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Development of breast cancer is linked to altered regulation of mammary gland developmental processes. A better understanding
of normal mammary gland development can thus reveal possible mechanisms of how normal cells are re-programmed to become
malignant. E2Fs 1-4 are part of the E2F transcription factor family with varied roles in mammary development, but little is known
about the role of E2F5. A combination of scRNAseq and predictive signature tools demonstrated the presence of E2F5 in the
mammary gland and showed changes in predicted activity during the various phases of mammary gland development. Testing the
hypothesis that E2F5 regulates mammary function, we generated a mammary-specific E2F5 knockout mouse model, resulting in
modest mammary gland development changes. However, after a prolonged latency the E2F5 conditional knockout mice developed
highly metastatic mammary tumors. Whole genome sequencing revealed significant intertumor heterogeneity. RNAseq and protein
analysis identified altered levels of Cyclin D1, with similarities to MMTV-Neu tumors, suggesting that E2F5 conditional knockout
mammary glands and tumors may be dependent on Cyclin D1. Transplantation of the tumors revealed metastases to lymph nodes
that were enriched through serial transplantation in immune competent recipients. Based on these findings, we propose that loss
of E2F5 leads to altered regulation of Cyclin D1, which facilitates the development of metastatic mammary tumors after long
latency. More importantly, this study demonstrates that conditional loss of E2F5 in the mammary gland leads to tumor formation,
revealing its role as a transcription factor regulating a network of genes that normally result in a tumor suppressor function.
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The mammary gland is a complex organ that undergoes dynamic
changes during different stages of development. Analysis of
transcriptional profiles at each developmental stage, including
pregnancy, lactation and involution, have revealed unique gene
expression changes [1, 2]. One family of transcription factors that
regulates these intricate transcriptional changes are the E2F
transcription factors. The E2F transcription factor family consists of
8 members that are routinely divided to transcriptional activators
and repressor [3–6] and are best known for their role in cell cycle
progression [7–10]. However, they are a functionally diverse group
of transcription factors with numerous studies highlighting their
role in apoptosis [11], cell differentiation [12, 13], metabolism [14]
and development [15–19]. The role of E2Fs in development was
established through the characterization of single and compound
E2F knockout mice. Following that, the role of E2Fs in mammary
gland development was characterized in single knockouts of E2F1-
4 [20]. Loss of E2F1, E2F3 or E2F4 resulted in mammary outgrowth
delay and branching defects. However, these changes were not
observed in E2F2 knockout mice. Given the high functional
redundancy observed among E2Fs [21], the extent of compensa-
tion between the activator E2Fs in the mammary gland was
explored. Using double knockout mice, E2F2 was found to partially
compensate for the loss of E2F1 but not E2F3 in mammary ductal

outgrowth, and transplant experiments demonstrated that these
were cell autonomous effects [22].
E2F regulated functions are also integral in breast cancer

development and progression to metastatic disease. For instance,
specific activator E2Fs have unique roles in mediating metastasis,
roles that are dependent upon the context of the activating
oncogene with noted differences in tumors driven by Myc, Neu or
PyMT [23–27]. E2Fs transcriptionally regulate a broad range of
targets that are involved in many cancer associated pathways
including apoptosis, genomic instability and DNA damage
response [28]. Furthermore, E2Fs also have the potential to
regulate oncogenes, with well characterized effects both up and
downstream of Myc [6, 29–31]. The role of the E2Fs in
development of the mammary gland and in altering tumor
biology have been described for the activator E2Fs and repressor
E2F4. However, the main E2F repressors include both E2F4 and
E2F5 and the role of E2F5 in mammary development is not known.
Similar to E2F4, E2F5 is considered to be a transcriptional
repressor and canonically functions to repress cell cycle progres-
sion [32, 33]. Furthermore, E2F4 and E2F5 share the most
structural similarities among all the E2F members and have
demonstrated functional redundancy [32]. The role of E2F5 in
tumorigenesis is conflicted and unclear as the literature for E2F5 in
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cancer biology reveals some studies suggesting an inhibition of
transformation [34] while others note an oncogenic role [35–37].
Given the wide variety of target genes regulated by the E2Fs, it is
likely that the role of E2F5 is largely tissue, cell type and context
dependent, with roles that widely differ in tissue and tumor types.
E2F5 has been understudied in part due to the early lethality
associated with the knockout which results in hydrocephaly in
prepubertal mice [19], making phenotypic examination and
experimental manipulation more difficult. Interestingly, the
hydrocephaly is distinct and is not observed in E2F4 knockout
mice [18] but both E2Fs have functional overlap and combine to
contribute to cell cycle regulation [32].
Here we have hypothesized that E2F5 plays an essential role in

mammary gland development. To test this prediction, we
generated mice with a conditional ablation of E2F5 in the
mammary gland. In these mice we observed alterations to
development and after a long latency, formation of metastatic
tumors. Importantly, the transplantable tumors from these mice
develop lymph node metastases, a trait not widely reported for
other genetically engineered mouse models of breast cancer.

RESULTS
To begin to investigate a potential role for E2F5 in mammary
development and function, we examined a scRNAseq dataset [38]
that was clustered into the various stages of mammary develop-
ment, including nulliparious, pregnant, lactating and involuting
(Fig. 1A). As a control, we first examined this scRNAseq data for
E2F1 expression (Fig. 1B) and noted expected expression in the
nulliparous and early pregnancy stages. We then examined this
data for E2F5 expression (Fig. 1C), it revealed the highest level of
expression of E2F5 in the lactating and involuting cells. Given the
expression in different cell types we assessed E2F5 expression in a
survey of various cell types within the mammary gland [39], using
an involuting gland to have good representation of immune cells
during remodeling (Fig. 1D). This revealed that E2F5 expression
was present in several cell types, which Han et al. identified
through various markers, including secretory alveoli as well as
endothelial cells and fibroblasts (Fig. 1E and Supplemental Fig. 1).
Interestingly, a comparison of differentiation states from the Bach
et al. data revealed that E2F5 was expressed in progenitor cells as
well as the differentiated secretory and hormone sensing lineages,
a sharp contrast to the E2F1, a typical activator E2F (Fig. 1F). While
expression of E2F5 leads to plausible hypotheses about function,
expression is not linked to activity. To assess this, we generated a
signature for E2F5 activation by overexpressing E2F5 using an
adenoviral vector in Human Mammary Epithelial Cells (HMECs),
with increasing multiplicity of infection tied to E2F5 levels (Fig.
1G). After infection, RNA was isolated after 18 h to generate a gene
expression signature using microarrays. HMECs infected with the
E2F5 construct were compared to controls with a GFP construct
and a signature was generated using a Bayesian approach [40].
Despite being classically known as a transcriptional repressor,
E2F5 expression resulted in both upregulated and downregulated
genes, suggesting that E2F5 may also play a role as transcriptional
activator [32, 33]. The up and down regulated genes in the
signature were then tested for their predictive activity on a series
of human breast cancer cell lines where predicted activity was
compared to protein levels, validating the signature (Fig. 1H). A
mammary gland developmental dataset [1] was then limited to
the E2F5 signature genes and clustered, revealing that E2F5
regulated genes stratified mammary developmental stages (Fig.
1I). In addition, we characterized the subset of E2F5 regulated
genes enriched in each developmental stage using gene ontology
(Supplemental table 1). In the virgin and early pregnancy stages
from Fig. 1I, the up and down regulated genes expressed after
E2F5 overexpression were associated with various ontologies. For
example, the most significant ontology in virgin and early

pregnancy was organelle transport along microtubules (Supple-
mental Table 1). Later pregnancy timepoints were seen to have
apoptotic processes enriched. However, as shown in data below,
loss of E2F5 does not appreciably alter lactation, generating
questions as to why apoptotic pathways were observed in the late
pregnancy data. Next, we tested genes with a fold change in a
terminal end bud/duct dataset [41] and found that nearly 10% of
terminal end bud genes were also E2F5 regulated genes
(Supplemental Fig. 2). Thus, we hypothesized that E2F5 played
both developmental and functional roles in the mouse mammary
gland.
To directly test the role of E2F5 in mammary development we

sought to use a knockout mouse model. With the lethality
observed in the global knockout [19], we generated a strain of
mice with loxP sites flanking exons 2 and 3 of E2F5 (Fig. 2A,
Supplemental Fig. 3A, B). Through breeding to the MMTV-Cre
strain [42] with expression limited to mammary epithelium [43],
we generated a mammary specific knockout of E2F5 (Fig. 2A).
Prior to interbreeding with MMTV-Cre transgenics, the E2F5flox/flox

mice were backcrossed into the FVB background for 12
generations. Introduction of MMTV-Cre to the E2F5flox/flox strain
resulted in the expected incomplete excision, which was not
complete since whole mammary glands were tested and MMTV
directed Cre expression is limited to mammary epithelium
(Supplemental Fig. 3C). Testing for a developmental role, we
examined mammary gland outgrowth at 4 weeks of age where
the littermate controls had terminal end buds that had driven
outgrowth past the lymph node in the fat pad (Fig. 2D). The E2F
conditional knockouts (E2F5 CKO) had delayed development (Fig.
2E). Quantification of these results revealed a consistent delay in
ductal extension (Fig. 2F, p= 0.0019). Heterozygous mice were not
examined since the delay was slight. Other stages of mammary
gland function were also assayed, with lactation occurring
normally as assessed by histology and pup weight (Supplemental
Fig. 4). To test for effects in older virgin mice, we allowed a cohort
of controls and E2F5 CKO mice to age to 12 months. This revealed
standard development in the controls and surprising alveolar
overgrowth in the virgin E2F5 CKO mice (Fig. 2G, H).
With the overgrowth of the virgin mammary gland, we carefully

observed the E2F5 CKO mice for possible mammary tumor
development. After a long latency, virgin E2F5 CKO mice
developed focal mammary tumors while the MMTV-Cre control
line did not (Fig. 3A). Multiparous E2F5 CKO mice were noted to
have a slight reduction in tumor latency, potentially due to more
widespread Cre expression during lactation. Given that MMTV is
hormonally responsive, Cre is expressed at a much higher level
[42], resulting in more widespread mammary epithelial E2F5
knockout, and tumors that develop slightly more rapidly. Time to
50% tumor burden for each genotype was as follows: Cre NA,
Multiparous 596 days, Virgin 681 days, n= 16, 34 and 44
respectively with 16, 15 and 29 censored data points. Using a
log rank test, the difference between virgin and multiparous was
significant with p= 0.003. The heterozygous conditional deletion
mice were not monitored for tumor development, but no MMTV-
Cre E2F5 flox/wild type mice were noted to develop a tumor over
the time they were used for breeding purposes.
The resulting tumors exhibited varied histological patterns, with

a broad spectrum of subtypes reminiscent of those noted in other
heterogenous strains such as MMTV-PyMT [25, 44]. Indeed, many
of the same histopathologies previously noted in the PyMT and
Myc strains were present, including adenosquamous (Fig. 3B),
solid with collagen tracks (Fig. 3C), papillary (Fig. 3D and
microacinar (Fig. 3E). No appreciable differences in pathology
were noted in tumors from virgin and multiparous mice. Several
tumors were tested by IHC for both ER and PR and were uniformly
negative. CK8 and CK5 IHC staining revealed a mosaic pattern,
suggesting both basal and luminal characteristics depending on
the tumor (Supplemental Fig. 5). These tumors were highly
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Fig. 1 Prediction of a developmental role for E2F5 in the mouse mammary gland. Using a mouse mammary scRNAseq dataset that was
split to various functional stages (A) including nulliparous (Null P) pregnancy day 14.5 (Preg D14.5), lactation day 6 (Lact D6) and involution
day 11 (Inv D11). For each stage, the level of E2F1 (B) and E2F5 (C) expression was plotted. Using a separate scRNAseq dataset that was not
sorted for epithelial cells (D), expression of E2F5 was examined across cell populations in the involuting mammary gland, revealing expression
in endothelial cells, fibroblasts and alveoli with elevated signal in red and lower signaling in green (E). Examining lineage commitment (F), we
overlaid E2F1 and E2F5 expression with elevated expression in green. To generate a signature for E2F5 activity, HMECs were infected with
increasing multiplicity of infection (MOI) for an adenovirus expressing GFP or E2F5. A western blot demonstrated increasing levels of E2F5
with increasing MOI (G). Generation of a signature for E2F5 activation revealed genes up (orange/red) and down (blue) regulated. The activity
of the signature was predicted in several human breast cancer cell lines and was plotted against the observed levels in a western blot for E2F5
revealing correlation between the two (H). A mammary gland developmental dataset (Stein et al., 2004) was limited to the E2F5 signature
genes and was clustered, revealing that genes regulated by E2F5 stratified mammary developmental stages (I).
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metastatic with 74% of tumor bearing mice developing metas-
tasis, with an average of 2.31 pulmonary metastases detected in a
single histological section across the lobes of the lungs. An
example of the pulmonary metastases is shown with several
regions of the lungs magnified, illustrating that metastases in the
lung can contain different pathologies for each metastatic lesion
(Fig. 3F with adenosquamous (left panel), normal lung (center
panel) and EMT (right panel)). In addition, liver metastasis was
occasionally noted in the tumor bearing mice (4 metastases in 33
livers examined). Other metastatic lesions were infrequently noted
on the thoracic wall, in the lymph nodes and in the intraperitoneal
cavity as shown in Supplemental Fig. 6. No differences were noted
in metastasis rates between virgin and multiparous tumors and it
is unclear why only 74% of tumors were metastatic. With loss of
E2F5 resulting in tumor formation in the mouse model, we
hypothesized that E2F5 function may be related to human breast
cancer development or clinical outcomes. Testing the
E2F5 signature in a human breast cancer dataset allowed us to
stratify patients to high/low quartiles of E2F5 activity. Survival
analysis of these patients revealed that low E2F5 activity was
associated with a reduction in survival rates (Fig. 3G). Moreover, at
the single gene level, low levels of E2F5 expression in HER2 and
triple negative subtypes of breast cancer was linked to worse
outcomes (Supplemental Fig. 7A–D) [45]. Taken together, these
data suggest that E2F5 expression and activity normally has a
protective role in human breast cancer.
To explore the mechanisms by which E2F5 may regulate tumor

development and progression we used an integrated approach by
analyzing genomic and transcriptomic data. We examined whole
genome sequence from five E2F5 CKO tumors with diverse
histopathology (Supplemental Fig. 8). A representative circos plot
for one of the tumors is shown with chromosomes around the
periphery (Fig. 4A) with the remainder in supplemental data
(Supplemental Fig. 9A–D, Supplemental Fig. 10A–E). Starting from
the outermost region of the plot, an ideogram with labelled mouse
chromosomes is provided. Single nucleotide variants (SNV) are
shown as points with color reflecting putative impact, followed by
copy number variants (CNV) with deletions and amplifications
shown with color blocks. In the center, translocations and inversions
are shown with lines (Fig. 4A). The differences between the circos
plots were readily evident when comparing circos plots (Supple-
mental 9A-D). The combined SNV and CNV events impacting at least
three tumors are shown (Fig. 4B), with some genes having more
than one event per gene. To directly compare both shared and
unique CNV events, we generated a graph demonstrating the CNV
events found in the 5 tumors (Fig. 4C). All CNVs are listed in
Supplemental Table 2. The CNV analysis revealed a number of
regions that were partially conserved. A closer examination of
chromosome 6 revealed that three of the five tumors shared an
amplification event that encompasses Wnt2, Cav1 and Met (Fig. 4D).
The boxed region in Fig. 4D is seen in expanded form in Fig. 4E,
where the black line shows the diploid level and the amplification
extent in three tumors is evident. Other regions of interest were
noted on chromosome 3 and 8, where SNVs were enriched.
Numerous SNVs in genes of potential interest were noted in
multiple tumors, including in genes such as FBXO15 (5 of 5 tumors)
and TSHZ1 (4 of 5 tumors). Other SNVs were highly impactful but
were only noted in individual tumors, include p53, KRas, NUDT7 and
MTRF1. SNVs that were visually inspected in the sequence data are
included in Supplemental Table 2. Comparison to other WGS data
for PyMT and Neu tumors revealed divergence between the tumor
genotypes at the SNV level, with the most shared SNVs being
between Neu and E2F5 CKO tumors (Supplemental Fig. 11).
Examining the mutational spectrum of the tumors using the
COSMIC SBS mutation signatures (Fig. 4F), revealed aging and HRR
Deficient as the predominant signatures in the E2F5 CKO tumors. It
should be noted that the aging signature may be present simply
due to the age of the mice at which tumors developed.

In addition to the WGS characterization, we also examined the
transcriptional profiles of E2F5 CKO tumors through bulk RNAseq
on samples derived from whole MMTV-Cre mammary glands
(aged 635, 546 and 537 days), whole E2F5 CKO mammary glands
(aged 470, 482 and 580 days), E2F5 CKO mammary tumors from all
observed histological subtypes and tumor cell lines derived from
the E2F5 CKO tumors (E2F5CKO tumor cell lines). First, we
performed differential gene expression analysis between whole
MMTV-Cre mammary glands and E2F5 CKO mammary glands as
well as with E2F5 CKO tumors using the RNA-seq data. After
filtering out differentially expressed genes with a fold change <2,
the resulting lists of genes were further filtered based on its
percent altered in human breast cancer (cut off >5%). The
resulting upregulated and downregulated genes were analyzed
using Enrichr, a gene set enrichment analysis tool [46]. The
analysis revealed that the upregulated genesets are enriched for
genes that are putative targets of E2F4 and E2F6 (Fig. 5A).
Although this may not be surprising as there may be compensa-
tion, it does suggest that these differentially expressed genes are
likely direct E2F targets and are dysregulated in E2F5CKO tumors.
Given that this is a new model, we tested for relation to the known
PAM50 subtypes, demonstrating that the tumors aligned with a
mixture of Basal, Luminal A and HER2+ve tumors (Supplemental
Fig. 12). Geneset enrichment analysis on the downregulated genes
revealed enrichment for putative targets such as PPARG, SUZ12,
MYDO1 and ESR1. (Supplemental Fig. 13)). Pathway analysis
revealed that the upregulated geneset were enriched for path-
ways associated with cell cycling, Fanconi anemia, DNA repair, and
DNA replication signaling pathways with loss of E2F5 (Fig. 5B). In
contrast, the downregulated genesets were enriched for processes
involved in normal metabolism (Supplemental Figure 13). We then
examined the differentially expressed genes in StringDb to
visualize which genes have known or predicted interactions with
E2F5 (Fig. 5C). To further narrow down our target gene population,
we examined the level of gene expression in both E2F5CKO
mammary gland and tumor cell lines. Notably, we observed that
Cyclin D1 transcripts were elevated in E2F5CKO mammary glands
and significantly elevated in E2F5CKO tumor cell lines (Fig. 5D).
Given that Cyclin D1 appears to be elevated in pre-tumor E2F5
CKO mammary glands, we hypothesize that alteration of Cyclin D1
expression may be critical for tumor formation in E2F5CKO
tumors. In line with the differential gene expression analysis,
Cyclin D1 and several other genes demonstrated increased
expression in E2F5CKO mammary glands and tumors relative to
MMTV-Cre mammary glands through qRT-PCR (Supplemental Fig.
14A–E). However, the most striking difference was seen in Cyclin
D1 where there was a significant increase in E2F5CKO tumors
relative to control in the RNAseq data (Fig. 5D), confirmed with a
15-fold increase in Cyclin D1 levels observed through qRT-PCR (Fig.
5E). To examine whether Cyclin D1 potentially has a prominent
role in E2F5 tumors, we analyzed the levels of Cyclin D family
members in E2F5CKO tumor in comparison to Wnt-1 and Neu
tumors. This revealed that levels of Cyclin D1 were consistent in all
three models. However, only cyclin D2 was detected in Wnt-1
tumors (Fig. 6F). The E2F5 CKO tumors resembled the MMTV-Neu
tumors for expression of Cyclin D1, D2 and D3, suggesting that like
MMTV-Neu the E2F5 CKO tumors were dependent on Cyclin D1.
To further examine the potential inverse relationship between
E2F5 and Cyclin D1, we examined Cyclin D1 levels in the setting of
E2F5 overexpression in HMECs. Consistent with our previous
findings, we found that Cyclin D1 is downregulated in E2F5
overexpressing HMECs that were used in the E2F5 signature
creation (Supplemental Fig. 14F).
The ability to model metastases, a feature reflective of human

breast cancer, is an attractive component of this new mouse
model of breast cancer but one that is offset by the extended
latency. To overcome this limitation, we aimed to generate a
transplantable metastatic mammary tumor bank. During necropsy
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of tumor bearing mice, small portions of the tumor were viable
frozen. These small tumor fragments were then thawed and
directly implanted into mammary glands without passing through
tissue culture. MMTV-Cre mice were used as transplant recipients
to prevent immune effects associated with the MMTV promoter
enhancer48. 18 frozen and one fresh tumor were implanted into a

small pocket created in the abdominal mammary gland of
recipient mice, rapidly resulting in overt tumor formation.
Strikingly, it was repeatedly noted that these mice developed a
mammary tumor accompanied by a secondary metastatic tumor
in the axial lymph node in 12 of the 19 lines at low penetrance.
These axial lymph metastases were then implanted into recipient
mammary fat pads in repeated rounds of transplantation (Fig. 6A).
The axial lymph node tumors were routinely nearly as large as the
primary tumor and an example of the axial lymph node metastasis
is shown (top left of the image) after the primary tumor in the
abdominal gland was removed at 1 cm endpoint (bottom portion
of image) (Fig. 6B). Tumors only developed where implanted and
in the axial lymph nodes. Examining the histology of these
metastatic tumors in the axial lymph node revealed the presence
of both lymphatic and tumor tissue (Fig. 6C). Pan-cytokeratin
staining for epithelial derived tumor cells revealed nests of tumor
cells within this axial lymph node (Fig. 6D). This was further
examined in additional samples where in comparison to the
normal lymph node, we were readily able to observe the tumor
cells invading the lymph node (Supplemental Figure 15).
Hypothesizing that the metastasis was occurring through the
lymphatic vasculature, we sectioned across the region between
the primary tumor and axial lymph node from Fig. 6B and stained
for podoplanin, a marker of lymphatic vessel walls. This revealed
staining of the vasculature with unstained tumor cells lodged
within (Fig. 6E). Given that blood vasculature does not stain for
podoplanin, that the tumor cells were negative for podoplanin
and that this mouse developed extensive lymphatic metastasis,
the positively stained cells are likely part of the lymphatic
vasculature. Control transplants of MMTV-Neu and MMTV-PyMT
tumors did not result in lymph node metastasis. To increase the
penetrance of lymph node metastasis, we utilized prior enrich-
ment strategies for breast metastases [47–49] where a sample of
lymph node metastases was implanted into the mammary gland
of a new recipient mice and the resulting axillary lymph node
tumor was re-implanted into new recipient mice. This serial
implantation resulted in the enrichment of lymph node metastasis
from a penetrance of 23%, 50% and 73% in three separate tumor
lines (Fig. 6F). With each round of implantation, the latency of
lymph node metastasis formation was reduced. A summary of the
enrichment transplantation revealed the ability across several lines
to enrich for this property (Fig. 6F and Supplemental Table 3).
After observing lymphatic metastasis in the E2F5 CKO mouse

model, we examined the role of E2F5 in human lymphatic
metastasis. We predicted E2F5 activity in human breast cancer
with known nodal status using the E2F5 signature described in
Fig. 1G. The stratification of breast cancers by lymph node
metastasis status revealed that those tumors with lymph node
metastases had lower levels of E2F5 (Fig. 6G). Examining the upper
and lower quartiles for E2F5 activity revealed almost a four-fold
increase in lymphatic metastasis in the lower quartile of E2F5
activity (Fig. 6H). Together these data indicate that loss of E2F5 is
associated with tumors that metastasize to the lymph node in
both our conditional knockout mouse model as well as in human
breast cancer.

DISCUSSION
The repressive transcription factor E2F5 has been hypothesized to
have a role in mammary gland development and tumor formation.
Testing this hypothesis required generation of a conditional
deletion due to the early lethality of the traditional E2F5 knockout
due to developmental abnormalities [19]. Surprisingly only minor
mammary gland defects were noted with the mammary specific
loss of E2F5 but, after an extensive latency, metastatic mammary
tumors developed. Notably, these tumors metastasized to the
lymph node and this property was enhanced with serial
transplantation. Mechanistically, we demonstrated an

Fig. 2 Developmental delays with conditional loss of E2F5. A gene
targeting strategy to flank exons 2 and 3 of E2F5 with loxP sites was
employed with genotyping primers shown (A). With the introduc-
tion of Cre Recombinase under the mammary epithelial specific
control of the MMTV promoter/enhancer, exons 2 and 3 are lost
resulting in a tissue specific knockout. Examining ductal extension
through wholemounts at 4 weeks we examined 20 control mice
(E2F5flox/flox) (B) and 14 E2F5 CKO mice (C), revealing a delay in
outgrowth. This delay was quantified revealing a consistent
outgrowth delay, 0= 0.0019 (D). After mice aged to 12 months,
virgin mammary glands were assessed by both wholemount and
histology. Relative to the MMTV-Cre controls (E) with their some-
what spiked ductal appearance, the E2F5 CKO mammary glands
resembled a lactating mammary gland with alveoli engulfing the
entire fat pad (F).
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upregulation of Cyclin D1, with similar expression pattern of Cyclin
D family observed in MMTV-Neu, a model where tumorigenicity
was dependent upon Cyclin D1 [50].
During generation of the E2F5 gene signature we over-

expressed E2F5 in HMECs and collected RNA 18 h after
infection, a standard procedure that allows immediate tran-
scriptional events to be assayed [40, 51]. The conventional role

for E2F5 is thought to be a transcriptional repressor [7, 32],
although several more recent publications have demonstrated
a role as an activator in diverse settings include zebrafish [52]
and cervical cancer [53]. Our results demonstrate that E2F5 can
function both as an activator and as a repressor in mammary
epithelial cells, dependent upon the gene. This is consistent
with prior work suggesting that the context of E2F binding is

Fig. 3 Metastatic tumor formation in mice lacking E2F5 in the mammary epithelium. Regular palpation of the mammary glands revealed
the onset of tumor formation in E2F5 CKO virgin and multiparous mice, but not in the control MMTV-Cre line (A). The resulting tumors were
histologically diverse with numerous patterns noted, including squamous (B), solid with collagen tracks (C), papillary (D) and microacinar (E).
20-micron scale bars are included. The tumors were also metastatic, a pulmonary section reveals numerous metastatic lesions at both low and
high power (F), this includes adenosquamous (left panel), normal lung (center panel) and EMT (right panel). Applying the E2F5 signature to
human breast cancer stratified the patients to high/low quartiles. These results were consistent with the mouse model as low E2F5 activity
was associated with worse survival (G).
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an essential component in determining repressor and activator
function [54].
While the predictive bioinformatic data strongly suggested a

role for E2F5 in several stages of mammary development, from
regulation of genes expressed in the terminal end bud to
stratification of the major stages of mammary development by
E2F5 signature genes, the observed phenotype was a relatively
minor delay in outgrowth. This was a transient delay with virgin
adult mice being indistinguishable from controls and unlike the

E2F4 knockouts, the E2F5 CKO mice retained full lactational
function of the mammary gland. Prior work has shown a range of
individualized roles for E2F1-4 in mammary development with
E2F4 having the most severe developmental effects and a near
inability to rear pups [20]. However, consistent with the notion
that the E2Fs can compensate for each other [21], functional
compensation during mammary gland development was noted in
the E2F knockouts [22]. The idea of familial compensation was also
reinforced by effects seen in E2F4/5 double knockouts that were
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more extensive than individual knockouts in cell cycle progres-
sion. Further, double knockouts suffered from neonatal lethality
while the individual knockouts were viable at birth [32]. Together
our data and the literature suggest that E2F5 functions to regulate
development in a context dependent manner and other E2Fs may
compensate for loss of E2F5 and mitigate the developmental
abnormalities.
After an extended latency the E2F5 CKO mice spontaneously

developed mammary tumors. Given this latency, we hypothesized
that a number of genomic events would be required for
transformation and progression to metastatic disease. Integrating
our bioinformatic analysis and in vitro studies, we identified a
number of potential target genes. While some were unique to
individual tumors, including p53 and KRas mutations, other events
were shared across the E2F5 conditional knockout tumors. One
common event across all tumors was the alteration of Cyclin D1
levels. Cyclin D1 is one of the most commonly amplified and/or
overexpressed genes in human breast cancer with overexpression
noted in nearly 50% of tumors [55]. Overexpression of Cyclin D1 in
the mouse mammary gland results in mammary tumor develop-
ment after 18 month latency, supporting a key role in tumorigen-
esis [56]. The requirement for Cyclin D1 in various mammary
tumor GEMs has previously been demonstrated, including Neu
but not Wnt-1. This is largely driven by the effects of other Cyclin
family members in the Wnt-1 model while Neu tumors are
dependent upon Cyclin D1. Based on gene expression analysis,
E2F5 expression is inversely correlated with Cyclin D1, suggesting
that E2F5 may be negatively regulating Cyclin D1. In addition, the
levels of Cyclin D1, D2 and D3 in E2F5 CKO tumors compared to
MMTV-Wnt-1 [57] and MMTV-Neu [58] tumors strongly suggest
that E2F5 CKO tumors are analogous to MMTV-Neu and are
dependent upon Cyclin D1. Indeed, since E2F5 CKO tumors, like
MMTV-Neu, mainly expresses Cyclin D1, the E2F5 tumors likely
resemble the dependence of MMTV-Neu on Cyclin D1 [50, 59, 60].
Furthermore, Cyclin D1 expression in MMTV-Neu tumors is
mediated by E2F1 [50]. Other studies have also demonstrated
that E2F1 and E2F4 can directly bind to and regulate Cyclin D1
expression [61]. Given the functional redundancy and shared
binding motif between E2F family members, it is likely that E2F5
can also regulate Cyclin D1 expression. Taken together, we
propose that loss of E2F5 in the mammary gland leads to
deregulation of Cyclin D1, contributing to tumor development
and progression. Given the wide range of SNV and CNV
alterations, we suggest that this occurs in a complex mutational
environment with numerous other pathways. Although there is
evidence suggesting that E2F5 may be directly Cyclin D1
expression, it is also possible that disruption of E2F5 leads to
dysregulation of other targets that can result in Cyclin D1
expression. To confirm the role of Cyclin D1 in E2F5 CKO mice

tumorigenesis, our future studies will characterize the effects of
loss of Cyclin D1 in the E2F5 CKO model.
The role of Cyclin D1 in comparison to other tumor models also

raised the issue of how similar these tumors were to other models.
Clearly the tumors were divergent from models such as MMTV-PyMT
and MMTV-Neu given the characteristics that included a much longer
tumor latency and a propensity for lymphatic metastasis. While a
gene expression comparison on tumor data is possible, we have
previously shown that these patterns are dominated by the
histological subtype [44]. Instead, we compared the WGS data we
previously generated for PyMT and Neu tumors [62] and compared it
with the E2F5 CKO tumors, which revealed a unique mutational
spectrum. Despite this, the E2F5 CKO tumors share the Cyclin family
pattern with Neu tumors. This suggests some similarity to the Neu
tumors but the mutational analysis also provides key differences.
In the study of mammary tumors that spontaneously metasta-

size in genetically engineered mouse models, pulmonary metas-
tasis is typically noted, a feature that was also observed in the
E2F5 CKO mice. Interestingly, we discovered that E2F5 CKO
mammary tumors transplanted into the abdominal mammary fat
pad had a propensity to metastasize to the axillary lymph node.
Given that axillary lymph nodes are most commonly the first site
of metastasis in human breast cancer, we sought to enrich the
ability of E2F5 CKO tumors to metastasize to the axillary lymph
node. Using a serial transplantation technique to re-transplant the
axillary tumor into the abdominal mammary fat pad, we
generated a syngeneic transplantation model that developed
lymph node metastasis within one month of transplant and with
>80% penetrance. Generally, the current mouse models of breast
cancer rarely metastasize to the lymph node [63]. Thus, this model
of enriched lymph node tumors is unique and can be a tool to
examine the mechanisms driving lymph node metastasis. How-
ever, it should be noted that this transplantation technique
includes a 1 x 1x 1mm fragment of the tumor which includes cells
from the microenvironment, including other cell types such as
fibroblasts, endothelial cells and a variety of immune cells and this
may alter the properties and signaling of the cancer cells.
Taken together, we have identified a novel role of E2F5 as a

function tumor suppressor utilizing a conditional knockout mouse
model. This is consistent with prior literature suggesting E2F5 has
varied roles, including as a tumor suppressor [33]. In contrast, there
are studies suggesting E2F5 may behave as an oncogenes in various
cancer types including breast cancer. For example, a previous study
demonstrates that knocking down E2F5 in human breast cancer cell
lines inhibited cell proliferation, migration and invasion [64]. It is
unclear why there is conflicting data on the role of E2F5 as an
oncogene or tumor suppressor but, as with many genes, context is
key. Importantly, all previous studies describing the oncogenic role of
E2F5 in breast cancer have been completed in cell line models,

Fig. 4 Whole genome sequencing of E2F5 CKO tumors. Whole genome sequencing on five E2F5 CKO tumors were generated. Analysis of
WGS data revealed CNVs, SNVs and translocation for each tumor. An example of a Circos plot generated for a single tumor provides a bird eye
view of the genetic alteration identified (A). Starting from the outermost region of each plot, an ideogram with labelled mouse chromosomes
is first, followed by SNVs at the next innermost ring. SNVs were marked as low (yellow), moderate (orange), and high (red) predicted impact as
defined by Mutect2 annotation. The next innermost ring contains all predicted CNVs as defined by the consensus of Delly and Lumpy;
deletions are colored blue and duplications are colored red. Within each tumor, the height of CNVs are scaled relative to the CNV with the
largest amount of evidence supporting it as determined by Lumpy annotation (e.g. a duplication with 40 pieces of evidence will only be half
the height of a deletion with 80 pieces of evidence). The width of each CNV is determined by the start and stop positions determined by the
consensus of Delly and Lumpy on the length of the genome. Duplications point outward while deletions point inward starting from a shared
midpoint. The innermost ring contains predicted high impact translocations and high to moderate impact inversions by the consensus of
Delly and Lumpy calls. Inversions are colored black. Translocation color matches the ideogram color of one of the two chromosomes involved
in the event. For all CNV and SNVs found in at least 3 tumors an oncoprint style plot was generated with SNV/CNV per tumor shown above
and the SNV/CNV per gene shown at right. For each tumor sample in each column, only the high confidence calls are presented (B). Copy
number alterations found in the tumors are illustrated with each column representing a chromosome location (C). Red indicates amplification
while blue indicates deletion. A closer examination at the CNVs located on Chromosome 6 revealed some shared events between the tumors
(D). The boxed region in (D) is expanded for the three tumors containing an amplification at that point in panel E. The COSMIC SBS mutation
signatures enriched among the tumors were identified and are presented in panel F.
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Fig. 5 Transcriptomic analysis of the E2F5 CKO tumors. Analysis of differentially upregulated genes in E2F5KO using EnRichR on whole
mammary glands lacking E2F5 relative to E2F5 CKO tumors revealed putative targets (A) and biological pathways (B). Further analysis with
StringDb revealed the predicted interactions between E2F5 and the differentially upregulated genes (C). Using a filtering strategy to
determine genes involved with E2F5 CKO tumor formation, we identified Cyclin D1. Comparison of mammary gland expression of cyclin D1
through RNAseq revealed an upregulation in whole mammary glands, tumors and more extensively in the cell lines derived from the tumors
(D). Validation of these results through qRT-PCR for cyclin D1 in 3 MMTV-Cre and 3 E2F5 CKO whole mammary glands revealed a 15 fold
upregulation of cyclin D1 in the pre-tumor mammary glands (t-test P-value 0.077) (E). Examination of Wnt1, Neu and E2F5 CKO tumors
revealed that each strain had elevated Cyclin D1 but only Wnt1 tumors had upregulation of Cyclin D2 (F). Indeed, the E2F5 CKO tumors closely
resembled the MMTV-Neu tumors with elevated Cyclin D1 and lower levels of both Cyclin D2 and D3 (quantification in Supplemental Table 4).
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whereas this is the first study that characterizes loss of E2F5 in the
mammary gland of a mouse model. Interestingly, a similar paradigm
exists for E2F8, an atypical E2F family member, where a possible
oncogenic role was uncovered when knocked down in transformed
cells and a mouse model knockout revealed a tumor suppressor

effect [65–68]. We theorize that like E2F8 and other E2F family
members, E2F5 may behave as an oncogene or tumor suppressor
depending on context. Importantly, this context may be dependent
upon tumor type, and on when the dysregulation of E2F5 occurs,
during precancerous vs transformed stage.
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This study has resulted in the development of a novel mouse
model of breast cancer with histologically diverse mammary tumors
and metastatic lesions. A unique feature of this model is its prolonged
tumor latency which is similar to human breast cancers, where the
majority of cancers occur in older postmenopausal women. Although
breast cancer is an age-related disease, the role of aging in
tumorigenesis has not been well defined. Studying age-related
impacts on tumorigenesis has been limited in part by the availability
of transgenic mouse models with prolonged tumor latency [69]. Since
the majority of available transgenic mouse models develop tumors
rapidly, it does not allow time for age-related changes to occur. Thus,
E2F5CKO mice, which has an average tumor latency of 18–21 months,
may be a favorable model to elucidate the role of aging in breast
cancer development and progression. Finally, the E2F5 CKO syngeneic
transplantation model can be a significant resource to studying the
mechanism of lymphatic metastasis.

MATERIAL AND METHODS
E2F5 expression in mammary development stages and
cell types
To analyze E2F5 expression in a single cell RNA-seq mammary development
dataset, the following website was used: https://marionilab.cruk.cam.ac.uk/
mammaryGland/. To analyze E2F5 expression in various mammary cell
types, the following website was used: https://bis.zju.edu.cn/MCA/.

Mouse dataset usage
The following published microarray datasets were used for analysis:
terminal end bud and duct (GSE2988) and mammary gland developmental
stages (GSE12247).
Newly generated RNAseq and WGS data has been deposited at the NIH

NLM under BioProject # PRJNA887715.

E2F5 regulated genes
Human Mammary Epithelial cells were infected with adenovirus expressing
E2F5 or GFP. Cells were collected eighteen hours after infection. Total RNA
was extracted using Qiagen RNeasy Mini kit and submitted to Michigan
State University Genomics Core facility for gene expression analysis using
Affymetrix Human Genome U133 chip. Robust Multichip Average (RMA)
algorithm was used to normalized microarray dataset. Significance Analysis
of Microarray was used to identify differentially expressed genes in HMEC-
E2F5.

E2F5 activation signature generation
E2F5 activation signature was generated based on previously described
bayesian approach [40]. The E2F5 activation signature was applied to
publicly available human breast cancer cell line data set GSE3156. To
validate the signature, E2F5 expression was evaluated in two cell lines with
the highest predicted E2F5 activity and two cell lines with the lowest
predicted E2F5 activity via Western blot.

Clustering
Cluster 3.0 was used to perform unsupervised hierarchical clustering.
Heatmap was generated using MATLAB imagesc function and Broad
institute’s Morpheus and Genepattern [70] interface.

Gene ontology
The subset of E2F5 regulated genes enriched in each mammary
developmental stage were characterized by gene ontology using https://
maayanlab.cloud/Enrichr/ (Kuleshov et al. 2016).

Animal generation
All animal husbandry and use was in compliance with local, national and
institutional guidelines. Ethical approval for the study was approved by
Michigan State University Animal Care & Use Committee (IACUC) under
AUF 06/18-084-00. E2F5 CKO mice were generated by flanking exons 2 and
3 of the E2F5 gene with loxP sites. E2F5flox/flox mice were interbred with
MMTV-Cre mice [42]. Mice were monitored weekly for tumor development.
The endpoint for primary tumor was 2000mm3.

Histology
For wholemount analysis, abdominal mammary fat pads were excised and
placed on glass slides. The slides were incubated in acetone for 24 h,
rehydrated through an ethanol progression and stained in Harris’ Modified
Hematoxylin for 24 h. The slides were destained in acidified ethanol. Slides
were dehydrated and mounted with permount. To evaluate mammary
outgrowth, the distance from the nipple to the leading edge of the
epithelium and the distance from the nipple to the midpoint of the
thoracic lymph node were measured. Samples for histology were fixed in
10% formalin and submitted to Michigan State University Pathology lab.

Whole genome sequence generation and analysis
Whole genome sequencing (WGS) sample reads were concatenated and
quality checked using FastQC/0.11.7. Sample reads had adapter ends
trimmed off using Trimmomatic/0.38 [71] and again checked for quality
using FastQC. Paired WGS reads were aligned to the GRCm38-mm10
reference genome using Burrows-Wheeler Aligner/0.7.17 [72]. Read groups
were added using Picard/2.22.1 from the Broad Institute http://
broadinstitute.github.io/picard. Reads were then indexed and sorted using
SAMtools/1.11 [73]. Duplicate reads were removed using Picard.

Variant calling
Final bam files had single nucleotide variants (SNVs) called using the
consensus of Mutect2 under GATK/4.0.5.1 [74] and VarScan/2.4.1 [75].
Translocations, inversions, and copy number variants (CNVs) were called
using the consensus of Delly/0.7.8 [76] and Lumpy/0.2.13 [77] for each
tumor sample. Annotations of all samples were done using SnpEff/4.1d
[78]. Tabular data from tumor VCF files were sorted and processed using a
custom Python script using Python 3.8.8, Pandas 1.2.4, and NumPy 1.20.1.
All unaltered VCF files are available in supplementary.

Circos visualization
Circos plots were generated using Circos/0.69-6 [79].

CNVkit Plots
CNVkit plots were generated on CNVKit/0.9.9 [80]. The “cnvkit.py batch
–method wgs” option was used to generate the copy number ratios and
copy segments files for downstream visualization. The “cnvkit.py scatter”
command was used to generate the scatter plots with all default setting
maintained. Heatmaps were generated using the “cnvkit.py heatmap -d”
options. Tumor calls were made against normal FVB tissue (ERR046395). To
reduce false positives, we ran our same pipeline on the Sanger Mouse

Fig. 6 E2F5 CKO tumors develop lymphatic metastasis. Implantation of E2F5 CKO tumors into FVB MMTV-Cre recipients resulted in
mammary and axillary tumor formation. The strategy for serial transplantation of E2F5 CKO axillary tumors into the abdominal mammary
gland to enrichlymphatic metastasis is shown (A). In an example of an enrichment necropsy, the primary tumor has been excised (abdominal
gland, bottom of panel) but a tumor has also formed in the region of the axial lymph node (top) (B) Labels include ALNT (axial lymph node
tumor), LV (enlarged lymphatic vessel) and the remnants of the excised primary tumor (PT) in the abdominal gland. Cross section of the lymph
node reveals both lymph (left side) tissue and metastatic (right side) cells (C). Staining with a pan-cytokeratin antibody reveals nests of
metastatic cells throughout the lymph node (D). Cross section and staining of the enlarged vessel from (B) for podoplanin reveals a positively
staining lymphatic vessel containing counterstained tumor cells (E). A summary for four transplanted lines shows the number of rounds of
transplantation and where the optimal lymph node enrichment point was observed with the percent of tumor bearing mice with lymph node
metastasis included for each (F). Examining human breast cancer with known lymph node status for the E2F5 activation gene signature
revealed that metastatic tumors had lower E2F5 activity (G). Splitting the samples into quartiles, the samples with the lowest levels of E2F5
were most likely to have lymph node metastasis (P < 0.0001, Fisher test) (H).
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Genomes Project (https://www.sanger.ac.uk/data/mouse-genomes-
project/) FVB/NJ background release 1604 bam file. All SNVs found in
either FVB background were filtered out from the tumor data. Only SNVs
with a somatic p-value <= 0.05 were included in all downstream analyses
as determined by VarScan. CNVs and inversions found in the FVB/NJ
background that are on the same chromosome and have a difference of
less than 100 bps in length from either FVB background event are
excluded from analysis. For translocations, all events on either FVB
background that are within 1 kb of either the donor or receiver position on
each chromosome are dropped. These steps were accomplished using a
custom python script.

Mutation signature
The Catalogue of Somatic Mutations in Cancer (COSMIC) single base
substitution (SBS) signatures for E2F5 flox/flox tumors were derived using
the deconstructSigs R package [81]. The mouse GRCm38 (mm10) reference
assembly was used for trinucleotide context when calling SBS signatures.
The resulting weights were plotted using matplotlib in Python.

Cell culture
Human mammary epithelial cells were cultured in Mammary Epithelial Cell
Basal Medium (ATCC PCS-600-030) supplemented with rH-insulin (5 ug/
mL), L-glutamine (6 mM), epinephrine (1 µM), apo-transferrin (5 µg/ml), rH-
TGF-α (5 ng/ml), extractP (0.4%) and hydrocortisone hemisuccinate
(100 ng/ml).

E2F5KO tumor cell line generation
E2F5KO mammary tumor pieces were placed on a culture dish with
Dulbecco’s Modified Eagle Medium (Millipore Sigma D5030) supplemented
with 10% Fetal bovine serum and 1x Antibiotic/Antimycotic to allow for
cells to dissociate. Cells were passaged several times to enrich for epithelial
cell population. Western blot was using an E2F5 antibody to demonstrate
loss of E2F5 in isolated cell lines (Supplemental Fig.16). Tumor cell lines
were validated for tumorigenic potential by implantation into recipient
(MMTV-Cre) lines where they were noted to form tumors.

RNA-sequencing
Flash frozen tumor pieces were homogenized using Fisher Homogenizer
150 (Thermo Scientific). Total RNA was isolated using QIAGEN RNeasy Midi
Kit (Hilden, Germany #75142) with the manufacturer’s protocol. RNA
concentration was measured by Qubit (Thermo Scientific) and Agilent 2100
Bioanalyzer. RNA was submitted to Novogene to generate gene expression
data. RNA samples with RIN > 7 was used for library preparation using the
Illumina Tru-Seq stranded total RNA kit. RNA library was sequenced to a
depth of >20M reads/sample with paired end 150 base paired reads on
Illumina NovaSeq 6000. Adaptors were removed from reads using
Trimmomatic v0.33. Quality control was performed using FastQC v0.11.5.
Reads were aligned and mapped using STAR [82]. RSEM was used to
quantify and normalize reads [83]. Differential gene expression analysis
was performed using EdgeR [84]. Pathway analysis was performed using
https://maayanlab.cloud/Enrichr/ [46]. Protein-protein interaction network
was generated with https://string-db.org/ [85].

Quantitative RT-PCR
Flash frozen tumor pieces were homogenized using Fisher Homogenizer 150
(Thermo Fisher). Total RNA was isolated using QIAGEN RNeasy Midi Kit (Qiagen
75142) with the manufacturer’s protocol. Quantitative RT-PCR was performed
using Luna Universal One-Step RT-qPCR kit (New England Biolabs E3005S)
according to manufacturer’s protocol using Agilent Mx3000P instrument.
Primers were designed using Primer Bank tool (https://pga.mgh.harvard.edu/
primerbank/). The following primers were used (5’ to 3’): CCND1 forward,
TGACTGCCGAGAAGTTGTGC; CCND1 reverse, CTCATCCGCCTCTGGCATT; Gapdh
forward, AGGTCGGTGTGAACGGATTTG; Gapdh reverse, TGTAGACCATGTAGTT-
GAGGTCA. Primer efficiency was 90–110% for all primers used. Delta-delta CT
method was used for fold change analysis. For mammary gland comparisons, 3
control and 3 conditional knockout samples were used and experiments were
done in triplicate.

Immunoblotting
To extract RNA from tissue, samples were homogenized using mortar and
pestle in liquid nitrogen. Sample were lysed in RIPA lysis buffer (Thermo
Scientific 89900) with proteinase inhibitor (Thermo Scientific A32963) for

1 h on ice with constant agitation. Protein was quantitated using BCA
Protein Assay Kit (Thermo Scientific 3225) and then boiled at 100 °C for
5 min. Samples were loaded onto an 8–12% polyacrylamide gel. Separated
protein was transferred onto an Immobilon- FL PVDF membrane (Millipore
Sigma PFL00010). Membranes were blocked in 5% milk in TBS with 0.1%
Tween-20 (TBS-Tween) for 1 h and then incubated in primary antibody
overnight at 4 °C. Following three washes in TBS-Tween the membrane
was incubated in the appropriate antibody at a dilution 1:10,000 in 5% milk
in TBS-Tween for 1 h at room temperature. Membranes were washed 3x in
TBS-Tween and imaged on LI-COR Odyssey imaging system. The following
antibodies were used: 1:100 E2F5 (Santa Cruz Biotech sc-374268), 1:1000
Grb2 (Cell Signaling Technology 3976), 1:4000 Vinculin (Cell Signaling
Technology 13901), 1:2000 Cyclin D1 (Thermo Scientific 516356.), 1:2000
Cyclin D3 (Thermo Scientific PA5-97551) and 1:1000 Cyclin D2 (Proteintech
10934-1-AP). Image studio version 5.5 was used for analysis and
quantification of the Western blot.

Mammary fat pad transplantation
E2F5 CKO mammary tumors were harvested and stored in DMEM with
20% FBS and 10% DMSO at −80 °C before long term storage in liquid
nitrogen vapor phase. Tumors were thawed and orthotopically implanted
into the abdominal mammary gland of 6-to-10-week old MMTV Cre
female mice. Mice were palpated 2x a week for mammary tumor
formation. When the tumor size reached 2000 mm3, samples were
harvested for further analysis.

E2F5 activation in clinical samples
E2F5 activation signature was applied to a human breast cancer database
using MATLAB [86]. Graphpad was used to create the survival plot in
patients with high vs low E2F5 activation. Broad Institute’s Morpheus was
used to generate the heatmap demonstrating E2F5 activation in human
breast cancer patient and its lymph node metastasis status.

Statistical analysis
Except otherwise noted, all statistical comparisons are performed with an
unpaired students two-tailed, unpaired t-test.

DATA AVAILABILITY
Data is freely available and bioinformatic data has been deposited at BioProject #
PRJNA887715.
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