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Abstract

Background: Previous work from our and other labora-
tories showed that Prostate-Derived Ets Factor (PDEF) is a 
highly expressed oncogenic driver in breast cancer. How-
ever, the characteristics of PDEF expression in breast can-
cer and its relationship to estrogen signaling and estradiol 
levels remain poorly understood. To gain insights into these 
objectives, we analyzed the Cancer Genome Atlas (TCGA) 
breast cancer cohort consisting of 1095 breast tumors and 
the associated clinical and molecular data.

Methods: Specific Bioinformatics and Biostatistics meth-
ods outlined in the text were used. 

Results: The results showed that 84% of breast tumors 
in this cohort cluster at high PDEF expression range. These 
included 96.4% of luminal (ER+, PR+/-), 82.1% of Her2+ and 
27.8% of triple negative tumors. Since virtually all ER+, PR+/- 
tumors showed PDEF overexpression we tested whether 
PDEF expression was induced by estrogen signaling. Specifi-
cally, we determined PDEF expression in relation to other 
known estrogen induced molecules including PR, BRCA1, 
BRCA2 and NRIP1, in the ERhigh tumors from TCGA breast 
cancer cohort. The results showed a significant inverse cor-
relation between PDEF expression and the expression of 
estrogen induced molecules. These findings are consistent 
with induction of PDEF expression during the loss of estro-
gen signaling, presumably to support the survival/growth 
of stressed epithelial tumor cells. To test this hypothesis, 
we compared PDEF expression in ER+ tumors arising from 
patients >55 years of age (as representative of postmeno-
pausal status and low estradiol levels) with PDEF expression 
in tumors arising in patients <45 years of age (as representa-
tive of pre-menopausal status and high estradiol levels). This 
comparison showed significantly higher PDEF expression in 
tumors from >55 years age group compared to tumors from 
<45 years age group. 
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Introduction

Breast cancer is the most commonly diagnosed malignancy 
in females. Whereas the incidence of breast cancer remains 
high in Western countries, it is fast approaching alarming pro-
portions in the developing countries of Asia and Africa as well 
[1-3]. The latter surge is attributed to increasing life expectancy 
and the adoption of western life styles by these populations. 
Over the years, a large effort has been devoted to developing 
preventive strategies to control the high burden of breast can-
cer worldwide. Specifically, chemoprevention based on the use 
of tamoxifen and the related inhibitors of signaling through Es-
trogen Receptor (ER) or inhibitors of estrogen synthesis have 
demonstrated the conceptual validity of this approach. About 
50% of ER (estrogen receptor)+ breast cancers in high risk wom-
en could be prevented [4,5]. However, side effects including 
thrombosis, stroke, endometrial cancer and vasomotor symp-
toms, coupled with lack of biomarkers that predict response to 
these agents have limited the acceptance of this approach by 
most eligible women [6]. Evidently, there is an urgent need to 
understand additional molecular mechanisms that drive breast 
cancer with a view to developing novel approaches to breast 
cancer prevention. 

Similarly, although the current treatments have significant-
ly improved clinical outcomes, treatment-specific resistance 
remains a major barrier in breast cancer and contributes to 
metastatic progression in most patients. Again, novel molecular 
drivers of treatment resistance need to be identified to develop 
new approaches to minimize tumor progression. 

We and others have previously reported that Prostate-De-
rived Ets Factor (PDEF), an Ets family transcription factor, is an 
oncogenic driver and a biomarker of poor prognosis in breast 
cancer (reviewed in 7). Specifically, transfection of PDEF into 
pre-malignant MCF-12A breast epithelial cell line led to in-
creased tumorigenicity of PDEF expressing MCF-12A cells in im-
munodeficient mice [8]. Conversely, down regulation of PDEF 
by siRNA led to the loss of viability of BT-474 and SKBR3 breast 
tumor cell lines in vitro ([9]. Moreover, evidence for a pro-sur-
vival/growth role of PDEF in breast cancer was provided from 
the analysis of genes regulated by PDEF in the MCF-7 breast 
tumor cell line [10]. Specifically, gene ontology analysis of differ-
entially regulated genes in PDEF-knockdown and control MCF-7 
cells showed down regulation of cell cycle-related genes and 
upregulation of apoptosis-related genes in PDEF-knockdown 
cells [10]. 

Despite the significant oncogenic role of PDEF in breast can-
cer, its relationship to estrogen signaling in breast cancer re-
mains poorly understood. A previous report using breast tumor 
cell lines concluded that PDEF expression was positively regu-
lated by FoxA1 and ER [10]. In contrast, a genome wide study 
to identify genes that are regulated by estradiol reported that 
PDEF expression was suppressed by estradiol in MCF-7/BUS tu-
mor cell line [11]. In the present study, we used bioinformatics 
approaches to analyze PDEF expression in primary tumors from 

Conclusions: Our work shows negative association of 
PDEF expression with estradiol induced molecules and estra-
diol level. These findings have potential clinical implications. 
Specifically they suggest a role for PDEF in postmenopausal 
breast cancer risk and support targeting PDEF to minimize 
endocrine resistance in breast cancer.

TCGA (The Cancer Genome Atlas) breast cancer cohort and also 
conducted an analysis of PDEF expression in relation to estro-
gen induced molecules. Further, we compared PDEF expression 
in breast tumors from patients >55 years of age versus tumors 
from patients <45 years of age as representatives of postmeno-
pausal and premenopausal status respectively. From this analy-
sis we find that PDEF shows negative association with estradiol 
induced molecules and circulating estradiol levels. The signifi-
cance of these findings to postmenopausal breast cancer risk 
is discussed. Also, these findings underscore the importance of 
PDEF as a novel target in breast cancer and support combining 
PDEF targeted approaches with endocrine approaches to mini-
mize endocrine resistance in breast cancer. 

Methods

Normalized gene expression data and clinical information 
are downloaded from TCGA data portal. Distribution of bimodal 
PDEF expression is fitted using mixtools R package with two nor-
mal distributions and all statistical tests are done using R statis-
tical programming language. A p-value less than 0.05 is consid-
ered as statistical significant.

Results

Widespread PDEF overexpression in TCGA breast cancer 
cohort

Using a well-characterized anti-PDEF antibody, we previously 
reported PDEF protein expression in matched benign and tumor 
samples from breast cancer patients using immunohistochemis-
try [7]. In 8 of the 9 cases, PDEF was significantly overexpressed 
in the tumor tissue in comparison to the adjacent benign tissue. 
These results were also supported by our analysis of 131 pri-
mary breast tumors that showed 10-fold or higher expression of 
PDEF mRNA in 72% of these tumors compared to normal breast 
tissues [9]. 

To seek further confirmation of the high frequency of PDEF 
overexpression, we analyzed PDEF expression in the much larg-
er TCGA dataset consisting of 1095 breast tumor samples. As 
shown in Figure 1, Panel A, a bimodal expression profile was 
observed with a high percentage (84%) of primary tumors clus-
tering in the high PDEF expression range. The log 2 mean value 
for high PDEF expression group is 11.95 and for the low PDEF 
expression group is 6.88. On these bases, primary breast tu-
mors comprising the high PDEF expression group showed mean 
PDEF overexpression of about 34-fold over the mean PDEF val-
ue for tumors that comprise the low PDEF expression group. We 
could not use normal breast tissue samples from TCGA cohort 
in this comparison since those tissues were selected for high 
epithelial content. Further analysis of PDEF expression within 
the breast tumor subtypes including luminal (ER+, PR+/-) , Her2 
positive, and triple negative subtypes showed that 96.4% of lu-
minal, 82.1% of Her2 positive and 27.8% of triple negative tu-
mors have high PDEF expression (data shown in Figure 1, Panel 
B). Together, these results showed widespread overexpression 
of PDEF in primary breast tumors form TCGA cohort that varied 
by the molecular subtype.
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PDEF expression negatively correlates with estradiol in-
duced molecules 

Since PDEF is overexpressed in 96.4% of luminal (ER+, PR+/-) 
breast tumors, we tested whether PDEF expression is induced 
by estrogen signaling. Breast Cancer (BRCA) TCGA data, includ-
ing clinical information and RSEM (RNA-Seq by Expectation 
Maximization) [12] normalized gene expression level, were 
downloaded from TCGA data portal. 1095 tumor samples with 
clinical and gene expression data were stratified into two groups 
(ERhigh and ERlow) according to the median ESR1 (estrogen recep-
tor alpha gene) expression value. Using the ERhigh dataset, and 
considering PR (progesterone receptor) levels as a surrogate of 
estrogen signaling, (i.e., high PR levels denoting efficient estro-
gen signaling and low PR levels denoting poor estrogen signal-
ing) we tested whether PDEF expression shows correlation with 
PR levels. As shown in Figure 2, Panel A, a significant inverse 
correlation between PDEF and PR expression was found (cor-
relation coefficient: -0.177, p-value <0.0001). To obtain further 
evidence in support of this observation, PDEF expression was 
analyzed in relation to other molecules known to be induced by 
estradiol. These included BRCA1, BRCA2 and NRIP1 [11,13,14]. 
These markers were selected based on: i) their role as transcrip-
tion factors or co-regulators of transcription with potential for 
significant impact on tumor cell biology and ii) they were previ-
ously identified as estrogen induced molecules in at least two 
of these three studies [11,13,14]. The results of this analysis are 
presented in Figure 2, panels B to D. Similar to PR, a significant 
inverse correlation between PDEF expression and the expres-
sion of BRCA1, BRCA2 and NRIP1 was observed. The relatively 
weaker negative correlation between PDEF and PR and PDEF 
and BRCA1 expression may be related to their loss of expression 

by mechanisms other than the loss of estrogen signaling. Spe-
cifically, mutations at the PGR locus may account for as much as 
21% of ER+ tumors showing loss of PR expression [15], thereby 
undermining its negative correlation with PDEF that results 
solely from the loss of estrogen signaling. Similarly, the loss of 
BRCA1 expression due to mutations at the BRCA1 locus in 12% 
of ER+ tumors [16] may undermine its negative correlation with 
PDEF that results from the loss of estrogen signaling. Addition-
ally, loss of BRCA1 expression may also occur due to methylation 
[17,18] and further contribute to the observed weaker nega-
tive correlation with PDEF. Nevertheless, the inverse correlation 
between PDEF versus BRCA2 and NRIP1 expression coupled 
with similar negative (although weaker) correlation of PDEF 
with PR and BRCA1 expression, strongly support the notion of 
negative association of PDEF expression with estradiol induced 
molecules in breast cancer. These results (presented in Figure 
2, Panels A-D) to our knowledge provide the first evidence for 
negative association of PDEF expression with estradiol induced 
molecules in breast cancer. 

Higher PDEF expression in tumors from postmenopausal 
age-group versus premenopausal age-group

Since estradiol levels precipitously fall in postmenopausal 
women (to <10% of the premenopausal levels) [19], we test-
ed whether PDEF expression increases in ER+ tumors arising 

Figure 1: PDEF expression distribution in TCGA breast cancer 
cohort. Panel A, PDEF shows bimodal distribution with 84% tumors 
clustering at high expression range. Briefly, TCGA BRCA (breast can-
cer) RNASeq and clinical data were downloaded from TCGA data 
portal. Log2 transferred RSEM [12] normalized gene expression 
for level 3 RNASeq data are used for this analysis. Bimodal PDEF 
expression distribution was fitted into two Gaussian distributions 
with mean of 6.88 and 11.95 using mixtools package of R (http://
www.jstatsoft.org/article/view/v032i06) and plotted as solid 
curves. Panel B, frequency of PDEF overexpression in subtypes of 
breast cancers from TCGA cohort. Luminal subtype includes all tu-
mors with ER+ and PR+/- status. ER and PR status is determined by 
IHC results. HER2 status is determined by IHC first, and for samples 
with equivocal HER2 IHC result and samples without HER2 IHC re-
sults, HER2 FISH results are used. The ER-, PR- samples that lacked 
information about the Her2 status were excluded from this analy-
sis; as also were samples without ER and PR status information. 
Total tumor samples used in this analysis comprised 39 HER2, 825 
Luminal and 158 TN/basal subtypes.

Figure 2: Comparison of PDEF expression versus expression of 
estradiol induced molecules: Panels A to D, RNAseq data for 547 
ERhigh breast tumors from TCGA were used for testing PDEF mRNA 
expression in relation to PR, BRCA1, BRCA2 and NRIP1 expression. 
Again, TCGA BRCA RNA-Seq and clinical data were downloaded 
from TCGA data portal. Log2 transferred RSEM normalized gene 
expression for level 3 RNA-Seq data were used for this analysis. 
Linear model was fitted to study the relationship between the 
gene pairs and Pearson correlation coefficients with p-values were 
carried out using R; p-value less than 0.05 is considered as statisti-
cal significant in the analysis. As shown, each of these molecules 
showed statistically significant inverse correlation with PDEF ex-
pression, although the strength of correlation varied. Specific ex-
planations for weaker correlation for PR and BRCA1 are provided 
in the text.
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in older women (due to loss of estrogen signaling) compared 
to tumors arising in younger women. Our analysis of the ERhigh 
subset of TCGA cohort showed that PDEF expression is indeed 
significantly higher in breast tumors from women >55 years of 
age (as representatives of postmenopausal status) compared 
to tumors from women <45years of age (as representatives of 
premenopausal status) The results are shown in Figure 3. These 
findings are consistent with the idea that loss of estradiol lev-
els in postmenopausal years is conducive to increased PDEF ex-
pression in breast cancer.

Discussion

Few mutations at the PDEF gene locus were reported in the 
hundreds of breast cancers that have been sequenced to date. 
These results rule out a mutation-based mechanism contribut-
ing to PDEF overexpression in breast tumors. Based on FoxA1 
binding to PDEF sequence and loss of PDEF expression following 
siRNA inhibition of FoxA1, FoxA1 was considered to positively 
regulate PDEF expression [10]. Moreover, this study showed 
that ER binds to PDEF sequence and based on this finding 
alone proposed that ER also positively regulates PDEF expres-
sion, even though siRNA inhibition of ER did not down regu-
late PDEF expression [10]. On the other hand, a genome wide 
study to identify genes that are regulated by estradiol reported 
the suppression of PDEF expression by estradiol in MCF-7/BUS 
tumor cell line [11]. Therefore the effect of estradiol on PDEF 
expression in breast cancer remained controversial. Our finding 
of a negative correlation between PDEF and estrogen induced 
molecules in primary breast tumors and its higher expression in 
breast tumors from older/posmenopausal patients show that 
PDEF expression is induced under conditions of loss of estro-
gen signaling, presumably to support the survival/growth of 

Figure 3: Comparison of PDEF expression in tumors from breast 
cancer patients >55 years of age versus <45 years of age: The ER-
high subset of TCGA breast cancer cohort was analyzed for PDEF 
expression in tumors from these two age groups of patients, as 
representatives of postmenopausal and premenopausal status re-
spectively.

stressed epithelial tumor cells. These results are consistent with 
the notion that PDEF expression is suppressed by estradiol in 
breast cancer. 

Significant downregulation of PDEF expression was reported 
at as low as 10 pM concentration of estradiol, with continuing 
increased downregulation (to <30% of control levels) occurring 
at higher concentrations (up to 100 pM) of estradiol [11]. It is 
noteworthy that 100 pM (27.2 pg/ml) serum estradiol concen-
tration may occur in vivo primarily in pre-menopausal women 
[19]. Hence strong suppression of PDEF expression by estradiol 
may occur mostly in premenopausal women, whereas most 
postmenopausal women exhibiting weaker PDEF suppression. 
Additionally, besides the loss of estrogen signaling, loss of GA-
TA3 expression also occurs in breast tumors from postmeno-
pausal women [20], presumably partly due to loss of estrogen 
signaling since ER induces GATA3 expression [21], and/or due 
to frequent structural mutations in GATA3 gene in as many as 
17% of ER+ breast tumors [22]. Since GATA3 is also a negative 
regulator of PDEF expression [10], increased loss of GATA3 in 
postmenopausal tumors could provide another mechanism 
for PDEF induction in tumors arising in postmenopausal years. 
These findings have implications for a role for PDEF in increased 
risk of breast cancer with advancing age in postmenopausal 
women (see below).

Prolonged exposure to estrogens has long been recognized 
as a major risk factor for breast cancer development. However, 
estrogen levels dip drastically following menopause [19], yet 
breast cancer incidence continues to rise in postmenopausal 
years as about 80% of breast cancers may occur in women >55 
years of age. Mutational activation of driver genes appears in-
adequate to explain the high breast cancer incidence especially 
since ER+ breast cancers have low number of nonsynonymous 
mutations [23]. Evidently other mechanisms need to be invoked 
that contribute to the high incidence of breast cancer in post-
menopausal years, with continuing increased rate of breast 
cancer risk with advancing age well into the 70s. To that end, a 
recent genome wide mapping of cancer dependencies showed 
that in >80% of tumor models, the top cancer dependency bio-
markers were derived from changes in the expression of specific 
driver genes rather than the mutation-based functional altera-
tion of these genes [24]. In that study, SPDEF (another name 
for PDEF) was identified as an important lineage restricted 
driver of breast cancer [24]. Based on this understanding and 
the widespread PDEF overexpression in ER+ breast tumors we 
believe that ER+ breast tumors in postmenopausal women are 
dependent on both estrogen signaling and on PDEF expression 
for survival and growth, thereby PDEF conferring a continuing 
increased risk of breast cancer during decreasing estradiol lev-
els coupled with loss of GATA3 expression in tumors arising at 
increasing age in postmenopausal years.

Our finding of an inverse correlation between PDEF and es-
trogen induced molecules in ER+ breast tumors is both novel 
and interesting especially since 96.4 % of ER+ breast tumors 
show overexpression of PDEF. The increased PDEF expression 
presumably compensates for the reduced estrogen signaling, 
especially in tumors from postmenopausal women, by sup-
porting the survival of stressed epithelial tumor cells. Together 
these two oncogenic pathways may drive the development and 
progression of ER+ breast tumors in postmenopausal women. 
This may be why targeting the estrogen signaling axis only pre-
vents about 50% of ER+ breast tumors in chemoprevention trials 
[4,5] and why endocrine therapy engenders resistance in the 
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treatment of ER+ breast tumors. This idea is also supported by 
the observed poor overall survival of patients with PDEF over-
expressing ER+ breast tumors [8,10]. Together, these findings 
provide rationale for dual targeting of ER+ breast tumors with 
endocrine therapy and PDEF targeted approaches. Similarly, a 
high proportion (82.1%) of Her2+ breast tumors overexpress 
PDEF and these also appear to be partly driven by PDEF. This 
idea is supported by our findings that down regulation of PDEF 
expression by siRNA leads to the loss of the viability of Her2 
overexpressing BT-474 and SKBR3 human breast tumor cell 
lines in vitro [9], suggesting that these cell lines are also de-
pendent on PDEF besides Her2 for growth and survival. Hence, 
targeting PDEF in conjunction with Her2 should be beneficial 
in minimizing resistance to Her2 targeted approaches. Likewise, 
overexpression of PDEF in 27.8% of triple negative breast tu-
mors supports the development of PDEF targeted approaches 
in conjunction with existing treatments for these tumors, for 
which targeted therapies do not exist at present. Overall there 
is a compelling rationale for developing PDEF-targeted drugs 
and vaccines to combine with existing approaches for preven-
tion and treatment of breast cancer. 
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