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Abstract

Background: CDK4/6 inhibitors in combination with endocrine therapy (AE/AI/SERDs) are approved for the
treatment of ER+ advanced breast cancer (BCa). However, not all patients benefit from CDK4/6 inhibitors therapy.
We previously reported a novel therapeutic agent, ERX-11, that binds to the estrogen receptor (ER) and modulates
ER-coregulator interactions. Here, we tested if the combination of ERX-11 with agents approved for ER+ BCa would
be more potent.

Methods: We tested the effect of combination therapy using BCa cell line models, including those that have
acquired resistance to tamoxifen, letrozole, or CDK4/6 inhibitors or have been engineered to express mutant forms
of the ER. In vitro activity was tested using Cell Titer-Glo, MTT, and apoptosis assays. Mechanistic studies were
conducted using western blot, reporter gene assays, RT-qPCR, and mass spectrometry approaches. Xenograft,
patient-derived explants (PDEs), and xenograft-derived explants (XDE) were used for preclinical evaluation and
toxicity.
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studies.

inhibitor may represent a viable therapeutic approach.

breast cancer, CDK4/6 inhibitor, Palbociclib

Results: ERX-11 inhibited the proliferation of therapy-resistant BCa cells in a dose-dependent manner, including
ribociclib resistance. The combination of ERX-11 and CDK4/6 inhibitor was synergistic in decreasing the proliferation
of both endocrine therapy-sensitive and endocrine therapy-resistant BCa cells, in vitro, in xenograft models in vivo,
xenograft-derived explants ex vivo, and in primary patient-derived explants ex vivo. Importantly, the combination
caused xenograft tumor regression in vivo. Unbiased global mass spectrometry studies demonstrated profound
decreases in proliferation markers with combination therapy and indicated global proteomic changes in E2F1, ER,
and ER coregulators. Mechanistically, the combination of ERX-11 and CDK4/6 inhibitor decreased the interaction
between ER and its coregulators, as evidenced by immunoprecipitation followed by mass spectrometry studies.
Biochemical studies confirmed that the combination therapy significantly altered the expression of proteins
involved in E2F1 and ER signaling, and this is primarily driven by a transcriptional shift, as noted in gene expression

Conclusions: Our results suggest that ERX-11 inhibited the proliferation of BCa cells resistant to both endocrine
therapy and CDK4/6 inhibitors in a dose-dependent manner and that the combination of ERX-11 with a CDK4/6

Keywords: Estrogen receptor (ER), ER coregulators, Breast cancer, ER coregulator modulator, Therapy-resistant

Introduction

Breast cancer (BCa) is the most common cancer in
women. The majority of BCa (70%) is estrogen receptor-
positive (ER+). ER is activated by estrogenic ligands like
estradiol (E2). ER signaling plays a key role in BCa cell
cycle progression from G; to S phase and is a critical
molecular driver of BCa tumorigenesis. The primary
therapeutic options for patients with systemic ER+ BCa
are drugs targeting ER signaling, using either competi-
tive antagonists like antiestrogens (AE) or antiestrogens
like aromatase inhibitors (AI). However, most patients
develop resistance to these endocrine drugs, and disease
recurrence and progression is common [1, 2]. Import-
antly, the majority of endocrine therapy-resistant tumors
retain ER signaling, through either mutation in the ER,
alternative ligands, or altered coregulator profiles.

ER signaling requires ER interaction with oncogenic
coregulator proteins [3, 4]. Over one third (38%) of ER
coregulators are over-expressed in BCa [4—6] including
oncogenic coregulators SRC3 [7, 8], SRC2 [9], and
PELP1 [10]. These deregulated coregulators contribute
to mammary tumorigenesis [6], therapy resistance, and
metastases [11-14]. Alterations in the concentration or
activity of oncogenic coregulators enable ER signaling
from AE-ER complexes, effectively converting the antag-
onist to an agonist [15, 16]. Recent studies also showed
ER mutations lead to constitutive activity by enhancing
ER-coregulator interactions with reduced sensitivity to
ER antagonists, and mutations such as Y537S contribute
to fulvestrant resistance in vivo [17].

Transcriptional and post-translational regulation of ER
coregulators [18] may play a critical role in ER regula-
tion of cell cycle progression. The activity of cyclin-
dependent kinases (CDKs) [19] is known to regulate

several coregulators via phosphorylation. Luminal breast
cancer commonly exhibits cyclin D1 and CDK4 amplifi-
cation [20], while endocrine therapy-resistant tumors
often exhibit deregulation of the CDK4/6 pathway [21].
Recently, the combination of CDK4/6 inhibitors and
endocrine therapy (AE/AI/SERDs) has been approved
for the treatment of ER+ advanced BCa [22]. Three se-
lective CDK4/6 inhibitors (palbociclib, ribociclib, and
abemaciclib) bind to the ATP-binding pocket of CDK4/6
and produce a cytostatic effect in combination with
agents that target ER signaling [21]. However, some pa-
tients do not benefit from this combination, and the
emergence of resistance in responders is common.

We recently reported the development of a small or-
ganic molecule, ERX-11 [23] (ER coregulator binding
modulator-11), that uniquely interacts with ER and blocks
the interaction of selective oncogenic coregulators with
ER. ERX-11 was shown to block ER signaling and ER-
driven proliferation in therapy-sensitive and therapy-
resistant ER+ BCa. Since endocrine therapy-resistant tu-
mors retain functional ER signaling via oncogenic coregu-
lator proteins, we reasoned that the combination of ERX-
11 with CDK4/6 inhibitors could be synergistic and pre-
vent the emergence of resistant phenotypes.

In this manuscript, we tested and demonstrated the utility
of the combination of ERX-11 and CDK4/6 inhibitors (pal-
bociclib, abemaciclib, ribociclib) in treating therapy-sensitive
and therapy-resistant advanced BCa. These studies provide
the preclinical rationale for this combination therapy.

Materials and methods

Cell lines

Human BCa cells MCF-7, ZR-75, and T-47D were ob-
tained from the American Type Culture Collection
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(ATCC, Manassas, VA). ZR-75-ESR1-MT-D538G and
ZR-75-ESR1-MT-Y537S cells were described earlier
and were cultured in RPMI media containing 10% fetal
bovine serum (FBS) [23]. Ribociclib-resistant cells
(MCF-7/RR) were described earlier [24]. MCF-7/
TamR cells [25] and MCF-7/LTLTca cells [26] were
described earlier. MCF-7/LTLTca and MCF-7/TamR
cells were cultured in phenol red-free RPMI medium
containing 5% dextran-coated charcoal-treated FBS
(DCC-FBS) supplemented with either 1pmol/L of
letrozole or 1 umol/L of tamoxifen, respectively. All
the model cells utilized are free of mycoplasma con-
tamination. Additionally, STR DNA profiling of the
cells was used to confirm the identity using UTHSA
and UT Southwestern core facilities.

Reagents

Letrozole, 17-B-estradiol, (Z)-4-hydroxytamoxifen, and
androstenedione were purchased from Sigma (St. Louis,
MO). Palbociclib was purchased from Cayman Chemical
(MI, USA). Ribociclib (HY-15777) and abemaciclib (HY-
16297A) were purchased from MedChem Express LLC
(Monmouth Junction, NJ). Ki-67 anti-human clone MIB-1
antibody (cat#M7240) was purchased from Dako (Carpin-
teria, CA). The PELP1, SRC3, and SRC1 antibodies were
purchased from Bethyl Laboratories (Montgomery, TX).
The GAPDH, p-ERK1/2, ERK1/2, p-4EBP1, 4EBP1, p-
mTOR(S2448), mTOR, p-p70S6K(T389), p70S6K, p21,
PARP, and p65 antibodies were purchased from Cell Sig-
naling Technology (Beverly, MA). The E2F1 and FOXM1
antibodies were purchased from Santa Cruz Biotechnology.
The anti-ER alpha and anti-phospho-histone H2A.X
(Ser139) antibodies were purchased from Millipore. The
cyclin D1, B-actin, and all secondary antibodies were pur-
chased from Sigma. ERX-11 was synthesized by following
the previously reported procedure [23].

Cell viability and colony formation assays

The effects of ERX-11 and CDK4/6 inhibitors on cell
viability were measured using the MTT cell viability
assay in 96-well plates. BCa cells were seeded in 96-well
plates (1 x 10 cells/well) in phenol red-free RPMI
medium containing 5% DCC-FBS. After an overnight in-
cubation, cells were treated with varying concentrations
of the ERX-11, palbociclib, abemaciclib, ribociclib, or
combination of ERX-11 with each of CDK4/6 inhibitors
in the presence or absence of estrogen (E2) (10~® M) for
7 days. For some experiments, cell viability was also
measured using Cell Titer-Glo luminescent cell viability
assay (Promega) in 96-well, flat, clear-bottom, opaque-
wall microplates according to the manufacturer’s proto-
col. For colony formation assays, MCF-7, ZR-75, ZR-75-
ESR1-MT-Y537S, and ZR-75-ESR1-MT-D538G model
cells (500 cells/well) were seeded in 6-well plates, treated
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with indicated drugs, and allowed to grow for 14 days.
The cells were fixed in ice-cold methanol and stained
with 0.5% crystal violet solution. Pixels above a threshold
of 5000 in their intensity value were counted.

Western blotting and immunoprecipitation

Western blotting and immunoprecipitation were per-
formed as described previously [23]. Briefly, for western
blot, whole-cell lysates were prepared using RIPA buffer
containing protease and phosphatase inhibitors (Sigma
Chemical Co.). Total proteins (50 pg) were mixed with
SDS sample buffer and subjected to SDS-PAGE. Blots
were developed using the ECL kit (Thermo Scientific,
Waltham, MA).

Cell cycle analysis

MCE-7 and MCE-7/TamR cells were seeded in 100-mm
culture plates, and after overnight incubation, cells were
treated with either vehicle, ERX-11 (1 uM), palbociclib
(250 nM), or combination in the presence of estrogen
(E2) (10® M) for 48 h. Cells were then trypsinized and
harvested in PBS, followed by fixation in ice-cold 70%
ethanol for 30 min at 4 °C. Cells were washed again with
PBS and stained with a mixture of 50 pg/mL propidium
iodide and 50 pg/mL RNase A. The PI-stained cells were
subjected to flow cytometry using a FACS Calibur (BD
Biosciences).

Animal studies

All animal experiments were performed after obtaining
UTHSA IACUC approval using methods in the ap-
proved protocol. For xenograft studies, 2 x 10° MCEF-7/
TamR and MCF-7/LTLT model cells were mixed with
an equal volume of Matrigel and implanted in the mam-
mary fat pads of 6-week-old female nude mice implanted
with tamoxifen and androstenedione pellets, respectively
as described [27]. When the tumor was established, it
was dissected into small pieces and they were again im-
planted subcutaneously into the nude mice. Once the tu-
mors reached a measurable size, mice were randomly
selected to receive vehicle and treatment with ERX-11
(10 mg/kg/day orally), palbociclib (50 mg/kg/day orally),
or in combination (n =4-7 tumors). Tumor growth was
measured with a caliper at 3—4-day intervals. At the end
of each experiment, the mice were euthanized, and the
tumors were removed, weighed, and processed for im-
munohistochemical staining.

Xenograft-derived explant and patient-derived explant
studies

For xenograft-derived explant (XDE) studies, xenograft
tumors of ZR-75-ESR1-MT-D538G, ZR-75-ESR1-MT-
Y537S, and MCEF-7/LTLT were initially established in
SCID mice as described above, and earlier published
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patient-derived explant (PDE) protocol [23] was adapted
for XDE assay. When the tumor reached 700 mm?, they
were dissected into 2-mm cubes. Tumor samples were
incubated on gelatin sponges for 24 h in culture medium
containing 10% FBS, followed by treatment with either
vehicle, 1 uM ERX-11, 500 nM palbociclib, or combin-
ation for 72 h. For PDE studies, excised tissue samples
were processed and cultured ex vivo as previously de-
scribed [23]. De-identified patient tumors were obtained
from the UTSW Tissue Repository after institutional re-
view board approval (STU-032011-187, 28). Briefly,
tumor samples were incubated on gelatin sponges for
24 h in culture medium containing 10% FBS, followed by
treatment with either vehicle, 10 uM ERX-11, 250 nM
palbociclib, or combination for 72 h. Representative tis-
sues were fixed in 10% formalin at 4 °C overnight and
subsequently processed into paraffin blocks. The sec-
tions were then processed for immunohistochemical
analysis.

RT-qPCR

Reverse transcription (RT) reactions were performed by
using SuperScript III First Strand kit (Invitrogen, Carls-
bad), according to the manufacturer’s protocol. Real-
time PCR was done using SYBR Green on an Illumina
Real-Time PCR system. Primer sequences of the genes
used were obtained from Harvard Primer Bank (https://
pga.mgh.harvard.edu/primerbank).

Mass spectrometry-based DIA analyses of whole-cell
lysates

MCF-7/TamR cells were treated with E2 (107® M) plus ve-
hicle or ERX-11 (1 uM), palbociclib (250 nM), or the com-
bination of ERX-11 and palbociclib. After 72h of the
treatment, cells were pelleted and snap-frozen and then
lysed 5% SDS/50 mM TEAC (DIA). Protein concentra-
tions were determined by EZQ Protein Quantitation kit
(Thermo Fisher) and peptides by Pierce Quantitative
Fluorometric Peptide Assay (Thermo Fisher). For DIA
analyses, S-Traps (Protifi) were used for reduction/alkyl-
ation, tryptic digestion, and cleanup, starting with 100 pg
of protein (yield 66.5 + 7.5 ug). A pool was made of the 12
samples (3 replicates from each group), and 2 ug peptide
aliquots were analyzed on the Lumos using gas-phase
fractionation and 4-m/z windows (120k resolution for pre-
cursor scans, 15k for product ion scans, all in the orbitrap)
to produce a DIA chromatogram spectral library which
was searched against the UniProt_human database. Ex-
perimental samples were blocked by replicate and ran-
domized within each replicate. Injections of 2ug of
peptides and a 2-h HPLC gradient were employed. MS
data were acquired using 12-m/z windows (staggered;
120k resolution for precursor scans, 30k for product ion
scans) and searched against the chromatogram library.
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Scaffold DIA (v1.3.1; Proteome Software) was used for all
DIA data processing. The pathway analysis was conducted
with Reactome Pathway Database (https://reactome.org/)
on differentially expressed proteins, focusing on the group
that exhibited >1.5-fold change comparing mono and
combination therapies to vehicle.

Immunohistochemistry and yH2AX analysis
Immunohistochemical studies were performed as de-
scribed previously [23]. For the immunohistochemical
studies, tissue sections were blocked in 5% normal goat
serum followed by overnight incubation with Ki-67 (1:
100) primary antibody and subsequent secondary anti-
body incubation for 30 min at room temperature. Immu-
noreactivity was visualized by using the DAB substrate
and counterstained with hematoxylin (Vector Lab, Inc.).
Percent of Ki-67-positive proliferating cells was calcu-
lated in five randomly selected microscopic fields. For
YH2AX analysis, MCF-7 cells were cultured on glass
coverslips and treated with vehicle, ERX-11, palbociclib,
or combination for 4 h. Cells were fixed in 3.7% parafor-
maldehyde followed by permeabilization with 0.1%
TritonX-100 for 10 min. Cells were then stained with
YH2AX antibody, and the fluorescence was analyzed by
microscopy.

Statistical analyses

Statistical differences between the groups were analyzed
with either a ¢ test or ANOVA as appropriate using
GraphPad Prism 6 software. All the data represented in
plots are shown as means + SE. A value of p <0.05 was
considered statistically significant.

Results

ERX-11 and CDK4/6 inhibitors act synergistically to
reduce the growth of therapy-sensitive and therapy-
resistant BCa cells

Our recent studies demonstrated that ERX-11 had anti-
proliferative activity on therapy-resistant ER+ BCa cells,
although at 500 nM concentrations [23]. Since therapy-
resistant BCa cells often exhibit deregulation of both
CDK4/6 and ER coregulator-driven pathways, we hy-
pothesized that the combination of ERX-11 and CDK4/6
inhibitor would more effectively block BCa cell prolifera-
tion. Colony formation assays visually demonstrated that
the combination was more effective in reducing the col-
ony formation of BCa cells compared to either ERX-11
or palbociclib monotherapy (Fig. 1a).

Therapy-sensitive (ZR-75, T-47D) and endocrine
therapy-resistant (MCF-7/TamR, MCF-7/LTLT) BCa
cells were treated with ERX-11 or the CDK4/6 inhibi-
tor, palbociclib, or with the combination. MTT assays
showed that combination therapy was more effective
in reducing the cell viability compared to either ERX-
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11 or palbociclib alone (Fig. 1b—e). The combination
index (CI) studies using the Chou-Talalay method [28]
showed that the CI value was less than 1 in all the four
BCa model cells tested and confirmed that the com-
bination therapy was synergistic. In contrast, the com-
bination of ERX-11 with other therapeutic agents like
gemcitabine, cisplatin, or paclitaxel did not show any
additive or synergistic effect (Additional file 1: Figure
S1). To further test whether palbociclib enhances the
efficacy of ERX-11 by lowering its IC50, we conducted
a dose-response study with ERX-11 keeping the con-
stant concentration of palbociclib. The results showed
that palbociclib significantly enhanced the potency of
ERX-11 and lowered the IC50 of ERX-11 in all five
model cells (Additional file 1: Figure S2).

We then tested the utility of combination therapy using
two additional CDK4/6 inhibitors currently in clinical tri-
als/treatment including abemaciclib and ribociclib. The
results from these studies showed that similar to palboci-
clib, both abemaciclib and ribociclib act synergistically
with ERX-11 (Fig. 1f, g). We also confirmed the utility of
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ERX-11 combination therapy using three different CDK4/
6 inhibitors in colony formation assays. Results showed
that the ERX-11+CDK4/6 inhibitor combination was
more effective in reducing the colony formation of BCa
cells compared to either ERX-11, palbociclib, abemaciclib,
or ribociclib monotherapy (Additional file 1: Figure S3).
We next treated ER-mutant model cells (ZR-75-ESR1-
MT-Y537S, ZR-75-ESR1-MT-D538G) with ERX-11 or
the CDK4/6 inhibitors, or with the combination. The re-
sults showed that the combination therapy has a syner-
gistic effect in these ER-mutant model cells (Fig. 2a, b,
c). We then tested whether ERX-11 has utility in treating
MCE-7/RR cells that have acquired resistance to the
CDK4/6 inhibitor, ribociclib [24]. We noted that both
MCEF-7 and MCF-7/RR were responsive to ERX-11. As
expected, due to the acquired resistance of MCF-7/RR
cells to ribociclib, the combination of ERX-11+ribociclib
was not additive in MCF-7/RR cells; however, they are
sensitive to ERX-11 therapy (Additional file 1: Figure
S4A). Furthermore, MCF-7/RR exhibited resistance to
antiestrogen fulvestrant (ICI); however, ERX-11 was able
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to reduce the cell viability of MCF-7/RR (Additional file 1:
Figure S4B, C). Collectively, these results suggest that
ERX-11-targeted molecular vulnerabilities enhance pal-
bociclib efficacy, and combination therapy will have util-

ity in treating therapy-sensitive and therapy-resistant
BCa.

ERX-11 and CDKA4/6 inhibitor combination is effective in
reducing the proliferation of xenograft breast tumor
explants

We then evaluated the effect of ERX-11 and palbociclib
combination therapy using ex vivo cultures of xenograft
tumors (xenograft-derived explants (XDE)) of two preva-
lent ER mutants (ZR-75-ESR1-MT-Y537S, ZR-75-ESR1-
MT-D538G) [29-32] and letrozole-resistant MCF-7/
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LTLT tumors and examined the expression of Ki-67 as a
marker of proliferation. The results showed that ERX-11
and palbociclib combination is more efficient in reducing
the expression of Ki-67 in all three XDEs including those
from MCF-7/LTLT, ZR-75-ESR1-MT-Y537S, and ESR1-
MT-D538G (Fig. 2d—g). These results validate our cell line
data and suggest that the combination of ERX-11 and pal-
bociclib can inhibit the growth of ER+ human breast tu-
mors and therapy-resistant xenograft tumors ex vivo.

Combination of ERX-11 with CDK4/6 inhibitor promoted
tumor regression in preclinical xenograft models of
endocrine resistance

In vivo efficacy of ERX-11 and palbociclib combin-
ation therapy was evaluated using MCF-7/TamR
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xenograft model that exhibits resistance to tamoxifen
treatment. MCF-7/TamR xenografts (n=4 tumors/
group) containing nude mice were randomized to feed
via oral gavage 5 days/week with 10 mg/kg ERX-11 or
50 mg/kg palbociclib or combination. Combination
treatment resulted in significantly lower tumor volume
and smaller tumor size compared to monotherapy of
ERX-11 or palbociclib (Fig. 3a). Mice treated with
ERX-11 and palbociclib combination exhibited no
overt signs of toxicity, and body weight was not af-
fected (Fig. 3b) compared to vehicle or monotherapy.
Furthermore, ERX-11- and palbociclib-treated tumors
exhibited less proliferation (Ki-67 staining) compared
to vehicle or monotherapy (Fig. 3¢, d). We also con-
firmed the efficacy of combination therapy using
MCEF-7/LTLT xenograft tumors that exhibit resistance
to letrozole (1 =7 tumors/group). Results showed that
ERX-11 and palbociclib combination is more efficient
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in reducing the letrozole-resistant tumor volume and
proliferation (Fig. 3e—h). Collectively, these data indi-
cate that ERX-11 and palbociclib combination is more
potent in reducing the growth of endocrine therapy-
resistant breast tumors in vivo.

ERX-11 and CDK4/6 inhibitor combination is effective in
reducing the proliferation of primary patient-derived
breast tumor explants

To test the efficacy of ERX-11 and palbociclib com-
bination therapy on primary breast specimens, we
have used patient-derived explants (PDE) of primary
breast tumors that allow for the evaluation of drugs
on breast tumors while maintaining their native tis-
sue architecture [33, 34]. Surgically extirpated de-
identified breast tissues are sliced into small pieces
and grown ex vivo on a gelatin sponge and treated
with either vehicle, ERX-11, palbociclib, or ERX-
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Fig. 3 ERX-11 enhances palbociclib ability to reduce tumor growth in preclinical models of endocrine therapy resistance. a—d Following
implantation and growth of ER+ tamoxifen-resistant xenografts (n =4 tumors/group), mice were treated with vehicle, ERX-11 (10 mg/kg/day),
palbociclib (50 mg/kg/day), or in combination. Tumor volume (a), body weight (b), and Ki-67 status of vehicle and drug-treated tumors were
shown (¢, d). Following implantation and growth of ER+ letrozole resistant xenografts (n =7 tumors/group), mice were treated with vehicle or
ERX-11(10 mg/kg/day), palbociclib (50 mg/kg/day), or in combination. Tumor volume (e), body weight (f), and Ki-67 status of vehicle and drug-
treated tumors were shown (g, h) (*p < 0.05, ***p < 0.001, ****p < 0.0001)
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11+palbociclib (Fig. 4a, b). Combination therapy of
ERX-11 and palbociclib potently reduced the prolif-
eration (Ki-67 staining) in PDEs obtained from 6/6
patients compared to untreated vehicle, ERX-11, or
palbocliclib monotherapy (Fig. 4c, d).

ERX-11 and CDK4/6 inhibitor treatment alters the
interactions between ER and coregulators

Since ERX-11 blocks ER interactions with coregulators, we
examined the effect of the combination therapy on the in-
teractions between ER with coregulators. Using an unbiased
immunoprecipitation mass spectrometry approach, we
showed that the combination therapy significantly disrupted
the interactions between ER and a larger number of ER-
binding coregulators than either monotherapy or vehicle
controls. Indeed, the combination disrupted 136/199 core-
gulator interactions with ER in MCEF-7 cells compared to 31
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and 76 coregulators blocked by palbociclib or ERX-11 alone
(Fig. 5a—d, Additional file 1: Figure S5). We also confirmed
the ability of ERX-11+palbo combination therapy to po-
tently disrupt ERa interaction with coregulators using an
immunoprecipitation experiment that examined the inter-
action of two well-known ERa coregulators SRC1 and
SRC3. The results confirmed that treatment of combination
therapy potently disrupted the interaction of ERa with both
SRC1 and SRC3 compared to monotherapy (Additional file 1:
Figure S6A). Collectively, these studies suggested that core-
gulator interaction with ER was globally affected by the
ERX-11 and palbociclib combination therapy.

ERX-11 did not enhance CDK4/6 inhibitor-mediated GO-
G1 cell cycle arrest

Effects of ERX-11 and palbociclib combination therapy
on cell cycle progression were investigated using cell
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Fig. 4 ERX-11 enhances palbociclib ability to reduce proliferation in patient-derived tumor explants. Schematic representation of patient-derived
explant (PDE) model is shown (a). Six PDEs (b) were treated with vehicle, ERX-11, palbociclib, or in combination for 72 h. Effect of ERX-11,
palbociclib, or combination therapy on Ki-67 expression in ER+ tumors is shown (c, d)
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168

\

Fig. 5 ERX-11+palbociclib treatment alters ER interactions with coregulators. a—d MCF-7 cells were treated with E2 (10°® M) in the presence or
absence of ERX-11 (10 uM), palbociclib (0.25 uM), or ERX-11+palbociclib for 2 h. Cell lysates from treated cells were subjected to
immunoprecipitation with ERa antibody. The immunoprecipitates were analyzed by mass spectrometry

cycle analyses. As expected from the inhibition of
CDK4/6 activity, both MCF-7 and MCF-7/TamR cells
showed an increase in the GO—G1 phase of the cell
cycle. However, combination therapy did not promote
any further increase than palbociclib as a monotherapy
(Additional file 1: Figure S6B). Western blot analysis
also showed a lack of additive effect of combination
therapy on the levels of various cell cycle proteins in-
cluding cyclin D1, p21, and pERK1/2 (Additional file 1:
Figure S6C). Collectively, these findings suggest that
the higher efficacy seen in ERX-11 and palbociclib
combination therapy is not due to cell cycle alterations.

Global mass spectrometry-based analyses identified
unique pathways modulated by combination therapy

To understand the mechanism of synergy between ERX-11
and palbociclib, we used data-independent acquisition (DIA)
mass spectrometry analyses using whole-cell lysates of
MCEF-7/TamR cells treated with vehicle, ERX-11,

palbociclib, or combination of ERX-11 and palbociclib in 3
biological replicates. DIA analyses resulted in the identifica-
tion of 4449 proteins (4442 quantified with 2 or more pep-
tides). Proteins exhibiting > 1.5-fold difference (either up or
down) in relative quantity after treatment with ERX-11, pal-
bociclib, or combination of ERX-11+palbociclib compared
to vehicle are shown in the Venn diagram (Fig. 6a). Import-
antly, in agreement with immunohistochemical results from
PDE, XDE, and xenografts, DIA analysis showed significant
downregulation of the proliferation marker Ki-67 in re-
sponse to combination therapy compared to monotherapy
or vehicle. In contrast, no effect on the expression of house-
keeping genes such as GAPDH was observed by either
mono or combination therapy (Fig. 6b). A comparison was
made of relative protein abundance between vehicle and
combination therapy, and proteins that were downregulated
or upregulated > 1.5-fold were subjected to pathway analysis
using Reactome (https://reactome.org/). Selected pathways
are shown in Additional file 1: Figure S7. The unique
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pathways modulated by the combination therapy include
E2F signaling, RNA metabolism, translation, DNA damage,
DNA repair, apoptosis, and endoplasmic reticulum stress.
Representative results from the DIA analysis of selected pro-
teins involved are shown (Additional file 1: Figure S8). We
have utilized a widely used y-H2AX foci assay that indicates
the presence of a double-strand break (DSB) and foci
disappearance indicate repair of the DNA damage. The re-
sults confirmed an increase in the accumulation of y-H2AX
foci in combination therapy-treated cells compared to
monotherapy of ERX-11 or palbociclib or untreated control
(Additional file 1: Figure S9).

ERX-11 and palbociclib treatment decrease the levels of
E2F1, ERa, and ER-coregulators

Western blot analysis using two BCa models also con-
firmed the downregulation of ERa and E2F1 expression
upon treatment with combination therapy compared to
monotherapy (Fig. 7a). Further, western blot analysis re-
vealed that the combination therapy reduced the levels of
several oncogenic ER coregulators including SRC3,
PELP1, and SRC1 (Fig. 7b). Moreover, western blot ana-
lyses confirmed the downregulation of DNA repair pro-
teins identified in DIA analyses including FOXMI,
PARPI1, and NF-«kB subunit p65 following combination
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therapy (Fig. 7c). Since global proteomic analysis results
(Fig. 6) suggested the downregulation of pathways in-
volved in protein translation, we confirmed whether ERX-
11 and palbociclib therapy alters the mTOR signaling axis.
The results showed that ERX-11 and palbociclib therapy
substantially reduced the expression of several compo-
nents of mTOR signaling including mTOR, 4EBP1, and
p70S6K compared to monotherapy (Fig. 7d). The RT-
qPCR analysis confirmed the significant downregulation
of several genes regulated by the E2F1 and ER pathways
by combination therapy (Fig. 7e). These data indicate that
the downregulation of E2F1, ER«, and ER binding proteins
may contribute functionally to the alteration in the ER
coregulator binding profile and consequently to ER activ-
ity. Taken together, these results along with unbiased glo-
bal mass spectrometry-based analyses (Fig. 6) indicate that
the effect of the combination therapy may be related to
the dramatic decrease of the expression of a number of
ER coregulators, ER, and E2F downstream signaling pro-
teins (Additional file 1: Figure S10).
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Discussion

The majority of breast cancer is ER+. However, both
de novo and acquired therapy resistance limit the util-
ity of ER-targeted therapy using Als and AEs. Emer-
ging evidence implicate ER signaling is intact in many
therapy-resistant tumors, and ER interaction with crit-
ical coregulator proteins mediates ER signaling in
these therapy-resistant tumors. While Als and AEs
may disrupt some of these ER-coregulator interac-
tions, their ability to target these interactions is lim-
ited in therapy-resistant cells. Recently, we developed
ERX-11, a small molecule that targets ER at a unique
site, that functions as an ER-coregulator modulator
and has good efficacy in treating therapy-resistant BCa
[23]. Since extensive crosstalk occurs with cell cycle
machinery and ER coregulators, we reasoned that
combination treatments that block ER-coregulator sig-
naling and CDK4/6 signaling may have better thera-
peutic utility. Using multiple in vitro cell-based assays,
ex vivo PDE, xenograft-derived MT-ER explants, and
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preclinical xenograft models of endocrine resistance,
this study provided evidence that combination therapy
of ERX-11 and palbociclib is very efficient in blocking
the growth of therapy-resistant BCa.

Approximately 70% of BCa are dependent on ER signal-
ing for growth. ER signaling modulates multiple pathways
including upregulation of cyclin D1 which upregulate
CDK4/6 activity [35, 36]. Cyclin D1 amplification occurs
in 58% of luminal B cancers and 29% of luminal A cancers
[20]. Increased cyclin D1 potentiates ER transcription in
an autocrine manner further potentiating ER-mediated
cell proliferation. This scientific premise formed the basis
for combining endocrine therapy with CDK4/6 inhibitors
to overcome ER therapy resistance. Recently, the FDA ap-
proved CDK4/6 inhibitors for clinical use in the metastatic
setting in combination with letrozole or with fulvestrant
[37]. All three CDK4/6 inhibitors (palbociclib, ribociclib,
abemaciclib) showed prolongation of progression-free sur-
vival (PFS) over ER targeted therapy. Unfortunately, most
patients eventually acquire resistance to CDK4/6 inhibi-
tors, and disease progression occurs. Preclinical studies
identified several mechanisms that contribute to resistance
including acquired mutation of RB1, amplification of cyc-
lin E, amplification of CDK6 or suppression of CDK2 in-
hibitors (e.g., p27kipl or p2lcipl), and alterations in the
PI3K/mTOR pathway [38]. Therefore, combining CDK4/6
inhibitor therapy with an effective ER target therapy will
further maximize CDK4/6 inhibitors utility. Our results
support the utility of ERX-11 in extending the efficacy of
CDKA4/6 inhibitors (palbociclib, ribociclib, abemaciclib) for
treating therapy-resistant BCa. Further, ERX-11 was also
effective in reducing the growth of CDK4/6 inhibitor-
resistant models.

ER-coregulators play an important role in ER mediated
cell proliferation. For example, SRC3 directly interacts
with E2F1, is recruited to E2F target gene promoters,
and stimulates the transcription of a subset of E2F-
responsive genes that are associated with the G1/S tran-
sition [39]. Knockdown of SRC2 or SRC3 coactivators
decreases the E2-induced progression from G1 to S [40].
ER coregulator, PELP1, is a novel substrate of CDKs,
phosphorylated by the CDK4/cyclin D1, couples ER sig-
naling to the E2F axis, and CDK phosphorylation plays a
key role in the PELP1 oncogenic functions [18]. ER-
coregulator CARML1 is required for the E2-mediated ac-
tivation of E2F1 and for the induction of E2F1 target
genes [41]. Since crosstalk occurs between ER and E2F1
signaling, blockage of ER-coregulator signaling further
potentiates the inhibition of E2F signaling mediated by
palbociclib. Our results showed that the combination of
ERX-11 and palbociclib is more efficient in decreasing
E2F1 protein levels compared to monotherapy of ERX-
11 or palbociclib. Further, our studies demonstrated a
higher efficacy of combination therapy in altering both
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ER and E2F signaling. These results suggest that the co-
therapeutic targeting of ERX-11 with palbociclib is bene-
ficial in treating therapy-resistant BCa.

Alterations in the concentration or activity of selective
coregulators enable ER signaling from AE-ER complexes,
effectively converting the antagonist to an agonist [15,
16]. Over one third (38%) of ER coregulators identified
in BCa are over-expressed [4-6], such as SRC3 [7, 8],
SRC2 [9], and PELP1 [10]. The unbiased IP mass spec-
trometry analyses suggest that ERX-11 and palbociclib
combination is more efficient in blocking the interac-
tions of ER with multiple coregulators. Several mecha-
nisms might have contributed to the increased efficacy
of ERX-11 and palbociclib combination in the disruption
of the ER interactome. Since ER and its coregulator ex-
pression and functions are modulated throughout the
cell cycle via phosphorylation by CDKs, CDK4/6 inhib-
ition could indirectly affect ER interactions by altering
ER phosphorylation, coregulator phosphorylation, and
their expression by altering ER and E2F transcription
factors. In support of this, RT-qPCR analyses showed
that ERX-11 and palbociclib combination therapy is
more efficient in suppressing key pathways including ER
and E2F. Western blot analyses showed that combin-
ation therapy has the potential to reduce the expression
levels of several coregulators. Thus, the more compre-
hensive disruption of ER coregulators by the combin-
ation of ERX-11 and CDK4/6 inhibitors represents an
exciting approach in therapy-resistant BCa.

Mutations in ER are rare in untreated patients. How-
ever, recent studies revealed that breast tumors ac-
quire mutations in the ER ligand-binding domains
(L536 N, Y537S, Y537N, and D538@G) that facilitate the
constitutive activity of these mutant ER (MT-ER) in
the absence of ligand [29-32]. Tumors with MT-ER
interact with oncogenic coregulators to drive ER-
dependent transcriptional programs and proliferation
and are poorly responsive to AEs and Als [17, 29-32].
Recent studies reported encouraging activity of fulves-
trant and palbociclib combination therapy against
MT-ER cancers; however, it also suggested that com-
bination treatment with palbociclib and letrozole does
not prevent the selection of ER mutations [42]. There-
fore, endocrine agents that are effective against MT-
ER will have more efficacy in treating advanced BCa.
ERX-11 interacts directly with MT-ER and efficiently
blocks their oncogenic signaling [23]. Our results
showed that ERX-11 significantly enhanced the effi-
cacy of palbociclib in reducing the growth of MT-ER
expressing cells. Importantly, using ex vivo culture of
xenograft-derived MT-ER tumor tissues, we demon-
strated that ERX-11 and palbociclib combination ther-
apy is effective in limiting the proliferation of ER-MT-
driven tumors.
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E2F-mediated gene transcription plays a critical role in
DNA damage response and repair [43]. CDK4/6 inhibitors
are known to cause suppression of poly (ADP-ribose)
polymerase 1 (PARP1) transcription [44], and PARP1 pro-
tein is involved in several mechanisms of DNA damage re-
pair. In this study using DIA based whole-cell lysate mass
spectrometry analysis, we found that ERX-11 and palboci-
clib combination therapy significantly downregulated the
DNA damage response and repair pathways compared to
monotherapy [45]. Independent biochemical assays also
confirmed the downregulation of FOXM1 and PARP1
proteins. Since FOXM1 drives the transcription of genes
for DNA damage sensors, mediators, signal transducers,
and effectors [46], a decrease in FOXMI1 reduces the
DNA damage repair gene expression network and this
might have contributed to enhanced sensitization of ERX-
11 and palbociclib combination therapy.

Conclusions

Our findings suggested that combination therapy of
ERX-11 and CDK4/6 inhibitors may be a promising
therapeutic strategy for therapy-resistant BCa. Mech-
anistic studies revealed that ERX-11 and CDK4/6 in-
hibitor combination therapy potency is mediated by
(1) higher efficacy in altering both ER and E2F signal-
ing, (2) more comprehensive disruption of ER coregu-
lators, and (3) decreased DNA damage repair gene
expression network. Since ERX-11 is well-tolerated
with fewer side effects and has activity against BCa
resistant to both endocrine therapy and CDK4/6 in-
hibitors, it can be readily extended to clinical use as a
therapeutic to enhance the utility of CDK4/6
inhibitors.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513058-019-1227-8.

Additional file 1: Figure S1. (A) MCF-7 or (B) T-47D cells were stimu-
lated with E2 (10®M) for 3 days in the presence or absence of 1 uM of
ERX-11 or cisplatin or paclitaxel or gemcitabine or in combination and
the cell viability was measured by Cell Titre-Glo Luminescent assay. Fig-
ure S2. ZR-75, T-47D, MCF-7/TamR, ZR-75-ESR1-MT-Y537S and ZR-75-
ESR1-MT-D538G cells were stimulated with E2 (10°M) for 7 days in the
presence or absence of ERX-11 (0.5uM) or palbociclib (0.5uM) or in com-
bination with indicated concentrations of ERX-11 and the cell viability
was measured by MTT assay. Figure S3. Equal number of ZR-75, ZR-75-
ESR1-MT-Y537S and ZR-75-ESR1-MT-D538G cells were plated and treated
with ERX-11 (500nM) or palbociclib (50 nM) or abemaciclib (50nM) or
ribociclib (50nM) or combination and clonogenic (survival) assays were
performed after 14 days. Figure S4. (A) Parental MCF-7 or ribociclib resist-
ant MCF-7/RR cells were stimulated with £2 (10°™) for 5 days in the pres-
ence or absence of ERX-11 (1, 5, 10 uM) or ribociclib (1 uM) or in
combination and the cell viability was measured by Cell Titer-Glo Lumi-
nescent assay. (B) MCF-7 or (C) MCF-7/RR cells were treated with E2
(10°®M) for 5 days in the presence or absence of ERX-11 (1, 2, 5 uM) or ICI
(0.2, 04, 1 uM). Figure S10. Schematic representation of model for mech-
anisms of ERX-11+palbociclib therapy.
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