
from blood at the tumor end stage and using qRT-PCR to assay
transgene expression as an indicator of circulating tumor cells.
This demonstrated that E2F1�/� mice had transgene levels in
blood 4.8-fold-lower than those for controls (see Fig. S9 in the
supplemental material), indicating a reduction in the number of
circulating tumor cells. Further, in FVB negative controls, we ob-
served no amplification of the transgene. Taken together, these
results strongly suggest that loss of E2F1 or E2F2 inhibits metas-
tasis by reducing the number of circulating tumor cells.

To test whether E2F1 or E2F2 also regulates colonization abil-
ity, we injected 5.0 � 105 cells derived from E2FWT/WT, E2F1�/�,
or E2F2�/� PyMT tumors into the circulation of wild-type con-
trol mice. In mice injected with E2FWT/WT PyMT cells (n, 8), we
observed robust lung colonization (Fig. 7A). In contrast, we ob-
served a dramatic reduction in the level of colonization for mice
injected with E2F1�/� (n, 9) or E2F2�/� (n, 7) PyMT tumor cells
(Fig. 7B and C). Mice injected with E2FWT/WT PyMT tumor cells
had an average of 8.5 metastases per section of lung, while a sig-
nificant reduction was observed in mice injected with E2F1�/�

(average number of metastases, 1.9 [P, 0.01]) or E2F2�/� (average
number of metastases, 0.85 [P, 0.02]) tumor cells (Fig. 7D). Ad-
ditionally, we measured the area of the lung occupied by metasta-
ses in these mice and observed an 18-fold reduction for mice in-
jected with E2F1�/� tumor cells and a 50-fold reduction for mice
injected with E2F2�/� tumor cells relative to the area for mice
receiving E2FWT/WT PyMT tumor cells (Fig. 7E). Interestingly, the
reduction in the number of circulating tumor cells (Fig. 6) or in
tumor cell colonization ability (Fig. 7) was not related to defects in
cell migration measured through scratch assays (see Fig. S10 in the
supplemental material) and transwell migration assays (see Fig.
S11 in the supplemental material); the latter experiments revealed
no difference in motility between E2FWT/WT and E2F�/� tumor
cells. Nonetheless, these data clearly demonstrate that E2F1 and
E2F2 are necessary for tumor cell metastasis.

To further demonstrate the significance of the E2Fs for pulmo-
nary colonization, we performed qRT-PCR for comparison of
E2F1 and E2F2 levels in E2FWT/WT pulmonary metastases to those
in E2FWT/WT primary tumors. Interestingly, E2F1 expression lev-
els were nearly 7 times higher in lung metastases than in primary
tumors (P, 0.0004) (Fig. 8A). E2F2 levels were similar in lung
metastases and primary tumors (Fig. 8B). We also applied our
gene signatures for E2F1 and E2F2 activity to previously published
gene expression data for MMTV-PyMT tumors and lung metas-
tases (42). In agreement with the qRT-PCR results, predicted
E2F1 activity was significantly higher (P, 0.0007) in lung metasta-
ses than in primary tumors (Fig. 8C), while no differences in ac-
tivity were observed for E2F2 (Fig. 8D).

To test whether metastatic regulation by E2F1 or E2F2 is cell
autonomous or is a result of E2F-associated tumor microenviron-
ment defects, we assayed metastatic progression by utilizing a tu-
mor transplant study. For this experiment, viable E2FWT/WT,
E2F1�/�, or E2F2�/� frozen tumor samples (four samples of each

FIG 4 Loss of E2Fs alters tumor histology. (A and B) H&E staining revealed
microacinar tumors (A) and adenosquamous tumors (B) among other tumor
types. (C) Proportions of different histological types of tumors in MMTV-
PyMT mice of different genotypes. MS Mixed, mixture of microacinar and
adenosquamous tumors. (D) Percentages of adenosquamous tumors within
populations of E2F wild-type and mutant mice. Fisher’s exact test was used to
compare E2FWT/WT with E2F1�/� (P, 0.001) and E2F2�/� (P, 0.0003) popu-
lations.

Hollern et al.

3234 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


type) from transgenic mice were transplanted into MMTV-Cre
E2FWT/WT control mice. At the primary tumor endpoint, metas-
tasis was analyzed. Histological sections of the lungs of mice im-
planted with a PyMT E2FWT/WT tumor demonstrated extensive

metastasis (Fig. 9A). In contrast, metastatic lesions were rarely
observed in the lungs of mice receiving a PyMT E2F1�/� (Fig. 9B)
or PyMT E2F2�/� (Fig. 9C) tumor. These results revealed signif-
icantly fewer metastases in the lungs of mice implanted with a

FIG 5 Loss of E2Fs decreases the level of pulmonary metastasis in MMTV-PyMT mice. (A to D) Representative wet-mount images of lungs from E2FWT/WT,
E2F1�/�, E2F2�/�, and E2F3�/� mice. Arrowheads indicate surface metastases. (E to H) Representative images for H&E-stained sections of lungs. (I to L)
Tenfold-enlarged images of the regions boxed in panels E to H show the histology of tumor metastases. (M) Comparison of the average numbers of lung
metastases (with standard errors of the means) in pulmonary sections from E2FWT/WT mice with those for mice in E2F mutant backgrounds revealed significant
differences in E2F1�/� (P, �0.0001) and E2F2�/� (P, 0.002) mice. (N) Comparison of the average percentage (with standard errors of the means) of the lung area
occupied by metastases in pulmonary sections from E2FWT/WT mice with those for E2F1�/� mice (P, �0.0001), E2F2�/� mice (P, �0.0001), and E2F3�/� mice.
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PyMT E2F1�/� (P, 0.003) or PyMT E2F2�/� (P, 0.01) tumor than
in those of mice implanted with a PyMT E2FWT/WT tumor (Fig.
9D). Further, these metastatic defects also resulted in a dramati-
cally lower proportion of the lungs occupied by metastases in mice
implanted with an E2F1�/� or E2F2�/� tumor than in mice re-
ceiving an E2FWT/WT tumor (Fig. 9E).

To determine if compensation by other E2F family members
was occurring, E2F expression in transplanted tumors was ana-
lyzed (see Fig. S12 in the supplemental material). Significant in-
creases in E2F2 (P, 0.0032) and E2F3A (P, 0.0254) expression and
a significant decrease in E2F3B expression (P, 0.0358) were ob-
served in PyMT E2F1�/� tumors (n, 4). Like the spontaneous
tumors, transplanted E2F2�/� tumors showed a significant de-
crease in E2F1 expression (P, 0.0046). Interestingly, E2F3A up-
regulation in E2F2�/� tumors was not statistically significant.
However, E2F3B was significantly downregulated (P, 0.0024) in
these tumors.

To test for tumor microenvironment effects, we also per-
formed F4/80 staining. In agreement with the observations from

the tumor transplant study, we observed no differences in macro-
phage infiltration across E2F mutant backgrounds (see Fig. S13 in
the supplemental material). Together, these data suggested that
metastatic defects associated with E2F1 or E2F2 loss were intrinsic
to the tumor cells.

For initial investigation of the intrinsic mechanistic features of
metastatic defects, we performed CD31 staining to assay tumor
vasculature in end-stage tumors. In PyMT E2FWT/WT tumors (n,
5), we observed well-defined and continuous staining for CD31,
indicating well-developed vasculature (Fig. 10A). In contrast,
PyMT E2F1�/� tumors (n, 5) showed remarkably altered tumor
vasculature (Fig. 10B). This was accompanied by significantly
lower (P, 0.0002) gene expression of the proangiogenic signaling
molecule vascular endothelial growth factor (Vegfa) in E2F1�/�

tumors (n, 6) than in E2FWT/WT (n, 6) tumors (Fig. 10C). Jointly,
these results indicate that loss of Vegfa expression in E2F1�/�

tumors is associated with altered blood vessel development.
For further investigation of potential mechanisms of metasta-

sis, we utilized an informatics approach to identify potential E2F
targets mediating metastatic potential. As outlined in Fig. 11A, we
utilized E2F signature gene expression data with published ChIP-
seq and ChIP-chip data to identify direct E2F target genes. Next,
we filtered our potential targets using gene sets for metastasis
available on MSigDB. Testing potential target genes via qRT-PCR,
we found that E2F1�/� and E2F2�/� tumors (six of each type were
analyzed) had significantly lower levels of Bmp4 (P, 0.0002 and
�0.0001, respectively), cysteine-rich angiogenic inducer 61
(Cyr61) (P, 0.0009 and 0.0006, respectively), Nupr1 (P, �0.0001
for both types), Plod 2 isoform 1 (P, �0.0001 for E2F2�/� tumors
only), Plod 2 isoform 2 (P, 0.0122 and 0.0015, respectively), P4ha1
(P, 0.0006 and �0.0001, respectively), Adamts1 (P, �0.0001 for
both types), Lgals3 (P, �0.0001 for both types), and Angpt2 (P,
0.0065 for E2F1�/� tumors only) (Fig. 11B to J). These results
show which E2F target genes associated with metastatic function
are downregulated in E2F1�/� and E2F2�/� tumors. In addition,
these results provide important mechanistic insights into the mo-
lecular basis of E2F regulation of tumor metastasis.

DISCUSSION

In this study, we applied genomic signaling pathway signatures to
mouse tumor model microarray data and predicted a role for the
E2F transcription factors in PyMT-induced tumors. By genetically
testing this prediction, we found that E2F1 loss enhanced ductal
transformation and accelerated tumor onset. In contrast to this
finding, we noted delayed tumor onset in E2F3�/� mice. Histo-
logically, we observed that loss of E2F1 resulted in a significant
decrease in the incidence of adenosquamous tumors, while loss of
E2F2 led to an increase in the frequency of this tumor type. In
some of the most striking findings, we identified a role for the E2F
transcription factors in tumor metastasis. Indeed, loss of E2F1 or
E2F2 dramatically reduced the metastatic capacity of MMTV-
PyMT tumors. These metastatic defects were associated with a
reduction in the number of circulating tumor cells and were cell
autonomous. Together, these data demonstrate significant roles
for individual E2Fs in tumor development and progression.

E2F transcription factors have previously been associated with
defined roles in cell cycle control, proliferation, and apoptosis.
While exploring the role of E2F1 in tumor development, we found
that loss of E2F1 enhanced ductal transformation and accelerated
tumor onset. In a previous study of Myc-mediated tumorigenesis,

FIG 6 Loss of E2Fs decreases the number of circulating tumor cells in MMTV-
PyMT mice. (A to E) Representative colony-forming assay plates for negative-
control, nontransgenic FVB mice (n, 6) (A), MMTV-PyMT E2FWT/WT mice
(n, 14) (B), MMTV-PyMT E2F1�/� mice (n, 7) (C), MMTV-PyMT E2F2�/�

mice (n, 10) (D), and MMTV-PyMT E2F3�/� mice (n, 10) (E). (F) Compar-
ison of the average numbers of circulating tumor cells (with standard errors of
the means) detected in MMTV-PyMT E2FWT/WT mice, MMTV-PyMT
E2F1�/� mice (P, 0.02), MMTV-PyMT E2F2�/� mice (P, 0.006), and MMTV-
PyMT E2F3�/� mice.
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we noted a similar acceleration of tumor onset with loss of E2F1
(19). In agreement with the role of E2F1 in Myc-induced apopto-
sis (43), we noted that loss of E2F1 reduced the level of apoptosis
and caused Myc tumors to grow more quickly. In contrast to the
Myc model, we observed no effects of E2F1 loss on apoptosis (see
Fig. S7 in the supplemental material). This suggests that E2Fs can
respond to different pathway stimuli uniquely to differentially
regulate specific genes and separate cellular processes.

In view of the delay in tumor onset in E2F3�/� mice and the
previously defined roles for the E2Fs in cell cycle progression and
apoptosis, alterations in tumor growth were expected in E2F mu-
tant mice, but none were observed. However, the levels of the
various E2F alleles indicated that there was significant compensa-
tion in the E2F3�/� strain. Given the previously noted potential
for E2F compensation (44), the lack of defects associated with
tumor growth in E2F mutant mice may not be surprising. In
agreement with our data, it has been shown that with the loss of
E2F1, E2F3A is upregulated (44). Further work has also demon-
strated that E2F3A can compensate for the loss of E2F1 to sustain
cell proliferation (45), while E2F3A is necessary for cellular pro-
liferation (38, 45). Along with upregulation of E2F3A in each of
the E2F mutant tumors, these previous data support our tumor
growth and proliferation observations.

In addition to tumor development, we found that loss of E2F
transcription factors altered tumor heterogeneity. As is apparent
in Fig. 4C, PyMT induced tumors with wide histological hetero-
geneity. Interestingly, E2F1 and E2F2 had opposite effects on the
incidence of adenosquamous tumors. Together, the latency, his-
tological differences, and metastatic capacity findings clearly dem-

onstrate that the E2Fs have unique and individual roles. The facts
that the E2F DNA binding site is conserved in all E2Fs (46) and
that ChIP-seq studies have demonstrated that various E2Fs bind
the same targets (22) reinforce the idea that cooperating transcrip-
tion factors, such as YY1, are required for specificity of function
(47).

Perhaps the most notable of the experimental findings was the
identification of E2Fs as regulators of breast cancer metastasis.
Importantly, high levels of E2F1, E2F2, and E2F3 were predictive
of accelerated onset of distant metastasis in human breast cancer.
While our data for E2F1�/� and E2F2�/� mice corroborate these
predictions, we did not observe metastatic impairment in
E2F3�/� mice. However, E2F1, E2F2, and E2F3A levels were
maintained in E2F3�/� mice (Fig. 3), potentially allowing for
these E2Fs to compensate, resulting in normal regulation of met-
astatic progression. Importantly, our tumor transplant study pro-
vides evidence that the E2Fs regulate tumor metastasis in a cell-
autonomous manner. Indeed, E2F loss had no effect on the tumor
growth rate, tumor burden, proliferation, apoptosis, or macro-
phage staining but did reduce metastatic potential. This indicated
that the metastatic defects are not a result of altered tumor devel-
opment but are due to inherent properties of the tumor.

While both E2F1�/� and E2F2�/� mice present reductions in
the level of tumor metastasis, our data suggest that E2F1 loss is
responsible for the metastatic deficiency. Indeed, E2F1 levels and
activity were higher in lung metastases than in primary tumors. In
addition, PyMT E2F1�/� tumors transplanted into wild-type re-
cipients had significantly higher levels of E2F2 yet still had signif-
icantly lower numbers of metastases. Meanwhile, both spontane-

FIG 7 Loss of E2Fs decreases the level of pulmonary tumor cell colonization. (A to C) Representative sections of lungs for mice injected with E2FWT/WT (n, 8)
(A), E2F1�/� (n, 9) (B), or E2F2�/� (n, 7) (C) tumor cells. (D) Comparison of the average numbers (with standard errors of the means) of metastases detected
in sections of lungs of mice injected with E2FWT/WT, E2F1�/� (P, 0.01), or E2F2�/� (P, 0.02) tumor cells. (E) Comparison of the average percentages (with the
standard error of the mean) of the lung occupied by metastases in pulmonary sections from mice injected with E2FWT/WT tumor cells with those for mice injected
with E2F1�/� or E2F2�/� tumor cells.
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ous and transplanted PyMT E2F2�/� tumors had significantly
lower levels of E2F1 than PyMT E2FWT/WT tumors while failing to
metastasize. Interestingly, E2F1�/� and E2F2�/� tumors exhib-
ited shared expression patterns for most of the metastatic target
genes we surveyed. These findings, taken together, may indicate
that the mechanism behind the metastatic defects noted in both
E2F1�/� and E2F2�/� tumors is mediated primarily by E2F1-
regulated genes.

Considering both the reduction in the number of CTCs and the
reduction in tumor cell colonization ability, our data suggest that
the E2Fs regulate metastasis in early and late stages of metastatic
progression. Through qRT-PCR of E2F target genes with known
metastatic properties, we have identified molecular features of
metastasis regulated by E2Fs. We found that in the early steps of
metastasis, E2F1�/� tumors had lower levels of Vegfa than
E2FWT/WT tumors and that, as a result, the tumor vasculature was
altered. Indeed, previous reports have shown that E2F1 controls
angiogenesis through the VEGF signaling axis (48). In addition,
we detected other altered E2F target genes known to function in
tumor angiogenesis. Previous studies have demonstrated that
Angpt2 can promote angiogenesis (49, 50, 71) and tumor cell
invasion (51, 72–74). In addition, E2F1 tumors have significantly
low levels of Cyr61, and blocking of Cyr61 function decreased
metastasis in a xenograft of the MDA-MB231 human breast can-
cer cell line (52). Further, given the finding that Cyr61 can regulate
tumor angiogenesis independently of Vegfa expression (53), it
seems that loss of Cyr61 together with loss of Vegfa and Angpt2
provides a molecular context for the pronounced tumor vascula-
ture effects associated with E2F loss. Since blood vessel recruit-
ment is a key rate-limiting step for metastasis (54), these data
reveal the molecular alterations contributing to the angiogenesis
defects associated with E2F loss and indicate one of the mecha-

FIG 8 E2F1 expression levels and pathway activity are elevated in lung metastases.
(A) Quantitative RT-PCR results showing the relative expression of E2F1 in pri-
mary tumors (n, 6) and in lung metastases (n, 6) (P, 0.0004). (B) Quantitative
RT-PCR results showing the relative expression of E2F2 in primary tumors and in
lung metastases. (C) The pathway signature for E2F1 shows predicted E2F1 acti-
vation in primary tumors (n, 6) and lung metastases (n, 4) within GEO data set
GSE43566 (P, 0.0007). (D) The pathway signature for E2F2 shows predicted E2F2
activation in primary tumors and lung metastases within GEO data set GSE43566.

FIG 9 Transplantation of tumors into E2F wild-type mice shows that E2F regulation of metastasis is cell autonomous. Viable frozen tumor samples (4 samples
each for E2FWT/WT, E2F1�/�, and E2F2�/� tumors) were used for transplantation into E2F wild-type MMTV-Cre control mice. (A to C) Representative
histological sections of lungs of mice implanted with an E2FWT/WT (A), E2F1�/� (B), or E2F2�/� (C) tumor. (D) Quantification revealed significantly fewer
metastases in the lungs of mice implanted with an E2F1�/� (P, 0.003) or E2F2�/� (P, 0.01) tumor than in mice implanted with an E2FWT/WT tumor. (E)
Quantification of the percentages of lungs occupied by metastases shows reduced metastatic burdens in mice receiving an E2F1�/� or E2F2�/� tumor.
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nisms by which E2Fs are involved in mediating the early steps of
metastasis.

In addition to tumor angiogenesis, we detected gene expres-
sion changes that indicate that the loss of E2F1 or E2F2 may im-
pact tumor cell remodeling of the extracellular matrix (ECM).
Specifically, we noted a 2-fold reduction in the level of the extra-
cellular metalloprotease Adamts1 in PyMT E2F1�/� and PyMT
E2F2�/� tumors. Adamts1 has been ablated in the MMTV-PyMT
mouse model previously, revealing the requirement for Adamts1
during tumor metastasis (55). Importantly, that work demon-
strated that Adamts1 remodels the ECM to facilitate the transition
from ductal carcinoma in situ to invasive and metastatic disease.
Also critical to the remodeling of the ECM to facilitate a metastatic
niche is collagen deposition (56). The PyMT tumors in the
E2F1�/� and E2F2�/� backgrounds had significantly lower ex-
pression of P4ha1 and Plod 2, whose products both function as
collagen hydroxylases. Recent work has demonstrated the neces-
sity for these genes in tumor cell collagen deposition (57). Further,
knockdown of these genes in metastatic human breast cancer cell
lines reduced the number of CTCs in the blood, as well as the levels
of pulmonary and lymphatic metastasis in a xenograft study (58).
Taken together, these data indicate that the reduction in meta-
static potential in the E2F1�/� and E2F2�/� backgrounds may be
due to an inability to form extracellular fibrillar collagen, resulting
from the loss of expression of E2F target collagen hydroxylase
genes.

In addition to molecular signals that recruit blood vessels and
remodel the extracellular matrix, we found that major cell-signal-
ing pathways were impacted by E2F loss. Our qRT-PCR analysis
suggests that pathways related to the TGF-� superfamily and
Smad activation are impacted by the loss of E2F1 and E2F2. BMP4
expression was reduced �3-fold in E2F1�/� and E2F2�/� tumors.
BMP4, a member of the TGF-� superfamily, leads to the activa-
tion of Smad1, Smad5, and Smad8 (59, 60), and studies have dem-
onstrated a role for BMP4 in breast cancer cell invasion (61, 62).
These data may indicate that loss of BMP4 signaling reduces the
invasive potential of MMTV-PyMT tumor cells, thus contributing
to the observed reduction in the number of CTCs. In addition, we
also detected a �3-fold reduction in the level of Nupr1. Nupr1
expression has been shown to increase in response to TGF-�1 and
to facilitate Smad transactivation (63). The prometastatic func-
tions of Nupr1 were originally identified in work that showed that
Nupr1 supports the growth of human breast cancer cells after
seeding of a distant organ (64). In light of these findings, loss of
NUPR1 expression may contribute to the observed defects in col-
onization of the lungs by tumor cells lacking E2F1 or E2F2.

We also detected significantly lower expression levels of Lgals3
in E2F1�/� and E2F2�/� tumors. A wide array of prometastatic
functions, with relevance to early and late steps of the metastatic
cascade, have been described for LGALS3 (65). For instance, it has
been shown that the LGALS3 protein, galectin-3, mediates tumor
cell adhesion to the ECM (66) and promotes the dissemination of
tumor cells from the primary tumor (67). Galectin-3 has also been
shown to be critical for the recognition and interaction of human
breast cancer cells with endothelial cells of the vasculature (68,
69), and those tumor cell– endothelial cell interactions are neces-
sary for tumor cell invasion and metastasis (70). In the later steps
of metastasis, galectin-3 induces apoptosis in T cells and mono-
cytes (65). This suggests that LGALS3 deficiency in E2F1�/� and
E2F2�/� tumor cells may have allowed immune cells to reduce the

FIG 10 Loss of E2F1 alters CD31 staining and reduces VEGFA expression in
MMTV-PyMT tumors. (A and B) Representative sections of E2FWT/WT (A) and
E2F1�/� (B) tumors stained for CD31 to reveal vascular structure. (C) Quantita-
tive RT-PCR results showing the relative expression levels of VEGFA in E2FWT/WT

and E2F1�/� tumors (P, 0.0002). Six tumors of each type were examined.
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number of CTCs and eliminate those cells before they could col-
onize the lungs in our study using retro-orbital injection of tumor
cells into the bloodstream.

In conclusion, these data demonstrate that E2F1 and E2F2 play

a critical role in MMTV-PyMT-mediated tumorigenesis, with E2F
loss leading to alterations in tumor latency, histology, and metas-
tasis. Importantly, E2F1 and E2F2 were shown to be critical regu-
lators of intrinsic cell signaling, which allows tumor cells to prog-

FIG 11 Analysis of E2F target genes reveals expression changes in prometastatic genes with E2F loss. (A) Informatics pipeline for filtering candidate genes
for qRT-PCR testing. (B to J) Testing potential target genes via qRT-PCR, we found that E2F1�/� and E2F2�/� tumors (six of each type were analyzed)
have significantly lower levels of Bmp4 (P, 0.0002 and �0.0001, respectively) (B), Cyr61 (P, 0.0009 and 0.0006, respectively) (C), Nupr1 (P, �0.0001 for
both types) (D), Plod 2 isoform 1 (P, �0.0001 for E2F2�/� tumors only) (E), Plod 2 isoform 2 (P, 0.0122 and 0.0015, respectively) (F), P4ha1 (P, 0.0006
and �0.0001, respectively) (G), Adamts1 (P, �0.0001 for both types) (H), Lgals3 (P, �0.0001 for both types) (I), and Angpt2 (P, 0.0065 for E2F1�/�

tumors only) (J).
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ress through both the early and late steps of metastasis.
Importantly, we identified the potential E2F target genes that are
associated with these changes in metastatic ability. These gene
expression changes suggest that the E2F transcription factors me-
diate the expression of genes critical to tumor angiogenesis, tumor
cell remodeling of the extracellular matrix, tumor cell survival,
and tumor cell interactions with vascular endothelial cells to facil-
itate metastasis to the lungs. Taken together, these findings indi-
cate that E2Fs regulate key functions involved in metastasis in
both mouse models and human breast cancer, and as such, our
data extend the paradigm of E2F function.
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