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ABSTRACT

To improve breast cancer patient outcome work must be done to understand and
block tumor metastasis. This study leverages bioinformatics techniques and traditional
genetic screens to create a novel method of discovering potential contributors of
tumor progression with a focus on tumor metastasis. A database of 1172 of expression
data from a variety of mouse models of breast cancer was assembled and queried
using previously defined oncogenic activity signatures. This analysis revealed high
activity of the E2F family of transcription factors in the MMTV-Neu mouse model. A
genetic cross of MMTV-Neu mice into an E2F1 null, E2F2 null, or E2F3 heterozygous
background revealed significant changes in tumor progression specifically reductions
in tumor latency and metastasis with E2F1 or E2F2 loss. These findings were found to
be conserved in human HER2 positive patients. Patients with high E2F1 activity were
shown to have worse outcomes such as relapse free survival and distant metastasis
free survival. This study shows conserved mechanisms of tumor progression in human
breast cancer subtypes and analogous mouse models and underlies the importance
of increased research into the characterization of and comparisons between mouse
and human tumors to identify which mouse models resemble each subtype of human
breast cancer.

Breast cancer as a heterogeneous disease the mechanism behind the diversity of characteristics
from one tumor to another many multi “-omic” studies
such as TCGA and Metabric have begun to profile tumors
from a molecular standpoint [3, 4]. Gene expression data
has classified tumors into six main subgroups: Luminal
A, Luminal B, Basal, Claudin Low, Normal, and HER2
positive [5]. Each subtype has key driving events such
as basal breast cancer being largely associated with
p53 mutations or Myc amplification, while HER2+
breast cancer is characterized by the amplification/
overexpression of the HER2 protein.

The HER2 subtype has been of special interest due
to its clinical relevance. Approximately 25% of breast
cancer patients have a HER2 amplification event [6, 7].
This causes the upregulation of HER2, a growth factor
receptor, on the cell surface leading to uncontrolled cell
growth and increased metastatic capability. Despite the
aggressive nature of the subtype, there has been success
in developing treatment targeted against the HER2
protein. However, these treatments, such as Herceptin [8]

Breast cancer is an extremely common and deadly
disease. With over 200,000 new cases and 40,000 deaths
in the United States annually contributed to the cancer, it
is the second leading cause of cancer deaths in women.
The main cause of these deaths is the ability of the tumor
to metastasize to the lungs, liver, bone, and brain [1]. This
is reflected in the survival rates of patients diagnosed
with or without tumor metastasis. The five year survival
rate of a patient without tumor metastasis is over 90% in
contrast to a patient with tumor metastasis who only has
approximately a 20% five year survival rate[2]. In order to
improve patient outcomes, significant research effort must
be placed on treating and preventing tumor metastasis.

A defining characteristic of breast cancer is
heterogeneity. Tumors from different patients will
have a wide variety of tumor growth rates, response to
treatment, and metastatic potential. In order to understand
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and Lapatinib [9], are not effective in all HER2 positive
patients. This indicates that there is heterogeneity in the
subgroups as well as redundant oncogenic signaling
allowing for survival of the cancer cell without the HER2
signaling cascade.

To better understand and predict the activation of
key signaling pathways, oncogenic activation signatures
were created. These signatures, developed through
Bayesian regression analysis and induced expression
of a specific oncogenic driver [10-12], have shown key
signaling pathways involved in each molecular subtype.
As expected, the basal subgroup has low activation of
ER and PR while HER2 positive subtypes have HER2
activation. However it is also seen that subsets of each
tumor subtype have a specific oncogenic signaling pattern
including a subset of Luminal A tumors with high Src
activity. The high Src signaling indicates that a subgroup
of Luminal A tumors is dependent upon the Src signaling
pathway.

Mouse models of breast cancer

Mouse models have been created to mimic specific
oncogenic drivers, such as Src, in hopes to mirror
different types of breast cancer to better understand tumor
progression that is dependent on a specific signaling
pathway. Induction of breast cancer in a mouse model can
be accomplished in a number of different manners. These
methods include leveraging tissue specific promoters such
as MMTV or WAP to drive expression of an oncogene
such as Neu [13], or the use of a tissue specific Cre [14]
or inducible drug system to create conditional knockouts
of tumor suppressors. Other models use a carcinogen
induced model such as DMBA treatment. Models have
also been created to investigate specific aspects of breast
cancer progression including genomic instability through
the loss of key checkpoint or repair proteins like p53 [15]
or BRCA [16] or tumor metastasis through induction of
PyMT [17]. Given the variety of methods to induce tumors
as well activation of unique tumor driving pathways, the
transcriptional program in each model would be expected
to be unique.

Gene expression profiling of mouse models of
breast cancer

To profile this diversity, a database consisting
of 1172 tumors from a variety of mouse models was
generated [18]. As expected, there was a significant
amount of diversity between samples from different
models and also within each model (Figure 1A). Despite
these differences it was found through unsupervised
hierarchical clustering that mouse models of breast cancer
clustered into four distinct clusters. These clusters contain
transcriptional profiles which regulate different tumor

characteristics and are associated with histological patterns
such as epithelial to mesenchymal transition (EMT). As
expected each of the clusters also had unique oncogenic
pathway activation.

Oncogene activation signatures were calculated
for each sample in the manner described above, and
hierarchical clustering was performed. It was seen that
within models sets of tumors had the same signature
profile. A key example being the Myc induced tumor
models. Tumors derived from these models were
extremely heterogeneous [19] and subsets of tumors
contained the same oncogenic signaling pattern as tumors
from each of the human subclasses of breast cancer [18,
20].

High E2F activity in MMTV-Neu mouse model

Surprisingly it was noted that the activator subclass
of the E2F family of transcription family was seen to
be highly active in MMTV-Neu tumor samples (Figure
1A) [21]. The E2F family, classically known to regulate
cell cycle [22, 23], has recently been shown to regulate
a number of tumor characteristics beyond proliferation
such as DNA repair, angiogenesis, and immune-evasion
[24-26]. When oncogenic signatures were applied to a
group of human breast cancer patients it was seen that a
subset of HER2+ patients with unique E2F signaling had
worse outcomes, including relapse free survival [21]. This
indicates that the E2F family of transcription factors play
an important role in HER2 positive tumor progression.

Loss of E2Fs impact tumor progression MMTV-
Neu mouse model

To test the hypothesis that the E2Fs are critical
in HER2 tumor progression, MMTV-Neu tumors
were crossed into an E2F1 null, E2F2 null, and E2F3
heterozygous background (Figure 1B) [21]. The E2Fs
have been shown to be redundant in their binding sites
and function, so as expected there was compensation by
other E2F family members with the loss of individual
E2Fs [27]. Despite the apparent compensation of the
E2F knockouts, significant differences were identified
in tumor progression between the E2F wildtype and E2F
null background indicating specificity in the functions of
each E2F family member in regards to tumor progression.
There was a significant delay in tumor latency associate
with E2F1, E2F2 and E2F3 loss. Furthermore, there was
a reduction in tumor burden showing a decrease from
an average of 2.5 tumors per mouse in wildtype E2Fs to
1.5 tumors per mouse in the E2F1 null background. The
growth rate of the tumors was not affected with E2F2 and
E2F3; however, there was a significant increase in the
growth rate of E2F1 null tumors. This is likely due to the
role of E2F1 in tumor apoptosis.
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Figure 1: Identification and validation of conserved mechanism of tumor metastasis in mouse models and human
breast cancer patients. A) A large database of publicly available gene expression data from mouse models of breast cancer was
assembled. Clustering revealed key model specific differences. Bayesian regression based signatures were applied to dataset to find activity
of key oncogenic signaling pathways. This revealed that E2F1 activity was high in the MMTV-Neu model. B) The functional validation of
the finding was completed through traditional genetic screens in which MMTV-Neu tumors in an E2F 1 knockout background were found to
be significantly less metastatic. C) Extending this to human breast cancer, E2F 1 levels were found to correlate with worse distant metastasis

free survival times.
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Striking differences were seen in tumor metastasis.
There was a significant reduction in the number of mice
with metastasis with the loss of specific E2Fs [21]. In a
wildtype MMTV-Neu background it was seen that 73% of
mice with tumors develop metastasis to the lungs (Figure
1B). This number is reduced to 40% and 35% with the
loss of E2F1 and E2F2 respectively (Figure 1B). It was
also seen that the E2Fs affect both early and late stages
on metastasis in a cell independent manner. A colony
formation assay from circulating tumor cells showed a
reduction in the amount of colonies formed in the E2F2
null background indicating a block in the early stages of
tumor metastasis. However, the E2F1 null tumors did not
show a significant reduction in the amount of colonies
formed indicating a block in the late stages of metastasis.
The metastasis effects were seen to be background
independent with E2F1 null tumors still being non-
metastatic when transplanted into a wildtype host.

Conservation of the E2Fs role in metastasis of
human breast cancer

A dataset of gene expression data from human
HER?2 breast cancer patients was assembled and E2F
activity was assessed. It was shown that patients with
high E2F1 activity compared to those with relatively
lower E2F1 activity had worse metastis free survival [28].
Furthermore patients were separated on the basis of low
and high E2F1 activity regaurdless or subtype [29], and it
was shown that patients with high E2F1 levels had worse
distant metastasis free survival (Figure 1C).

FUTURE DIRECTIONS

With the establishment of the role of the E2Fs in
tumor metastasis, the next goal is to leverage them as
a therapeutic target to block metastasis and reduce the
mortality associated with breast cancer. It is not predicted
that the E2Fs themselves will be good targets for therapy
due to their involvement in a myriad of normal cell
processes. However, one might predict that there are
specific downstream targets of E2F1 or E2F2 that mediate
discreet steps in the development of tumor metastasis.
As these genes are identified and characterized they may
provide opportunities for development as therapeutic
targets.

The description of the role of E2Fs in Neu mediated
tumors is an example of how an integrative approach
can be used to uncover genes that regulate metastasis.
As such, this study demonstrates the need for increased
basic research into mouse models. In this study we have
taken a bioinformatics prediction in a mouse model about
the essential nature of the E2Fs in a model, MMTV-Neu.
This was investigated and validated through traditional
genetic studies, and the role of E2F1 and E2F2 was shown

in tumor metastasis. The finding was consistent in HER2
positive patients leading to a potential new therapeutic
avenue to block tumor metastasis. To continue studies of
this kind, more work must be completed to understand
mouse models from a molecular standpoint and to
understand which mouse models represent which classes
of human tumors. Leveraging advances in bioinformatics
and applying them to mouse models of breast cancer
therefore presents a unique opportunity to develop and test
hypotheses for how metastatic breast cancer progresses.

GRANT SUPPORT

This work was supported with NIH RO1CA160514
to ERA.

CONFLICTS OF INTEREST

The author declares no conflict of interest.

REFERENCES

1. Weigelt B, Peterse JL and van ‘t Veer LJ. Breast cancer
metastasis: markers and models. Nat Rev Cancer. 2005;
5(8):591-602.

2. Kohler BA, Sherman RL, Howlader N, Jemal A, Ryerson
AB, Henry KA, Boscoe FP, Cronin KA, Lake A, Noone
AM, Henley SJ, Eheman CR, Anderson RN and Penberthy
L. Annual Report to the Nation on the Status of Cancer,
1975-2011, Featuring Incidence of Breast Cancer Subtypes
by Race/Ethnicity, Poverty, and State. J Natl Cancer Inst.
2015; 107(6):djv048.

3. Network TCGA. Comprehensive molecular portraits of
human breast tumours. Nature. 2012; 490(7418):61-70.

4. Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM,
Dunning MJ, Speed D, Lynch AG, Samarajiwa S, Yuan
Y, Graf S, Ha G, Haffari G, Bashashati A, Russell R,
McKinney S, et al. The genomic and transcriptomic
architecture of 2,000 breast tumours reveals novel
subgroups. Nature. 2012; 486(7403):346-352.

5. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey
SS, Rees CA, Pollack JR, Ross DT, Johnsen H, Akslen
LA, Fluge O, Pergamenschikov A, Williams C, Zhu SX,
Lonning PE, Borresen-Dale AL, et al. Molecular portraits of
human breast tumours. Nature. 2000; 406(6797):747-752.

6. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A and
McGuire WL. Human breast cancer: correlation of relapse
and survival with amplification of the HER-2/neu oncogene.
Science. 1987; 235(4785):177-182.

7. Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG,
Keith DE, Levin WJ, Stuart SG, Udove J, Ullrich A and
et al. Studies of the HER-2/neu proto-oncogene in human
breast and ovarian cancer. Science. 1989; 244(4905):707-
712.

www.impactjournals.com/oncoscience

870

Oncoscience



10.

I1.

12.

13.

14.

15.

16.

De Laurentiis M, Cancello G, Zinno L, Montagna E,
Malorni L, Esposito A, Pennacchio R, Silvestro L, Giuliano
M, Giordano A, Caputo F, Accurso A and De Placido S.
Targeting HER?2 as a therapeutic strategy for breast cancer:
a paradigmatic shift of drug development in oncology. Ann
Oncol. 2005; 16 Suppl 4:iv7-13.

Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG,
Pienkowski T, Jagiello-Gruszfeld A, Crown J, Chan A,
Kaufman B, Skarlos D, Campone M, Davidson N, Berger
M, Oliva C, Rubin SD, et al. Lapatinib plus capecitabine
for HER2-positive advanced breast cancer. N Engl J Med.
2006; 355(26):2733-2743.

West M, Blanchette C, Dressman H, Huang E, Ishida S,
Spang R, Zuzan H, Olson JA, Jr., Marks JR and Nevins
JR. Predicting the clinical status of human breast cancer by
using gene expression profiles. Proc Natl Acad Sci U S A.
2001; 98(20):11462-11467.

Bild AH, Yao G, Chang JT, Wang Q, Potti A, Chasse D,
Joshi MB, Harpole D, Lancaster JM, Berchuck A, Olson
JA, Jr., Marks JR, Dressman HK, West M and Nevins JR.
Oncogenic pathway signatures in human cancers as a guide
to targeted therapies. Nature. 2006; 439(7074):353-357.

Gatza ML, Lucas JE, Barry WT, Kim JW, Wang Q,
Crawford MD, Datto MB, Kelley M, Mathey-Prevot B,
Potti A and Nevins JR. A pathway-based classification of
human breast cancer. Proc Natl Acad Sci U S A. 2010;
107(15):6994-6999.

Muller WJ, Sinn E, Pattengale PK, Wallace R and Leder
P. Single-step induction of mammary adenocarcinoma in
transgenic mice bearing the activated c-neu oncogene. Cell.
1988; 54(1):105-115.

Andrechek ER, Hardy WR, Siegel PM, Rudnicki MA,
Cardiff RD and Muller WJ. Amplification of the neu/erbB-
2 oncogene in a mouse model of mammary tumorigenesis.
Proc Natl Acad Sci U S A. 2000; 97(7):3444-3449.

Backlund MG, Trasti SL, Backlund DC, Cressman VL,
Godfrey V and Koller BH. Impact of ionizing radiation and
genetic background on mammary tumorigenesis in p53-
deficient mice. Cancer Res. 2001; 61(17):6577-6582.

Xu X, Wagner KU, Larson D, Weaver Z, Li C, Ried
T, Hennighausen L, Wynshaw-Boris A and Deng CX.
Conditional mutation of Brcal in mammary epithelial
cells results in blunted ductal morphogenesis and tumour
formation. Nat Genet. 1999; 22(1):37-43.

Guy CT, Cardiff RD and Muller WJ. Induction of mammary

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

tumors by expression of polyomavirus middle T oncogene:
a transgenic mouse model for metastatic disease. Mol Cell
Biol. 1992; 12(3):954-961.

Hollern DP and Andrechek E. A genomic analysis of mouse
models of breast cancer reveals molecular features of mouse
models and relationships to human breast cancer. Breast
Cancer Research. 2014; 16(R59).

Andrechek ER, Cardiff RD, Chang JT, Gatza ML, Acharya
CR, Potti A and Nevins JR. Genetic heterogeneity of Myc-
induced mammary tumors reflecting diverse phenotypes
including metastatic potential. Proc Natl Acad Sci U S A.
2009; 106(38):16387-16392.

Hollern DP, Yuwanita I and Andrechek ER. A mouse model
with T58A mutations in Myc reduces the dependence on
KRas mutations and has similarities to claudin-low human
breast cancer. Oncogene. 2013; 32(10):1296-304.

Andrechek ER. HER2/Neu tumorigenesis and metastasis is
regulated by E2F activator transcription factors. Oncogene.
2015; 34(2):217-225.

Nevins JR. The Rb/E2F pathway and cancer. Hum Mol
Genet. 2001; 10(7):699-703.

Trimarchi JM and Lees JA. Sibling rivalry in the E2F
family. Nat Rev Mol Cell Biol. 2002; 3(1):11-20.

Attwooll C, Lazzerini Denchi E and Helin K. The E2F
family: specific functions and overlapping interests. EMBO
J.2004; 23(24):4709-4716.

Chen HZ, Tsai SY and Leone G. Emerging roles of E2Fs
in cancer: an exit from cell cycle control. Nat Rev Cancer.
2009; 9(11):785-797.

Engelmann D, Mayoli-Nussle D, Mayrhofer C, Furst K,
Alla 'V, Stoll A, Spitschak A, Abshagen K, Vollmar B, Ran
S and Putzer BM. E2F1 promotes angiogenesis through the
VEGF-C/VEGFR-3 axis in a feedback loop for cooperative
induction of PDGF-B. J Mol Cell Biol. 2013; 5(6):391-403.

Kong LJ, Chang JT, Bild AH and Nevins JR. Compensation
and specificity of function within the E2F family. Oncogene.
2007; 26(3):321-327.

Andrechek ER. HER2/Neu tumorigenesis and metastasis is
regulated by E2F activator transcription factors. Oncogene.
2015; 34(2):217-25.

Gyorfty B, Lanczky A, Eklund AC, Denkert C, Budczies J,
Li Q, Szallasi Z. An online survival analysis tool to rapidly
assess the effect of 22,277 genes on breast cancer prognosis
using microarray data of 1809 patients. Breast Cancer
Research and Treatment, 2010; 123(3):725-31.

www.impactjournals.com/oncoscience

871

Oncoscience



