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Abstract

Progesterone and estrogen are important drivers of breast cancer proliferation. Herein, we probed
ER-alpha and PR cross-talk in breast cancer models. Stable expression of PR-B in PR-low/ER+
MCF7 cells increased cellular sensitivity to estradiol and IGF1, as measured in growth assays
performed in the absence of exogenous progestin; similar results were obtained in PR-null/ER+
TA47D cells stably expressing PR-B. Genome-wide microarray analyses revealed that unliganded
PR-B induced robust expression of a subset of estradiol-responsive ER-target genes, including
CathepsinD (CTSD). Estradiol-treated MCF7 cells stably expressing PR-B exhibited enhanced ER
Ser167 phosphorylation and recruitment of ER, PR, and the proline, glutamate and leucine rich
protein 1 (PELP1) to an estrogen response element (ERE) in the CTSD distal promoter; this
complex co-immunoprecipitated with IGF1R in whole cell lysates. Importantly, ER/PR/PELP1
complexes were also detected in human breast cancer samples. Inhibition of IGF1R or PI3K
blocked PR-B-dependent CTSD mRNA upregulation in response to estradiol. Similarly, inhibition
of IGF1R or PR significantly reduced ER recruitment to the CTSD promoter. Stable knockdown of
endogenous PR or onapristone treatment of multiple unmodified breast cancer cell lines blocked
estradiol-mediated CTSD induction, inhibited growth in soft agar, and partially restored
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tamoxifen-sensitivity of resistant cells. Further, combination treatment of breast cancer cells with
both onapristone and IGF1R tyrosine kinase inhibitor AEW541 was more effective than either
agent alone. In summary, unliganded PR-B enhanced proliferative responses to estradiol and IGF1
via scaffolding of ERalpha/PELP1/IGF1R-containing complexes. Our data provide a strong
rationale for targeting PR in combination with ER and IGF1R in patients with luminal breast
cancer.
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Introduction

Approximately 70% of newly diagnosed breast cancers are luminal breast cancers that are
positive for estrogen receptor alpha (ER) and progesterone receptor (PR) expression (1).
Although ER-targeted therapies are relatively successful in treating ER+ tumors, primary
endocrine resistance occurs in up to a third of all breast cancers (2). Mechanisms of
resistance to ER-targeted therapies are widely studied and include upregulation of growth
factor pathways and increased ER cytoplasmic signaling, in addition to altered ER target
gene profiles, enhanced ER phosphorylation, and deregulation of ER pathway components
(3, 4). For example, the proline, glutamate and leucine rich protein 1 (PELP1), a growth
factor receptor adaptor molecule and ER coactivator, is frequently upregulated in endocrine-
resistant tumors (5). Endocrine-resistant tumors are characterized by increased
aggressiveness and metastatic potential. Patients with recurrent endocrine-resistant tumors
are generally treated with systemic chemotherapy.

PR expression in breast cancer predicts response to ER-targeted therapies, in part because
ER regulates PR expression (3). Additionally, both ER and PR share similar signaling
pathways (6) and exhibit substantial overlap in their transcriptomes (7). Recent mechanistic
studies by our group and others have shown that PR is capable of driving breast cancer
progression in both the absence and presence of progestin (8). Ligand-independent PR
actions include scaffolding of growth factor pathways to enhance kinase signaling (9) and
activation of pro-growth and pro-survival transcriptional programs in breast cancer cells
(10-12). In vitro models of aromatase inhibitor-resistant breast cancer cells demonstrated
sensitivity to the PR antagonist, CDB-2914, which inhibited cell cycle progression (13).
Recently, ER has been shown to cooperate with PR in response to progestins (14).
Additional evidence demonstrated that cells in the normal adult mammary gland (15) and in
breast tumors (16) contain cell populations that express ER only, PR only, both receptors, or
neither. A small population of SR+ (steroid receptor) cells in the normal mammary gland
have been shown to secrete paracrine factors and thereby provide potent proliferative signals
to adjacent SR- cells (17). Indeed, estradiol (E2) has been shown to drive the proliferative
actions of PR-B, an ER target gene that is required for mammary gland alveologenesis (17).
In addition, PR-B has been shown to induce breast cancer cell growth in soft agar assays,
whereas PR-A does not (18). These data provide a strong rationale for the study of ER
actions independently of PR and in conjunction with PR to better understand how these SRs
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cooperate to modulate hormone responsiveness in normal and breast cancer tissues. Herein,
we hypothesized that PR-B+/ER+ breast cancer cells have a heightened sensitivity to
estrogen because of direct molecular cross-talk between ER and PR-B. This heightened
sensitivity represents a potential mechanism by which resistance to endocrine therapy can
develop.

PR-B enhances breast cancer cell proliferation in response to estradiol and IGF1

To address the question of whether ER and PR-B, the mitogenic PR isoform in the breast,
work in concert to enhance estradiol sensitivity in breast cancer cells, we utilized the
traditionally SR+ breast cancer cell model, MCF7. Beginning with a naturally occurring ER
+/PR-low variant of MCF7 cells (19), we stably re-expressed either PR-B (pSG5-PR-B) or a
vector (pSG5) control (Fig 1A). Cells expressing PR-B or vector-matched controls were
then subjected to MTT proliferation assays and grown in soft agar. Notably, MCF7 cells
lacking PR-B but containing abundant ER-alpha were not significantly responsive to
estradiol as measured by MTT assays; however, MCF7 cells expressing PR-B displayed
significantly heightened proliferation in response to estradiol (Fig S1A). PR-B-null MCF7
cells (empty vector) displayed a slight increase in colony formation in response to estradiol.
MCFT7 cells stably expressing PR-B displayed increased anchorage independent growth in
response to estradiol relative to PR-null controls (Fig 1BC). Similar results were observed in
ER+/PR-null T47D cells stably expressing PR-B relative to vector controls (Fig S1 and Fig
1C); interestingly, these cells were also more responsive to IGF1 treatment, a growth factor
receptor pathway known to extensively crosstalk with ER signaling (20). In addition, we
examined the estradiol-induced growth of unmodified MCF7L and BT474 breast cancer cell
lines after treatment with the type 11 anti-PR drug onapristone. MCF7L cells are ER+/PR+
and express abundant levels of PR-A and PR-B (Fig 1E). BT474 cells are ER+/PR+/HER2+
and are considered relatively aggressive but still highly responsive to estradiol. Onapristone
partially blocked (41%) estradiol-induced soft agar growth of MCF7L cells (Fig 1D) and
dramatically inhibited (63%) estradiol-driven soft agar growth of BT474 cells (Fig 1E).
Notably, onapristone treatment did not alter ER expression levels in either cell line (Fig 1F).

To complement these studies, we performed gene-silencing experiments in MCF7L cells
that express abundant levels of PR-A and PR-B. ER+/PR+ MCF7L cells were stably
transfected with shRNAs targeting GFP (control; shGFP) or PRs (shPR). Total PR mRNA
(gRT-PCR) and PR protein (WB) levels were assessed to confirm PR knockdown in
multiple clones (Fig S2A and not shown). ER expression remained relatively unchanged
upon PR knockdown (Fig S2A). Soft agar assays demonstrated that cells expressing control
shRNA exhibited basal colony formation that was significantly enhanced by estradiol
treatment. In contrast, estradiol-induced soft agar colony formation was significantly blunted
by shPR (Fig S2B) and partially blocked by onapristone (Fig 1D). Together, our data
demonstrate a novel ligand-independent PR function in ER+ breast cancer cells, in which
PR-B confers heightened responsiveness to estradiol and IGF1.
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Estradiol-treated PR-B+/ER+ breast cancer cells express a distinct gene signature
associated with tumor progression

To determine whether unliganded PR-B participates in ER-dependent transcriptional
responses, we performed gene array analyses to measure changes in the ER transcriptome.
Serum-starved MCF7 cells stably expressing either vector or PR-B were treated with
estradiol (6h), and mMRNA was harvested for gene expression analyses. Unsupervised
clustering of differentially regulated genes was visualized by heat map. As predicted (10,
12), PR-B expression alone profoundly altered hormone-independent (basal) gene
expression (Fig 2A; lanes 1 and 3). Estradiol-stimulated gene expression profiles revealed
40 genes that were upregulated (>2 fold, P <0.001) and 49 genes that were downregulated
(<2 fold, P <0.001) (Fig 2A, lanes 2 and 4) in PR-B-expressing cells compared to PR-null
vector-matched controls (Table S1). IPA analysis revealed that the biological processes
significantly associated with this PR-B-dependent, estradiol-induced gene signature included
cancer, cell cycle, reproductive system disease, cellular movement, cell growth and
proliferation, and cell death and survival (Fig S3A). Furthermore, Gene Set Enrichment
Analysis (GSEA) showed that estradiol-induced genes in PR-B+ MCF7 cells were
significantly (FDR<0.05) associated with genes upregulated in the luminal-B subtype of
breast cancer (21) (Fig S3B), two independent tamoxifen-resistant signatures (22, 23), and
ESR1-positive breast tumors relative to ESR1-negative tumors (24). Notably, luminal-B
breast cancers are more likely to become endocrine resistant (25). These data indicate that
PR-B and ER cooperate in the regulation of estradiol-induced gene expression programs
associated with breast tumor progression.

Known ER-target genes among the 40 genes upregulated in PR-B+/ER+ MCF7 cells relative
to PR-null/ER+ vector-matched controls were examined by gRT-PCR. PR-B expression
significantly enhanced estradiol responsiveness to SLC7AS5 (Fig 2B, upper panel), a gene
known to be regulated by ER and IGF-1(26). Notably, a query of TCGA (The Cancer
Genome Atlas) breast cancer data (27) found that S.C7A5 mRNA was expressed at higher
levels in invasive breast carcinoma than in normal mammary tissue (Fig 2B), lower panel).
In addition, PR-B expression significantly increased estradiol sensitivity to induced ER-
target genes WISP2 and PTGES, (Fig 2C). Similar to PR-dependent but estradiol-induced
genes, numerous genes were also downregulated by estradiol in PR-B-expressing cells
relative to PR-null (vector) cells, including maoa (Fig 2D, upper panel), Ixn, and tmprss2
(Fig 2E); maoa expression is significantly downregulated in invasive breast carcinoma
compared to normal breast tissue, as determined by analysis of TCGA (Fig 2D, lower
panel).

Notably, PR-B expression exclusively enhanced estradiol sensitivity for the classical ER-
target gene cathepsin-D (CTSD) (Fig 3A). Estradiol-induced CTSD expression in PR-B+
MCEF7 cells was not significantly affected by the addition of progestin or IGF1 (Fig S4A-B).
The expression of TFF1 (pS2), another well-characterized ER-target gene, was not affected
by PR-B expression (Fig 3A). As expected, expression of SGK, a classical PR target gene,
was increased in PR-B+ MCF7 cells treated with the synthetic progestin, R5020 (Fig 3A).
Analysis of the TCGA breast cancer data set revealed that CTSD expression was also
significantly higher in invasive breast cancers than in normal tissues (Fig 3B). Interestingly,
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analysis of PRand CTSD mRNA expression demonstrated a tendency toward co-occurrence
in invasive breast carcinoma in the TCGA data set, whereas PR and TFF1 expression were
not associated. These data demonstrate that PR-B cooperates with ER to drive the
expression of a subset of ER-target genes.

PR-A and PR-B isoforms are co-expressed in normal and neoplastic cells; however, the ratio
of PR-A to PR-B frequently varies amongst breast tumors (28). To determine whether PR-A
also cooperates with ER to drive CTSD expression, we utilized previously characterized PR-
null T47D cells stably expressing either PR-A or PR-B ((11) and Fig S5A). Similar to our
results in MCF7 cells, PR-null/ER+ T47D cells did not induce CTSD expression in response
to estradiol, whereas PR-B+/ER+ T47D cells did induce CTSD expression (Fig 4A). In
contrast to PR-B expressing cells, PR-A+/ER+ T47D cells failed to increase the expression
of CTSD in response to estradiol (Fig S5B). These data suggest that PR-B is the primary
mediator of cross-talk with ER in the upregulation of CTSD.

PR DNA-binding domain is essential for CTSD expression

CTSD is widely used as a measure of estradiol responsiveness in breast cancer models (29).
We therefore focused on the regulation of this gene as a model for probing mechanistic
interactions between ER and PR-B. To test the requirement for the PR DNA-binding domain
in estradiol-induced CTSD regulation, we again utilized PR-null T47D cells engineered to
stably express either wild type (wt) PR-B or a DNA-binding domain mutant of PR-B (DBM
PR-B) (18). Importantly, ER protein levels in T47D cells stably expressing either wt or
DBM PR-B cells were comparable; however, PR-B protein levels were higher in T47D cells
expressing DBM PR-B (Fig 4B, inset), perhaps due to deficient turnover of this mutant
protein. T47D cells expressing DBM PR-B failed to appreciably induce CTSD upon
estradiol stimulation relative to the significant response observed in T47D cells expressing
wt PR-B (Fig 4B). The classical ER-target gene, TFF1, was significantly upregulated in
both cell lines upon estradiol treatment (not shown). These data show that the PR DNA-
binding domain is required for ER/PR-B co-regulation of CTSD expression.

PR-B and ER are recruited to the CTSD promoter in response to estradiol

ER binds to both proximal (30) and distal (29) sites in the CTSD promoter in response to
estradiol. We focused on the distal ER-binding site as the primary site for estradiol-mediated
CTSD upregulation (29). ChlP (chromatin immunoprecipitation) assays were performed on
MCFT7 cells expressing PR-B or vector-matched controls. Cells were treated (1hr) with
vehicle or estradiol prior to assessment of ER recruitment to the CTSD distal promoter.
Interestingly, ER binding to the distal region of the CTSD promoter was negligible in PR-
null, vector-matched control cells, whereas it was robust in PR-B expressing cells treated
with estradiol (Fig 4C). Previously published estradiol responsive elements (ERES) in the
promoter region of a control gene (TFF1) were also examined for ER binding under these
conditions (30); ER was equally recruited to the TFF1 promoter upon estradiol stimulation
in vector and PR-B expressing MCF7 cells (not shown).

To determine whether ER/PR-B complexes drive estradiol-dependent transcription of CTSD,
we again performed ChlIP assays in PR-B expressing MCF7 cells treated with vehicle or
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estradiol (40min) using antibodies specific for either ER or PR. As above, ER recruitment
was again observed upon estradiol stimulation of PR-B containing cells (Fig 4D). In
addition, PR recruitment to the CTSD promoter was detected after estradiol stimulation of
MCFT7 cells (Fig 4D), though at lower levels than ER recruitment. Similar results were
observed in T47D cells stably expressing PR-B (nhot shown). Although PR recruitment to the
CTSD promoter was not as robust as ER recruitment, the PR antagonist onapristone
diminished estradiol-induced ER binding to the CTSD promoter (Fig 4E) and blocked
estradiol-induced CTSD mRNA expression (Fig 4F) in MCF7L (PR high) cells. These
studies further indicate that unliganded PR-B facilitates ER in the regulation of select
estradiol-induced genes.

Unliganded PR-B facilitates phosphorylation of specific ER residues in the presence of
estradiol or growth factors

Previous reports demonstrated that PR-B and ER interact with c-Src as part of tyrosine
kinase-associated signaling complexes that function to initiate rapid activation of
downstream kinase pathways in response to steroid hormones (6, 19). One function of SR-
containing rapid signaling complexes is to ensure appropriate phosphorylation of ligand-
bound steroid hormone receptors that in turn regulate SR-dependent genomic events (8, 31).
To examine whether PR-B regulates ER phosphorylation, MCF7 cells expressing vector or
PR-B were stimulated with estradiol for 1 hour prior to Western blotting with phospho-
specific antibodies. IGF-1 treatment was included as a positive control for ER Ser167
phosphorylation (26). IRS1, a PR-B target gene and IGF1R adaptor molecule, exhibited
slightly higher expression in PR-B expressing cells. Interestingly, MCF7 cells expressing
PR-B exhibited higher basal (Fig 5A, lanes 1 versus 4) and estradiol-stimulated (Fig 5A,
lanes 2 versus 5) Ser118 phosphorylation of ER relative to controls. IGF1, but not estradiol,
induced ER phospho-Ser167 in MCF7 cells lacking PR-B. However, when PR-B was
expressed, basal phosphorylation levels of ER Ser167 increased (lanes 1 and 4). In addition,
this site was appreciably phosphorylated in response to both estradiol and IGF1 (lanes 5 and
6). These data suggest that in the absence of added progestin, PR-B expression serves to
increase the ability of estradiol or growth factors (IGF1) to initiate ER-specific
phosphorylation events, perhaps via scaffolding of localized cytoplasmic or membrane-
associated signaling complexes.

PELPL1 is part of ER/PR-B-containing transcriptional complex and is recruited to the CTSD

promoter

Estradiol-bound ER participates in cytoplasmic signaling complexes that include protein
kinases (c-Src, PI3K), growth factor receptors (IGF1R, EGFR), and scaffolding molecules
(PELP-1 [MNAR]) (18, 20, 32, 33). PELP1 functions to modulate ER activity by acting as a
scaffolding molecule for effective cytoplasmic signaling and as an ER transcriptional
coactivator in the nucleus (32). We speculated that PELP1 might enhance local kinase
signaling (ie, ER phosphorylation). To determine whether PR-B participates in a signaling
complex with ER and PELP1, we performed co-immunoprecipitation assays in MCF7 cells
transiently transfected with PR-B and treated cells for 10 min with vehicle, estradiol, or
IGF-1. PR-specific immunoprecipitates, but not 1gG controls, contained abundant PELP1
and low levels of estradiol-induced IGF1R (Fig 5B). IGF1R and ER were also weakly
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detected in PELP1 immunoprecipitates from PR-B expressing MCF7 cells (Fig S6A). Co-
immunoprecipitaion of ER and PR, recently published (14), was confirmed in our system
(not shown). In addition, PELP1, ER, and PR displayed robust binding to the CTSD distal
promoter in response to estradiol treatment but not vehicle treatment (Fig 5C). Interestingly,
we also consistently detected weak recruitment of IGF1R to the same region of the CTSD
promoter. However, this signaling complex (ER, PR, PELP1, and IGF1R) was not detected
on the TFF1 promoter (not shown). These data suggest that cytoplasmic signaling
complexes containing ER, PR, PELP1, and IGF1R appear to directly participate in CTSD
gene regulation as part of transcriptional complexes associated with chromatin.

IGF1R- and AKT-dependent signaling events are required for CTSD regulation

Previous findings have shown that cytoplasmic PELP1 is an enhancer of both MAPK and
AKT signaling, leading to increased ER phosphorylation on Ser167 and Ser118 and
enhanced transcriptional activity (34). Using a previously characterized ANLS PELP1
mutant that is localized primarily to the cytoplasm (34), we found that CTSD mRNA
expression was higher in cells expressing cytoplasmic ANLS PELP1 than in cells expressing
wt PELP1 or cells expressing vector alone (Fig S6B). These data indicate that PELP1-
dependent signaling (ie, heightened rapid signaling events) may enhance specific
transcriptional responses mediated by ER, PR, and PELP1-containing complexes.

To determine whether PELP1-associated kinase activities are required for estradiol-induced
CTD expression, PR-B+ MCF7 cells were pre-treated with inhibitors of IGF1IR (AEW541),
PI3K (LY-294002), MAPK (U0126), and c-Src (PP2). Estradiol-mediated activation of
CTD expression was then examined by gRT-PCR. None of these kinase inhibitors affected
basal CTSD mRNA expression in PR-B+ MCF7 cells. PI3K or IGF1R inhibition blocked
estradiol-induced CTSD expression (Fig 5D). In addition, IGF1R inhibition specifically
blocked phosphorylation of ER Ser167 but not Ser118 (inset). In contrast, neither PI3K nor
IGF1R inhibition affected estradiol-mediated TFF1 expression (Fig 5D). MAPK inhibition
with U0126 blocked estradiol-induced CTSD and TFF1 expression (not shown).
Surprisingly, c-Src inhibition with PP2 did not significantly alter estradiol-induced CTSD or
TFF1 expression, but it did inhibit CCND1 expression, a Src-dependent (positive control)
gene (not shown) (35). In ChIP assays, IGF1R inhibition with AEW541 blocked estradiol-
induced ER binding to the CTSD promoter; however, it did not affect estradiol-induced ER
recruitment to the TFF1 promoter (Fig 5E). Together, these data support a role for ER/PR-
B/PELP1 complexes in activation of IGF1R and downstream PI3K/AKT signaling in the
regulation of CTSD expression.

Dual PR and IGF1R blockade inhibits growth of tamoxifen-resistant breast cancer cells

As shown above, blockade of either PR or IGF1R partially reduced estradiol-induced ER
binding to the CTSD promoter and blocked CTSD mRNA expression. To determine the
effect of dual blockade of PR and IGF1R, we performed soft agar assays in tamoxifen-
sensitive (MCF7L) and -resistant (MCF7 1GX) cell variants. PR+/IGF1R+ tamoxifen-
resistant MCF7 1GX cells were engineered to overexpress RAF1 and passaged once as
xenografts in mice (36). Estradiol-induced colony formation was lower among MCF7L cells
treated with onapristone and AEW541 than among cells treated with either agent alone (Fig
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6A). In the presence of tamoxifen, estradiol-treated MCF7 1GX cells exhibited robust
colony formation; however, onapristone significantly decreased basal and estradiol-induced
growth in soft agar (Fig 6B). Importantly, estradiol-induced colony formation was
completely blocked among MCF7 1GX cells treated with onapristone and AEW541 (Fig
6C). These data suggest that PR-B and IGF1R expression alter ER transcriptional programs
to enhance breast cancer growth even in the context of tamoxifen resistance, perhaps by re-
sensitizing cells to tamoxifen.

ER/PR/PELP1 complexes are detectable in human breast tumors

To determine whether the ER/PR/PELPL1 signaling complex is present in breast cancer in
vivo, we obtained human tumor samples and performed co-immunoprecipitation studies.
Nine tumor samples, clinically determined to be ER+/PR+, expressed PELP1, PR, ER, and
actin (loading control) in Western blots (Fig 7A). Pull-down of PELP1 revealed that PELP1
had a strong association with ER and a variable, yet persistent, association with PR. In
addition, ER and PELP1 co-immunoprecipitated with PR in breast tumors, and PELP1 and
PR co-immunoprecipitated with ER (not shown). Together, these data demonstrate that
ER/PR/PELP1 form complexes in human breast cancers, the consequence of which is likely
more aggressive proliferative responses to estrogens.

Discussion

The classical definition of PR function is that the receptor is a ligand-activated transcription
factor whose promoter selection is driven by rapid cytoplasmic phosphorylation events (8).
Herein, we extend this definition by showing that unliganded PR-B acts as a molecular
scaffold for the formation of an ER/PELP1-containing transcription complex at newly
defined ER/PR-B-target genes. We found that, in the absence of added progestin, the PR-B
isoform activated a subset of ER-target genes in estradiol-mediated pathways to enhance
breast cancer cell proliferation and anchorage independent growth in multiple cell line
models (MCF7, T47D, and BT474). In this context, PR-B associated with ER and PELP1 in
vitro and in vivo to form a transcriptional complex on select ER-target genes, including
CTSD. The ER/PR-B/PELP1 complex facilitated the phosphorylation of specific ER sites
and activation of IGF1R downstream PI3K/AKT signaling in the regulation of CTSD. We
also detected IGF1R at the same region of the CTSD promoter. Inhibition of IGF1R, PR, or
both blocked estradiol-dependent breast cancer cell proliferation. Importantly, our gene
profiling studies indicated that PR-B cross-talk with ER results in more aggressive
proliferative responses to estrogens and shifts the ER transcriptome towards the luminal-B
phenotype, which is more likely to become tamoxifen resistant. Taken together, our data
support a model (Fig 7B) in which PR-B/ER/PELP1 complexes formed at, or near, the
membrane with growth factor receptors (ie, IGF1R) are capable of initiating signaling events
(ie, ER phosphorylation) that direct these complexes to specific promoters (ie, CTSD) and
thereby activate particular gene sets and their biological programs. Novel ER/PR/PELP1
target genes may provide useful biomarkers for selection of patients likely to respond to
antagonism of components of this transcriptional complex or its related signaling pathways.
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PR-B DNA-binding domain was required for ER recruitment to target genes

Our study shows that unliganded PR-B facilitates estradiol-induced ER interactions with
kinases (eg, IGF1R, AKT) perhaps in part due to increased PR-B driven IRS1 expression
(37). However, the specific function of unliganded PR-B in the ER/PELP1/IGF1R
transcriptional complex is likely multifold. We found that the PR-B DNA-binding domain
was required for ER recruitment to the CTSD promoter. Direct PR binding to ERE-
containing DNA enhancer regions has been reported (38), though it is also possible that PR-
B interacts with a PRE located on a distant region of DNA that loops back to the CTSD
region and thereby brings together regulatory regions across large expanses of DNA (39).
Related to this idea, we identified numerous PRE half sites in close proximity to the CTSD
distal ERE, but PR-B recruitment to these sites was not specifically detected in our ChIP
assays (not shown). Notably, the ER/PR cooperative mechanism described herein appears
distinct from previous descriptions of ER/PR crosstalk upon stimulation of breast cancer
cells with progestin (14). In our study focused on ligand-independent PR actions, ChlP
assays failed to detect ER/PR/PELP1 complexes in association with either the MYC or
CCNDZ1 genes in response to estradiol (not shown).

IGF1R/PI3K pathway contributes to estradiol-induced, ER/PR-B-mediated breast cancer

growth

ER/PR/PELP1-mediated activation of growth-promoting transcriptional programs described
herein required IGF1R and PI3K/AKT activation. These findings underscore the interest in
PI3K as an attractive target for endocrine-resistant patients (40). Indeed, activating
mutations in PI3K or AKT occur in up to 25% of breast cancers (41). Additionally,
phosphorylation of Serl67, the AKT site on ER-alpha, reduces sensitivity to tamoxifen in
vitro (42, 43). Similarly, hyperactive IGF signaling is associated with resistance to endocrine
therapies (44). Notably, blockade of IGF1R with dalotuzumab significantly decreases
estradiol-stimulated growth in MCF7L (PR+) xenografts (45). We found that the
combination of AEW541 and onapristone completely abolished estradiol-dependent soft
agar colony formation in similar MCF7L and tamoxifen-resistant MCF7 1GX cells.
However, even though onapristone blocks PR-containing transcriptional complexes, it
leaves upstream (AKT) signaling intact. These findings suggest that combining IGF1R and
PR antagonists may provide a means to block endocrine-resistant, ER+/PR+ tumors via
targeting these distinct but highly cooperative pathways.

Breast cancer therapy and ER/PR crosstalk

As a classical ER-target gene, PR expression is used as a clinical marker of functional ER in
breast tumors and thus predicts the likelihood of effective response to ER-targeted therapies.
Our data linking heightened estrogen sensitivity to PR scaffolding activity lend additional
mechanistic support to these long-held clinical findings. Indeed, our studies underscore the
need to consider PR is an active member of ER-containing transcriptional complexes.
Interestingly, clinical assessment of PR expression by IHC in breast tumors does not
distinguish between PR-A and PR-B isoforms. PR-A expression is highly estrogen-
dependent, while PR-B expression is also regulated by other factors (46). Notably, the
scaffolding activity of PR-B described herein occurs in the absence of added progestin, and
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ER/PR/PELP1-target genes are unresponsive to added progestin. These genes clearly
contribute to breast cancer growth and survival phenotypes. We were surprised that both
luminal-B and tamoxifen-resistant gene sets were enriched in estradiol-treated MCF7 cells
expressing PR-B relative to PR-null cells. While more studies are needed, these provocative
data suggest that in the presence of estrogen, PR-B may in fact be required for transition of
luminal-A breast cancer cells to the luminal-B sub-type.

In sum, inclusion of PR-targeted therapies as part of the modern endocrine arsenal seems
warranted and timely. Notably, over half of acquired endocrine-resistant tumors retain PR
expression (47, 48). Furthermore, PR activates many of the same genes as ER (7), and PR is
a major driver of proliferative and pro-survival pathways in the breast and in breast cancer
(8). Herein, we show that PR-B contributes to estrogen responsiveness via direct ER/PELP1
cross talk at classical estrogen-dependent genes. Thus, combination treatment with both PR-
and ER-targeted therapies may provide significant clinical benefit. Indeed, in rat models,
additive effects of tamoxifen and onapristone were observed in mammary cancers induced
by DMBA or MNU (reviewed in (49)). Additionally, onapristone (and to a lesser extent
RU486) inhibited tumor growth and estrogen stimulation in the MXT mouse model of breast
cancer (49). Similarly, treatment of MCF7 and T47D cells with either tamoxifen or RU486
blocked estrogen-mediated cell proliferation (49). It is thus tempting to speculate that PR-B
in PELP1/ER complexes may function to compensate for ER inhibition in tumors that
progress under estrogen- or ER-blocking therapies. As such, we conclude that
antiprogestins, perhaps given early as intermittent or cyclical treatments, in combination
with current endocrine therapies may prevent or delay endocrine failure in patients with
luminal tumors expressing novel ER/PR-B-target gene biomarkers.

Materials and Methods

Cell lines and reagents

T47D-Y (PR-null) and MCF7 (PR-low) (19) cells were stably transfected with pSG5 or
pSG5-PR-B and pSV-Neo or pIRES or pIRES-PR-B using FUGENE reagent
(ThermoFisher) to generate multiple vector matched clones. Cells were cultured as
previously described (12, 19). Additional MCF7 cells were obtained from ATCC (PR-A/B
+), cultured as indicated, and stably infected with retrovirus expressing LXSN, LXSN-
WIPELP1, or LXSN-ANLS PELP1 (34). MCF7C4-12 (PR-null), MCF7L (PR-A/B+),
BT474 (PR-A/B+), and MCF7 1GX (PR-A/B+) cells were cultured as described (12, 26, 36,
50), MCF7L PR knockdown cells were generated using lentivirus sShRNAs targeting PR (5
sequences) or GFP in pLKO (ThermoFisher).

Cells were treated with estradiol (1nM), tamoxifen (100nM), and ICI 182,780 (1uM)
obtained from Sigma-Aldrich (St. Louis, MO); LY-294002 (10uM), U0126 (10uM), and
PP2 (10uM) obtained from Calbiochem (Darmstadt, Germany); R5020 (10nM) purchased
from NEN Life Science Products (Boston, MA); and IGF1 (5nM) from GroPep Bioreagents
(Thebarton SA, Aus).

Oncogene. Author manuscript; available in PMC 2015 July 22.
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Proliferation assays

MTT and soft agar assays were performed as previously described (with three biological
replicates of each condition per experiment) and results presented are representative of two
to five experimental repeats (12, 18). Student’s T-test was performed to determine statistical
significance between treatment groups in each experiment.

Western blots (WB) and Immunoprecipitation (IP) Assays

gRT-PCR

WB and co-IPs were performed as previously described (12). The following specific
antibodies were employed: PR-A and -B ab-8 (ThermoFisher), PELP1 (Bethyl
Laboratories), PR-A and B H190, IGF1Rp, ER (SantaCruz Biotechnologies, Santa Cruz,
CA), actin (Sigma-Aldrich), ER phospho-167, ER phospho-118, and Erk1/2 (Cell Signaling,
Beverly, MA).

RNA was isolated from cells in triplicate wells treated with ethanol (vehicle) or estradiol
(1nM) for 24 hours using TriReagent (Roche). Data shown is representative of two to nine
replicates of each qPCR experiment which was performed as previously described (12).
Student’s T-tests were performed to determine statistical significance between treatment
groups in each experiment.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP assays were performed using ChlPit express kits (ActiveMotif, Carlsbad, CA)
according to the manufacturer’s protocol as previously described (12) and antibodies
specific for PR (ab-8) and ER (Santa Cruz). Briefly, MCF7 (7x10°) or T47D (15x10°%) cells
were plated in 150mm dishes, starved in unsupplemented phenol red free IMEM (24h), and
treated for 40min or 1hr with ethanol or estradiol. Relative recruitment was determined by
gPCR of purified ChIP and input DNA in triplicate. The results presented are representative
of two to eight independent experimental repeats.

Whole genome expression analysis

Vector matched MCF7 cells stably expressing pSG5 or pSG5-PR-B were serum starved in
modified IMEM (Gibco) for 1day and treated with estradiol or ethanol (6h) before RNA
extraction using a RNeasy kit (QIAgen). RNA samples in triplicate were prepared for
expression analysis using the Illumina HT-12v4 bead chip platform according to the
manufacturer’s protocols. Gene expression normalization and analysis was completed as
previously described (12). Heatmap genes were significantly regulated >3 fold, Benjamini
and Hochberg adjusted P value < 0.001. All gene expression data is available in the NCBI
Gene Expression Omnibus (GEO) database, accession number: GSE45643 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=prknleoqgaqgkxc&acc=GSE45643).

Ingenuity Pathway Analysis (IPA) software (Ingenuity® Systems, www.ingenuity.com) was
used to investigate genes up or downregulated after estradiol treatment in MCF7 cells
expressing PR-B as previously described (12); genes with fold change >2.8 were included in
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the analysis (BH adjusted P <0.01 in the sample comparison: [PR E2/PR vehicle] versus
[vector E2/vector vehicle]).

Human breast cancer tissue studies

De-identified frozen breast cancer tissues were obtained from patients with known ER+ PR+
breast tumors from the UT Southwestern tissue core. Immunohistochemical staining of
matching specimens revealed that ER/PR expression in these tumor samples was largely
restricted to the tumor with little to no expression in the surrounding stroma. Total tissue
protein was extracted using lysis buffer [50mM HEPES (pH 7.5), 150mM NacCl, 10%
glycerol, 1% Triton X-100, 1.5mM MgClI,] containing protease inhibitor cocktail. Lysates
(100ug) were subject to immunoprecipitation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We are grateful to Dr. Deepali Sachdev (University of Minnesota) for the kind gift of the MCF7L cells.
Onapristone was kindly provided by Arno Therapeutics, Inc. (Flemington, NJ). The Masonic Cancer Center
Biostatistics and Bioinformatics core performed the normalization of the raw microarray data. AEW541 was a gift
from Novartis Pharmaceuticals. This work was supported by NIH R01 CA159712 (C.A.L.), P30 CAQ077598 (D.Y.),
and K07 CA131501 (J.H.0.).

References

1. Effects of chemotherapy and hormonal therapy for early breast cancer on recurrence and 15-year
survival: an overview of the randomised trials. Lancet. 2005 May 14-20; 365(9472):1687-717.
[PubMed: 15894097]

2. Davies C, Godwin J, Gray R, Clarke M, Cutter D, Darby S, et al. Relevance of breast cancer
hormone receptors and other factors to the efficacy of adjuvant tamoxifen: patient-level meta-
analysis of randomised trials. Lancet. 2011 Aug 27; 378(9793):771-84. [PubMed: 21802721]

3. Musgrove EA, Sutherland RL. Biological determinants of endocrine resistance in breast cancer. Nat
Rev Cancer. 2009 Sep; 9(9):631-43. [PubMed: 19701242]

4. de Leeuw R, Neefjes J, Michalides R. A role for estrogen receptor phosphorylation in the resistance
to tamoxifen. Int J Breast Cancer. 2011; 2011:232435. [PubMed: 22295213]

5. Vallabhaneni S, Nair BC, Cortez V, Challa R, Chakravarty D, Tekmal RR, et al. Significance of
ER-Src axis in hormonal therapy resistance. Breast Cancer Res Treat. 2011 Nov; 130(2):377-85.
[PubMed: 21184269]

6. Ballare C, Uhrig M, Bechtold T, Sancho E, Di Domenico M, Migliaccio A, et al. Two domains of
the progesterone receptor interact with the estrogen receptor and are required for progesterone
activation of the c-Src/Erk pathway in mammalian cells. Mol Cell Biol. 2003 Mar; 23(6):1994—
2008. [PubMed: 12612073]

7. Shimizu T, Krebs S, Bauersachs S, Blum H, Wolf E, Miyamoto A. Actions and interactions of
progesterone and estrogen on transcriptome profiles of the bovine endometrium. Physiol Genomics.
2010 Nov 29; 42A(4):290-300. [PubMed: 20876846]

8. Daniel AR, Hagan CR, Lange CA. Progesterone receptor action: defining a role in breast cancer.
Expert Rev Endocrinol Metab. 2011 May 1; 6(3):359-69. [PubMed: 21857868]

9. Proietti CJ, Rosemblit C, Beguelin W, Rivas MA, Diaz Flaque MC, Charreau EH, et al. Activation
of Stat3 by heregulin/ErbB-2 through the co-option of progesterone receptor signaling drives breast
cancer growth. Mol Cell Biol. 2009 Mar; 29(5):1249-65. [PubMed: 19103753]

Oncogene. Author manuscript; available in PMC 2015 July 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daniel et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 13

Daniel AR, Lange CA. Protein kinases mediate ligand-independent derepression of sumoylated
progesterone receptors in breast cancer cells. Proc Natl Acad Sci U S A. 2009 Aug 25; 106(34):
14287-92. [PubMed: 19706513]

Hagan CR, Regan TM, Dressing GE, Lange CA. ck2-dependent phosphorylation of progesterone
receptors (PR) on Ser81 regulates PR-B isoform-specific target gene expression in breast cancer
cells. Mol Cell Biol. 2011 Jun; 31(12):2439-52. [PubMed: 21518957]

Knutson TP, Daniel AR, Fan D, Silverstein KA, Covington KR, Fuqua SA, et al. Phosphorylated
and sumoylation-deficient progesterone receptors drive proliferative gene signatures during breast
cancer progression. Breast Cancer Res. 2012 Jun 14.14(3):R95. [PubMed: 22697792]

Gupta A, Mehta R, Alimirah F, Peng X, Murillo G, Wiehle R, et al. Efficacy and mechanism of
action of Proellex, an antiprogestin in aromatase overexpressing and Letrozole resistant T47D
breast cancer cells. J Steroid Biochem Mol Biol. 2013 Jan.133:30-42. [PubMed: 22939887]
Giulianelli S, Vaque JP, Soldati R, Wargon V, Vanzulli SI, Martins R, et al. Estrogen receptor
alpha mediates progestin-induced mammary tumor growth by interacting with progesterone
receptors at the cyclin D1/MY C promoters. Cancer Res. 2012 May 1; 72(9):2416-27. [PubMed:
22396492]

Hilton HN, Graham JD, Kantimm S, Santucci N, Cloosterman D, Huschtscha L1, et al.
Progesterone and estrogen receptors segregate into different cell subpopulations in the normal
human breast. Mol Cell Endocrinol. 2012 Sep 25; 361(1-2):191-201. [PubMed: 22580007]

Zukiwski, AA. Independent characterization by duel staining of progesterone receptor (PR) and
estrogen receptor (ER) in breast cancer (BC). 2013.

Brisken C, O’Malley B. Hormone action in the mammary gland. Cold Spring Harb Perspect Biol.
2010 Dec 1.2(12):a003178. [PubMed: 20739412]

Faivre EJ, Lange CA. Progesterone receptors upregulate Wnt-1 to induce epidermal growth factor
receptor transactivation and c-Src-dependent sustained activation of Erk1/2 mitogen-activated
protein kinase in breast cancer cells. Mol Cell Biol. 2007 Jan; 27(2):466-80. [PubMed: 17074804]

Boonyaratanakornkit V, Scott MP, Ribon V, Sherman L, Anderson SM, Maller JL, et al.
Progesterone receptor contains a proline-rich motif that directly interacts with SH3 domains and
activates c-Src family tyrosine kinases. Mol Cell. 2001 Aug; 8(2):269-80. [PubMed: 11545730]
Fagan DH, Yee D. Crosstalk between IGF1R and estrogen receptor signaling in breast cancer. J
Mammary Gland Biol Neoplasia. 2008 Dec; 13(4):423-9. [PubMed: 19003523]

Smid M, Wang Y, Zhang Y, Sieuwerts AM, Yu J, Klijn JG, et al. Subtypes of breast cancer show
preferential site of relapse. Cancer Res. 2008 May 1; 68(9):3108-14. [PubMed: 18451135]
Massarweh S, Osborne CK, Creighton CJ, Qin L, Tsimelzon A, Huang S, et al. Tamoxifen
resistance in breast tumors is driven by growth factor receptor signaling with repression of classic
estrogen receptor genomic function. Cancer Res. 2008 Feb 1; 68(3):826-33. [PubMed: 18245484]
Riggins RB, Lan JP, Zhu Y, Klimach U, Zwart A, Cavalli LR, et al. ERRgamma mediates
tamoxifen resistance in novel models of invasive lobular breast cancer. Cancer Res. 2008 Nov 1;
68(21):8908-17. [PubMed: 18974135]

Doane AS, Danso M, Lal P, Donaton M, Zhang L, Hudis C, et al. An estrogen receptor-negative
breast cancer subset characterized by a hormonally regulated transcriptional program and response
to androgen. Oncogene. 2006 Jun 29; 25(28):3994-4008. [PubMed: 16491124]

Chia SK, Bramwell VH, Tu D, Shepherd LE, Jiang S, Vickery T, et al. A 50-gene intrinsic subtype
classifier for prognosis and prediction of benefit from adjuvant tamoxifen. Clin Cancer Res. 2012
Aug 15; 18(16):4465-72. [PubMed: 22711706]

Becker MA, Ibrahim YH, Cui X, Lee AV, Yee D. The IGF pathway regulates ERalpha through a
S6K1-dependent mechanism in breast cancer cells. Mol Endocrinol. 2011 Mar; 25(3):516-28.
[PubMed: 21292829]

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of
complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal. 2013 Apr
2.6(269):pl1. [PubMed: 23550210]

Mote PA, Bartow S, Tran N, Clarke CL. Loss of co-ordinate expression of progesterone receptors
A and B is an early event in breast carcinogenesis. Breast Cancer Res Treat. 2002 Mar; 72(2):163—
72. [PubMed: 12038707]

Oncogene. Author manuscript; available in PMC 2015 July 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daniel et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 14

Bretschneider N, Kangaspeska S, Seifert M, Reid G, Gannon F, Denger S. E2-mediated cathepsin
D (CTSD) activation involves looping of distal enhancer elements. Mol Oncol. 2008 Aug; 2(2):
182-90. [PubMed: 19383337]

Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor dynamics and sufficiency in estrogen
receptor-regulated transcription. Cell. 2000 Dec 8; 103(6):843-52. [PubMed: 11136970]

Daniel AR, Knutson TP, Lange CA. Signaling inputs to progesterone receptor gene regulation and
promoter selectivity. Mol Cell Endocrinol. 2009 Sep 24; 308(1-2):47-52. [PubMed: 19549591]
Chakravarty D, Tekmal RR, Vadlamudi RK. PELP1: A novel therapeutic target for hormonal
cancers. [IUBMB Life. 2010 Mar; 62(3):162-9. [PubMed: 20014005]

Cheskis BJ, Greger J, Cooch N, McNally C, McLarney S, Lam HS, et al. MNAR plays an
important role in ERa activation of Src/MAPK and PI13K/Akt signaling pathways. Steroids. 2008
Oct; 73(9-10):901-5. [PubMed: 18261753]

Vadlamudi RK, Manavathi B, Balasenthil S, Nair SS, Yang Z, Sahin AA, et al. Functional
implications of altered subcellular localization of PELP1 in breast cancer cells. Cancer Res. 2005
Sep 1; 65(17):7724-32. [PubMed: 16140940]

Fox EM, Bernaciak TM, Wen J, Weaver AM, Shupnik MA, Silva CM. Signal transducer and
activator of transcription 5b, c-Src, and epidermal growth factor receptor signaling play integral
roles in estrogen-stimulated proliferation of estrogen receptor-positive breast cancer cells. Mol
Endocrinol. 2008 Aug; 22(8):1781-96. [PubMed: 18550772]

Leontovich AA, Zhang S, Quatraro C, lankov |, Veroux PF, Gambino MW, et al. Raf-1 oncogenic
signaling is linked to activation of mesenchymal to epithelial transition pathway in metastatic
breast cancer cells. Int J Oncol. 2012 Jun; 40(6):1858-64. [PubMed: 22447278]

Byron SA, Horwitz KB, Richer JK, Lange CA, Zhang X, Yee D. Insulin receptor substrates
mediate distinct biological responses to insulin-like growth factor receptor activation in breast
cancer cells. Br J Cancer. 2006 Nov 6; 95(9):1220-8. [PubMed: 17043687]

Zhang, Y.; Parrish, Janet; Zhang, Chen; Shapiro, David J.; Nordeen, Steven. Progesterone
Receptor Binds to an Estrogen Response element, and Antagonizes Estrogen Receptor-Mediated
Gene Induction. The Role of DNA as a Functional Ligand; Keystone Symposia on Molecular and
Cellular Biology 2008 Absract Book; 2008 March 07; 2008.

Tang Q, Chen 'Y, Meyer C, Geistlinger T, Lupien M, Wang Q, et al. A comprehensive view of
nuclear receptor cancer cistromes. Cancer Res. 2011 Nov 15; 71(22):6940-7. [PubMed:
21940749]

Fox EM, Arteaga CL, Miller TW. Abrogating endocrine resistance by targeting ERalpha and PI3K
in breast cancer. Front Oncol. 2012; 2:145. [PubMed: 23087906]

Baselga J. Targeting the phosphoinositide-3 (PI3) kinase pathway in breast cancer. Oncologist.
2011; 16(Suppl 1):12-9. [PubMed: 21278436]

Likhite VS, Stossi F, Kim K, Katzenellenbogen BS, Katzenellenbogen JA. Kinase-specific
phosphorylation of the estrogen receptor changes receptor interactions with ligand,
deoxyribonucleic acid, and coregulators associated with alterations in estrogen and tamoxifen
activity. Mol Endocrinol. 2006 Dec; 20(12):3120-32. [PubMed: 16945990]

Riggins RB, Schrecengost RS, Guerrero MS, Bouton AH. Pathways to tamoxifen resistance.
Cancer Lett. 2007 Oct 18; 256(1):1-24. [PubMed: 17475399]

Casa AJ, Dearth RK, Litzenburger BC, Lee AV, Cui X. The type | insulin-like growth factor
receptor pathway: a key player in cancer therapeutic resistance. Front Biosci. 2008; 13:3273-87.
[PubMed: 18508432]

Fagan DH, Uselman RR, Sachdev D, Yee D. Acquired resistance to tamoxifen is associated with
loss of the type I insulin-like growth factor receptor: implications for breast cancer treatment.
Cancer Res. 2012 Jul 1; 72(13):3372-80. [PubMed: 22573715]

Aupperlee MD, Haslam SZ. Differential hormonal regulation and function of progesterone
receptor isoforms in normal adult mouse mammary gland. Endocrinology. 2007 May; 148(5):
2290-300. [PubMed: 17317767]

Encarnacion CA, Ciocca DR, McGuire WL, Clark GM, Fuqua SA, Osborne CK. Measurement of
steroid hormone receptors in breast cancer patients on tamoxifen. Breast Cancer Res Treat. 1993;
26(3):237-46. [PubMed: 8251648]

Oncogene. Author manuscript; available in PMC 2015 July 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Daniel et al.

Page 15

48. Johnston SR, Saccani-Jotti G, Smith IE, Salter J, Newby J, Coppen M, et al. Changes in estrogen
receptor, progesterone receptor, and pS2 expression in tamoxifen-resistant human breast cancer.
Cancer Res. 1995 Aug 1; 55(15):3331-8. [PubMed: 7614468]

49. Lanari C, Wargon V, Rojas P, Molinolo AA. Antiprogestins in breast cancer treatment: are we
ready? Endocr Relat Cancer. 2012 Jun; 19(3):R35-50. [PubMed: 22351709]

50. Sachdev D, Li SL, Hartell JS, Fujita-Yamaguchi Y, Miller JS, Yee D. A chimeric humanized
single-chain antibody against the type | insulin-like growth factor (IGF) receptor renders breast
cancer cells refractory to the mitogenic effects of IGF-1. Cancer Res. 2003 Feb 1; 63(3):627-35.
[PubMed: 12566306]

Oncogene. Author manuscript; available in PMC 2015 July 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Daniel et al.

Coloniesffield

Coloniesffield

Page 16

pSG5- D. N . i
pSG5 PRB ATCC 12 -
+ + + 24hr E2 B 10
= 8 -
[ =
c 4 -
; 0
_ Actin vehlde E2 [ Ona ‘Ona;‘E2
MCF7 MCF7-L
12
5 Soft Agar % E. o '
4 £038
w
3 T = Vehicle 2061
2 " R5020 204 -
| sl B I i
0+ o — 04—
pSG5 pSG5-PRB vehicle | Ona ‘Onaa‘E2
MCF7 . BT474
- BT474 MCE7-L E2
8 1 e 24h
Soft Agar
. = Vehicle = - x ox = = o+ = U
° =E2 PR B
4 - ulGF
T mE2/IGF PR-A
2 | =R5020
T47D
Figure 1.

PR-B expression increases breast cancer cell growth in response to estradiol. (A) Western
blots of PR-B and ER-alpha. Unmodified MCF7 and MCF7 cells expressing pSG5 or pSG5-
PR-B were treated with estradiol (1nM; E2) for 24 h. (B) Soft agar colony formation of

MCF7 pSG5 or pSG5-PR-B cells grown in ethanol (EtOH), estradi

progestin, R5020 (14 days). (C) Soft agar colony formation assay

iol (E2), or synthetic
in cells expressing vector

or PR-B. Cells were treated with EtOH, estradiol (1nM; E2), IGF1 (5nM), both estradiol and
IGF1, or R5020 (10nM) for 21 days. (D-E) Soft agar colony formation of MCF7L and
BT474 cells grown in ethanol, estradiol, or the anti-progestin onapristone (1uM; Ona) for 7
days (+SEM, *p<0.05). (F) Western blots of PR, ER, and Actin (loading control) from

BT474 and MCF7-L cells were treated for 24 hours with estradiol
(1uM).
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Figure 2.

Gene expression profiling identified novel PR-dependent, estradiol-regulated genes. (A)
Heat map of normalized gene expression levels in MCF7 cells stably expressing vector or
PR-B. Cells were treated with EtOH or estradiol (6h). Blue lines (to the right of the heat
map) indicate upregulated genes and black lines (to the right of the heat map) indicate
downregulated genes between lanes 2 and 4. The Venn diagram shows the number of genes
upregulated in response to estradiol (>2 fold, P <0.001) in MCF7 cells expressing vector
only or PR-B. (B, D) SLC7A5 and MAOA mRNA expression. gRT-PCR of SLC7A5 and
MAOA in MCF7 cells expressing vector or PR-B and treated with estradiol (6h) (upper
panels). Relative SLC7A5 and MAOA mRNA expression in normal breast tissue and
invasive breast carcinoma from the TCGA database (lower panels). (C, E) gRT-PCR to
examine WISP2, PTGES, LXN, and TMPRSS? in MCF7 cells expressing vector or PR-B and
treated with estrogen (6h) (xSD or SEM, *p<0.05).
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Figure 3.

PR-B expression is required for estradiol induction of CTSD. (A-B) qRT-PCR of CTD,
TFF1, and SGK in pSG5 or pSG5-PR-B MCF7 cells treated (6h) with the indicated hormone

(ie, estradiol or R5020) (xSD, *p<0.05). (C) TCGA database analysis of relative
MRNA expression in normal breast tissue and invasive breast carcinoma.
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PR is required for ER occupancy on the CTSD promoter. (A) gRT-PCR of CTSD in pSG5 or
pSG5-PR-B T47D cells treated with ethanol or estradiol (24h). (B) gqRT-PCR of CTSD
MRNA in T47D cells stably expressing pSG5-PR-B or pSG5-DBM PR-B and treated with
estradiol (24h). (Inset) Western blot of PR-B and ER in T47D cells stably expressing PR-B
or DBM PR-B. (xSEM, *p<0.05). (C) pSG5-PR-B MCF7 cells treated with vehicle or
estradiol (1h) were subjected to ChIP assays to examine ER recruitment to estradiol
responsive regions in the CTSD distal promoter. Chromatin associated with ER
immunocomplexes was subjected to gPCR, normalized to inputs, and expressed as estradiol-
induced fold change over ethanol treatment. 1gG was used as a negative control. Fold
change values from two independent experimental repeats are presented. (D) MCF7 pSG5-
PR-B cells were treated with ethanol or estradiol (40min). ChIP assays were performed
using ER (right) or PR (left) antibodies compared to IgG negative controls. gPCR values
normalized to input controls are shown, data is representative of 4-8 independent
experiments. (E) ChIP assays to examine ER recruitment to the CTSD distal promoter were
performed in MCF7L cells treated with ethanol or estradiol. Estradiol-induced ER
recruitment was normalized to inputs and is expressed as fold blockade by onapristone.
Values represent the average of three independent experimental repeats. (F) MCF7L cells
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were treated with estradiol, onapristone, or both (24h). CTSD mRNA expression was
evaluated using gRT-PCR and normalized to a housekeeper gene (xSEM, *p<0.05).
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Figure 5.

EtOH E2 AEW E/A

PR-B coordinates ER signaling and transcriptional complexes. (A) Western blots of pSG5 or
pSG5-PR MCF7 cells treated with estradiol or IGF1 (1h). (B) MCF7 (PR-null/ER-null
subline C4-12) cells transiently transfected with ER and PR-B were starved and treated with
estradiol or IGF-1 (10min). PR-containing complexes were isolated using PR-specific
antibodies and protein G-agarose beads. Western blots were performed on
immunocomplexes and whole cell lysates (N.B.; non-specfic band). (C) ChIP assays were
performed in MCF7 pSG5-PRB cells treated with vehicle or estradiol (40min). CTSD distal
promoter chromatin from immunocomplexes isolated by using antibodies specific for ER,
PR, PELP1, or IGF1R was evaluated with gRT-PCR and normalized to inputs. Values are
expressed as estradiol-induced fold change over vehicle. Data represent the average of 3-5
independent experimental repeats. (D) MCF7 cells were treated with vehicle, AEW541, or
LY-294002 and vehicle or estradiol (24h). Cells were subjected gRT-PCR to asses CTSD
and TFF1 mRNA levels normalized to housekeeper genes. Values are expressed as the
average estradiol-induced fold change over vehicle. Data represent the average of 3
independent experimental repeats. (Inset) Western blots of MCF7L cells treated with vehicle
or estradiol and vehicle or AEW541 (1h). (E) ChIP assay of ER recruitment to the CTSD
distal and TFF1 promoters in MCF7L cell treated with vehicle, estradiol, AEW541, or both
estradiol and AEW541 for 40 min. Values, expressed as a percent of input controls, are
representative of 3 independent experiments.

Oncogene. Author manuscript; available in PMC 2015 July 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Daniel et al.

A g
)
% 4
23
c2
o
[}
o0 i
(] (] (]
w | c | w
AL
o
=T =
<5
<<
MCF7-L
B. 54 * *
3¢
53
2
5§27
S mm i
0
vehicle ‘ E2 ‘ Ona ‘ Ona/E2
TAM
C. - MCF7 1GX
5
%3 *
2
5§21 * .
311
0
vehicle Ona AEW EW/Ona
E2/TAM
MCF7 1GX

Figure 6.

PR antagonist blocks estradiol-stimulated growth and sensitizes breast cancer cells to

Page 22

tamoxifen. (A) Soft agar colony formation of MCF7L cells grown in ethanol, estradiol,
AEW, or onapristone (7 days). (B) Soft agar colony formation of MCF7 1GX cells treated
with tamoxifen and either vehicle, estradiol, onapristone, or both (7 days). (C) Soft agar

colony formation of MCF7 1GX cells treated with tamoxifen and estradiol and either
vehicle, onapristone, AEW, or both (7 days) (+SEM, * p<0.05).
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Figure 7.

PR/ER/PELP1 containing complexes in human breast cancer samples. (A) Protein
complexes were isolated from nine human tumor samples using PELP1-specific antibodies.
Western blots were performed on immunocomplexes and input controls. Actin was used as a
loading control. (B) PR-B is a component of a transcriptional complex where it coordinates
estradiol-induced signaling to alter ER-mediated gene regulation.
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