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Abstract

Triple-negative breast cancer (TNBC), the most aggressive breast cancer subtype, occurs in
younger women and is associated with poor prognosis. Gain-of-function mutations in TP53 are a
frequent occurrence in TNBC and have been demonstrated to repress apoptosis and up-regulate
cell cycle progression. Even though TNBC responds to initial chemotherapy, resistance to
chemotherapy develops and is a major clinical problem. Tumor recurrence eventually occurs and
most patients die from their disease. An urgent need exists to identify molecular-targeted therapies
that can enhance chemotherapy response. In the present study, we report that targeting PELP1, an
oncogenic co-regulator molecule, could enhance the chemotherapeutic response of TNBC through
the inhibition of cell cycle progression and activation of apoptosis. We demonstrate that PELP1
interacts with MTp53, regulates its recruitment, and alters epigenetic marks at the target gene
promoters. PELP1 knockdown reduced MTp53 target gene expression, resulting in decreased cell
survival and increased apoptosis upon genotoxic stress. Mechanistic studies revealed that PELP1
depletion contributes to increased stability of E2F1, a transcription factor that regulates both cell
cycle and apoptosis in a context-dependent manner. Further, PELP1 regulates E2F1 stability in a
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KDMZ1A-dependent manner, and PELP1 phosphorylation at the S1033 residue plays an important
role in mediating its oncogenic functions in TNBC cells. Accordingly, depletion of PELP1
increased the expression of E2F1 target genes and reduced TNBC cell survival in response to
genotoxic agents. PELP1 phosphorylation was significantly greater in the TNBC tumors than in
the other subtypes of breast cancer and in the normal tissues. These findings suggest that PELP1 is
an important molecular target in TNBC, and that PELP1-targeted therapies may enhance response
to chemotherapies.
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Introduction

Approximately 30,000 women in the United States are diagnosed with triple-negative breast
cancer (TNBC) annually. TNBC is characterized by the absence of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) (1).
Therefore, TNBC patients do not benefit from commonly used anti-estrogen- and herceptin-
based therapies, and TNBC is an independent risk factor for poor survival, recurrence, and
distant metastases (2-4). Recent studies revealed that TNBC comprises a heterogeneous
group of tumors encompassing several molecular subtypes such as basal-like, normal breast-
like, and the claudin-low subtype (5). Approximately, 62% of the basal-like TNBC and 43%
of the non-basal-like TNBC have mutations in the tumor suppressor p53 (MTp53) (6). The
majority of the p53 mutations observed in tumor tissues are point mutations in the DNA-
binding domain, which causes the mutants to lose their ability to bind p53 response elements
and regulate the transcription of p53 target genes (7). However, mutations confer the p53
protein with oncogenic gain-of-functions via interactions with other transcription factors
(8,9) and are shown to promote deregulation of cell cycle progression through its interaction
with the NF-Y complex (10). Even though TNBC tumors initially respond to chemotherapy,
resistance develops and recurrence eventually occurs, resulting in chemotherapy failure.

The transcriptional factor E2F1 can promote cell cycle progression or apoptosis in a context-
dependent manner (11). E2F1 has been implicated in inducing apoptotic target gene
expression in response to DNA damage (12,13). Various post-translational modifications,
such as acetylation, phosphorylation, and methylation, regulate the stability of E2F1 protein
and switch its activity in response to DNA damage (14-16). E2F1 promotes apoptosis
through the activation of key target gene expression, such as p73, Bim, PUMA, and NOXA
(15,17). In MTp53 TNBC cells, E2F1 plays a key role in regulating apoptosis in response to
DNA damage (18). However, the mechanism(s) promoting E2F1-mediated apoptosis in
TNBC remains elusive and is an active area of investigation.

Proline-, Glutamic acid-, and Leucine-rich Protein-1 (PELP1) is an oncogenic co-regulator
molecule for many nuclear receptors (19,20), is overexpressed in many cancers including
TNBC, and is an independent prognostic marker for poor survival (21). In ER+ breast
cancer, PELP1 regulates the transcription of ER target genes, and promotes hormone-
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independent activation of ER target genes and therapy resistance (20). In TNBC, PELP1
plays important roles in regulating proliferation, epithelial-to-mesenchymal transition, and
metastasis (22). PELP1 also functions as a co-regulator molecule for a number of other
transcription factors such as E2F1 (23) and p53 (24). PELP1 is a substrate of the cyclin-
dependent kinases, regulates E2F1 target gene expression, and promotes the G1-S transition
during the cell cycle progression (23). Recent evidence also suggests that PELP1 is substrate
of the DNA damage response kinases (DDR), and PELP1 regulates WTp53-mediated
apoptosis in response to DNA damage (24). PELP1 phosphorylation at the S1033 residue by
the DDR kinase is vital for its WTp53 co-regulator functions (24). However, it was
unknown whether PELP1 regulates the MTp53 oncogenic functions.

In the present study, we discovered that PELP1 functions as a co-regulator for the MTp53
oncogenic functions. We found that PELP1 depletion in TNBC cells causes enhanced
sensitivity to genotoxic stress. Mechanistic studies revealed that PELP1 interacts with
MTp53 and E2F1, and differentially regulates their target gene expression. PELP1
phosphorylation was increased in TNBCs. These findings suggest that PELP1 is an
important molecular target in TNBC, and that PELP1-targeted therapies may enhance a
patient’s response to chemotherapy.

Materials and Methods

Cell lines and Reagents

gRT-PCR

TNBC model cells (MDA-MB-231 and MDA-MB-468) were purchased from the American-
Type Culture Collection (ATCC) and maintained in RPMI 1640 and DMEM medium
supplemented with 10% fetal bovine serum, respectively (Sigma-Aldrich, St. Louis, MO).
HEK-293T cells were obtained from ATCC and maintained in DMEM supplemented with
10% fetal bovine serum. MDA-MB-231 cells expressing control- or PELP1-shRNA were
generated as described earlier (22). Non-targeted and SMARTpool PELP1siRNA were
obtained from Dharmacon Inc. (Lafayette, CO). The p53 (mouse monoclonal) and E2F1
mouse monoclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). The PELP1 antibody was purchased from Bethyl laboratories (Montgomery, TX).
Cleaved Caspase-3, cleaved PARP-1, and p53 antibody was purchased from Cell Signaling
Technologies (Beverly, MA). The phospho-PELP1 antibody was generated as described
previously (24). GFP-TRAP beads were obtained from ChromoTek (Planegg-Martinsried,
Germany). Cisplatin (cis-Diamineplatinum (I1) dichloride), carboplatin, and camptothecin
were purchased from Sigma-Aldrich (St. Louis, MO, USA). For the radiation treatment, the
exponentially growing cells were exposed to various doses of 13/Cs -rays at a dose rate of
0.93 Gy/min at room temperature using a Gamma Cell-40 irradiator (Atomic Energy of
Canada Ltd, Montreal, Canada).

MDA-MB-231 cells expressing control- or PELP1-shRNA were treated with camptothecin
or gamma irradiation. Total RNA from these cells was isolated using the Trizol Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. cDNA synthesis
was performed using Superscript 111 RT-PCR kit (Invitrogen, Carlsbad, CA). Real-time PCR
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was done using a Cepheid Smartcycler Il (Sunnyvale, CA) or Illumina Eco Real-time PCR
machine (San Diego, CA) with the specific real-time PCR primers for CyclinA2, Cdc25c,
Bim, Noxa, p73, and Actin. The sequences of the primers are as follows: Actin: F-
GTGGGCATGGGTCAGAAG, Actin: R-TCCATCACGATGCCAGTG, CDC25C: F-
GTATCTGGGAGGACACATCCAGGG, Cdc25c: R-
CAAGTTGGTAGCCTGTTGGTTTG, Cyclin A2: F-
AGCAGCCTGCAAACTGCAAAGTTG, Cyclin A2: R-
TGGTGGGTTGAGGAGAGAAACAC, Bim: F-TGGCAAAGCAACCTTCTGATG, Bim:
R-GCAGGCTGCAATTGTCTACCT, Noxa: F-GCTGGAAGTCGAGTGTGCTA, Noxa:R-
CCTGAGCAGAAGAGTTTGGA, p73: F-GGATTCCAGCATGGACGTCTT, p73: R-
GCGCGGCTGCTCATCT. Results were normalized to actin transcript levels, and the
difference in fold expression was calculated using delta-delta-CT method. Student’s t test
was used to analyze all the qRT-PCR data using Graphpad PRISM software.

Immunoprecipitation (IP) and Chromatin Immunoprecipitation (ChIP)

For immunoprecipitation, total cellular lysates were prepared using NP40 lysis buffer (50
mM Tris-Hcl-pH7.5, 0.5 mM EDTA, 0.5% NP-40, 150 mM NaCl, 25 mM NaF, 0.1 mM
sodium orthovanadate, and phosphatase and protease inhibitor cocktails). The lysates were
diluted twofold using dilution buffer (50 mM Tris-Hcl-pH7.5, 150 mM NaCl, and 0.5 mM
EDTA). Proteins were immunoprecipitated overnight using PELP1, p53, or the isotype-
matched 1gG antibody. Antibody complexes were pulled down using Protein-A Sepharose
beads, and the immunoprecipitates were separated on an 8% SDS-PAGE gels. A GFP-
TRAP pull-down assay was performed as described in the manufacturer’s protocol
(ChromoTek, Munich Germany). ChlP and re-ChIP were done as described previously
(25,26). Briefly, formaldehyde was added to the cells to crosslink the protein~-DNA
complexes, then the cell and nuclear membranes were disrupted and the DNA was
fragmented by sonication. The lysates were subjected to ChIP using PELP1, p53, E2F1,
H3K9Ac, or IgG antibodies. The protein-DNA complexes were reverse crosslinked
followed by Proteinase K treatment. The immunoprecipitated DNA was quantified using
real-time PCR, and the recruitment was calculated as percentage input. ChlIP primer
sequences: Cyclin A2: F-GCGCTTTCATTGGTCCATTT, Cyclin A2: R-
GCGGCTGTTCTTGCAGTTC, Cdc25¢c: F-GAATGGACATCACTAGTAAGGCGCG,
Cdc25c: R-GCAGGCGTTGACCATTCAAACCTTC, Bim: F-
CTAAGGCTTGTGTCCGGAAG, Bim: R-CTTCGTCGGAGGATTTGAG. Statistical
significance of ChIP data was done using student’s t test.

Western Blot Analysis

Cells expressing control- or PELP1-shRNA or PELP1-siRNA were treated with various
DNA damaging agents. The cells were lysed using modified Radio-Immuno Precipitation
Assay (RIPA) buffer (150 mM NaCl, 50 mM Tris-HCI, 50 mM NaF, 5 mM EDTA, 0.5%
[wt/vol] sodium deoxycholate, and 1% Triton X-100) containing phosphatase and protease
inhibitor cocktails. Equal amounts of protein were separated using 10% SDS-PAGE gels,
and then transferred overnight to nitrocellulose membrane. Following the transfer, the
membrane was blocked in 5% non-fat dry milk solution in TBST for 4 h. The membrane
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was then incubated with primary antibody, followed by secondary antibody, and developed

using ECL kit (Thermo Fisher Scientific, Rockford, IL).

Cell Viability and Apoptosis Assays

Cells expressing control- or PELP1-shRNA or siRNA were plated at a density of 2x103 cells
per well in a 96-well tissue culture plates and allowed to attach overnight. The cells were
then treated with different doses of indicated drugs for 72 h, and cell viability was measured
using CellTiter-Glo® luminescent cell viability assay (Promega, Madison, WI) as per
manufacturer’s protocol. Statistical significance was analyzed using one-way ANOVA,
followed by multiple comparisons using Graphpad PRISM software.

Tumor Tissue Microarray

Results

Breast invasive ductal carcinoma tissue arrays that contain 75 cases/150 cores of breast
cancer (BR-1504a TMAs) were purchased from US Biomax Inc (Rockville, MD). Twenty-
eight TNBC tumor tissues with paired normal tissues were obtained in collaboration with
UT Southwestern Medical Center (Dallas, TX). Immunohistochemistry was performed on
the tumor array as described previously (25). Briefly, tumor sections were incubated
overnight with the primary antibodies for phospho- Ser1033-PELP1 (1:250) or PELP1
(Bethyl laboratories, Montgomery, TX) (1:250) and then incubated with secondary antibody
for 1 hour. The staining was visualized using the 3,3'-diaminobenzidine (DAB) substrate and
counterstained with hematoxylin QS (Vector Lab, Burlingame, CA, USA). Allred scoring
system was used to score the tumor staining. Statistical differences in the IHC among breast
cancer subtypes were determined using Kruskal-Wallis test, followed by multiple
comparisons using Dunn’s post test.

PELP1 interacts with mutant p53 and regulates its target gene transcription

Recent studies demonstrated that PELP1 is a novel substrate of DDR kinases and functions
as a coactivator for WTp53 and that PELP1-depleted cells exhibit resistance to apoptosis
(24). PELP1 signaling plays a critical role in the proliferation of TNBC cells (22), and p53 is
commonly mutated in TNBC tumors (6). We tested whether PELP1 signaling crosstalk
occurs with MTp53 using two MTp53 TNBC cell lines, MDA-MB-231 and MDA-MB-468,
which possess R280K and R273H mutations, respectively (27,28). To determine whether
PELP1 interacts with MTp53, we treated MDA-MB-231 cells with camptothecin for 6 h and
then immunoprecipitated the cells with control 1gG, PELP1, or p53 antibodies. Western blot
analyses of the immunoprecipitates revealed complex formation of endogenous PELP1 and
MTp53 (Fig 1A). We validated the findings using a different MTp53 background cell line,
MDA-MB-468 (Fig 1B). We further validated the PELP1-MTp53 interaction using
exogenously expressed epitope-tagged GFP-p53MT and GST-PELP1 plasmids in 293T
cells. After 48 h, the cells were treated with vehicle or camptothecin for 2 h, and the
interactions were confirmed using GFP-TRAP immunoprecipitation. Western blot analyses
of the immunoprecipitates revealed that GFP-MTp53, but not GFP, forms a complex with
GST-PELP1 (Fig 1C).
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Hot-spot mutations in the DNA-binding domain of p53 render the apoptotic functions of the
tumor suppressor dysfunctional. MTp53 acquires oncogenic gain-of-function that activates
the transcription of transcription factor NF-Y-mediated G2/M genes (10). Since PELP1
interacted with MTp53, we determined whether PELP1 regulates transcription of MTp53
target genes. For this analysis, we have used MDA-MB-231 cells that stably express control-
or PELP1-shRNA. PELP1-shRNA-expressing cells showed ~80% reduction in endogenous
PELP1. Further, knockdown of PELP1 did not affect MTp53 protein levels compared to
control-shRNA-expressing cells (Fig 1D). To determine whether PELP1 knockdown affects
MTp53 target gene expression, control and PELP1-depleted MDA-MB-231 cells were
exposed to gamma-radiation or camptothecin, and the transcription of the NF-Y target genes
was analyzed using qRT-PCR. PELP1-depleted MDA-MB-231 cells had significant less
expression of NF-Y target genes, Cyclin A2, and Cdc25c in response to genotoxic stress than
the control-shRNA cells (Fig 1E, F). These results suggest that PELP1 has the potential to
interact with MTp53, and that PELP1 participates in MTp53-mediated NF-Y target gene
expression upon genotoxic stress.

PELP1 modulates MTp53 recruitment to target promoters and epigenetic changes

Next, we examined whether PELP1 regulates MTp53 target gene expression through its
recruitment to the promoter region. ChlP analysis using 1gG or PELP1 antibody in MDA-
MB-231 cells after exposure to camptothecin revealed that PELP1 was recruited to the
promoter region of Cdc25c and Cyclin A2 (Fig 2A). To examine whether PELP1 and
MTp53 are co-recruited to the target gene promoters, we have performed sequential chip
analysis. The sequential ChIP showed that PELP1 and MTp53 are co-recruited to the
promoter region of Cdc25c and Cyclin A2 (Fig 2B). Further, MTp53 recruitment to the
promoter region of the NF-Y target genes was significantly reduced in PELP1-shRNA-
expressing cells in response to genotoxic stress compared to the control-shRNA-expressing
cells (Fig 2C). Earlier studies showed that PELP1 regulates target gene transcription through
the recruitment of histone-modifying enzymes, such as Histone Acetyl Transferases (HATS),
that cause the acetylation of histone tails, leading to gene transcription (29,30). Since PELP1
depletion reduced MTp53 recruitment to the target gene promoter, we examined whether
PELP1 depletion causes a concurrent decrease in active histone marks in the promoter
regions. Upon genotoxic stress, a significant reduction in the H3K9Ac mark occurred in the
promoter regions of Cyclin A2 and Cdc25c in the PELP1-depleted cells than in the control
cells (Fig 2D). Collectively, these results suggest that PELP1 plays an important role in the
modulation of MTp53 functions by regulating its recruitment to the promoter of target genes
and by promoting active histone modifications at MTp53 target genes.

PELP1-depleted TNBC cells exhibit increased sensitivity to genotoxic stress

p53 gain-of-function mutations deregulate the cell’s response to genotoxic stress by
enhancing the expression of cell cycle genes despite the presence of DNA damage.
Knockdown of MTp53 in cancer cells reduces cell proliferation and tumorigenicity in vitro
and in vivo (31,32). Since PELP1 functions as a coactivator of MTp53 oncogenic functions,
we examined whether PELP1 depletion contributes to the increased sensitivity to DNA
damaging agents. To test this hypothesis, we used MDA-MB-231 cells that stably express
control- or PELP1-shRNA. The cells were exposed to various doses of camptothecin (Fig
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3A) or carboplatin (Fig 3B) or cisplatin (Fig 3C) for 72 h, and the cell survival percentage
was determined. PELP1 depletion significantly enhanced the sensitivity to chemotherapeutic
drugs. Similar results were obtained with MDA-MB-468 cells that were transiently
transfected with control- or PELP1-siRNA followed by treatment with different doses of
camptothecin (Fig 3D). Overall, these results suggest that PELP1 depletion could cause an
increased sensitivity of TNBC cells to chemotherapeutics.

PELP1 interacts with E2F1 and regulates E2F1-mediated apoptosis

Next, we determined whether the reduced survival in PELP1-depleted TNBC cells was due
to an increase in apoptosis. Western analyses indicated that PELP1 knockdown cells had
more cleaved caspase-3 and cleaved PARP-1 than the control cells upon treatment with
camptothecin (Fig 4A). Since one of the key mediators of apoptosis, p53, is mutated in the
TNBC cell lines that we used in our assays, we hypothesized that PELP1 depletion could
cause an increase in apoptosis through the E2F1 pathway. Earlier studies showed that E2F1
can promote cell cycle progression or apoptosis in a context-dependent manner (11).
Similarly, PELP1 has been shown to regulate E2F1-mediated cell cycle progression (23);
however, whether PELP1 regulates E2F1 activities in response to genotoxic stress remains
unknown. First, we determined whether PELP1 knockdown alters E2F1 target genes that are
considered critical for apoptosis such as p73 and Bim (15,17). MDA-MB-231 cells
expressing control- or PELP1-shRNA were treated with camptothecin for 24 h, and then
analyzed for p73, Bim, and Noxa using gRT-PCR. Compared to the control cells, PELP1-
depleted cells expressed significantly higher levels of the apoptotic target genes of E2F1
when treated with camptothecin (Fig 4B). PELP1 knockdown significantly increased the
recruitment of E2F1 to the target promoter upon genotoxic stress (Fig 4C). Overall, these
results suggest that PELP1 depletion can increase apoptosis through the activation of the
E2F1 pathway in MTp53-expressing TNBC cells.

PELP1 regulates E2F1 stability in a KDM1A-dependent manner

To determine whether the increased recruitment of E2F1 to the promoter region is because
of increased protein levels, we carried out Western analysis of MDA-MB-231 cells stably
expressing control-shRNA or PELP1-shRNA after treatment with camptothecin. E2F1
protein levels were dramatically higher in PELP1 knockdown than in the control cells upon
camptothecin treatment (Fig 4D). Similar results were obtained when PELP1 was knocked
down transiently in these cells (Fig 4E). E2F1 protein levels under conditions of stress are
primarily regulated by post-translational modification such as phosphorylation, acetylation,
and methylation. E2F1 methylation by Set9 causes protein degradation. Upon genotoxic
stress, E2F1 is demethylated by KDM1A (LSD1), which stabilizes the protein (16,33).
Previous studies have indicated that PELP1 interacts with KDM1A and regulates substrate
specificity of KDM1A from H3K4 to H3K9 (34). We hypothesized that PELP1 regulates
E2F1 stability in a KDM1A-dependent manner. Due to the lack of commercial antibodies
for E2F1-lys185 methylation, we used the KDM1A inhibitor, NCL-1 (35), to determine the
importance of KDM1A in regulating E2F1 stability in PELP1 knockdown cells. MDA-
MB-231 cells expressing control- or PELP1-shRNA were treated with DMSO or NCL-1 for
12 h, and then treated with DMSO or camptothecin. Western analysis of the cell lysates
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indicated that E2F1 levels were stabilized in PELP1-shRNA cells, and the increase in
stability was dramatically reduced upon NCL-1 treatment (Fig 4F).

Genotoxic stress induces PELP1 phosphorylation at Ser1033 in TNBC model cells

Earlier studies showed that PELP1 is phosphorylated at Serine 1033 (S1033) by the DDR
kinases (24). To examine whether such regulation also occurs in TNBC model cells, MDA-
MB-231 and MDA-MB-468 cells were treated with camptothecin and PELP1
phosphorylation was analyzed by Western blotting using phospho-specific antibody. The
results showed that PELP1 is phosphorylated in both TNBC cell lines upon genotoxic stress
(Fig 5A, B). We then determined whether PELP1 phosphorylation by DDR kinases is
important for the anti-apoptotic function of PELP1. We used a specific SiRNA to deplete
endogenous PELP1 in MDA-MB-231 cells, then transfected the cells with siRNA-resistant
WT-GFP-PELP1 or MT (S1033A) GFP-PELP1-expressing plasmids. The cells were treated
with DMSO or camptothecin, and the effect of PELP1 mutation on E2F1 stability was
analyzed using Western blotting, and E2F1 apoptotic target gene expression was analyzed
by gRT-PCR. Western analysis showed clear down regulation of endogenous PELP1 and
equal expression of GFP-tagged WT as well as MT-PELP1 proteins (Fig 5C). Further
analysis revealed that PELP1 S1033A mutant (MT)-expressing cells expressed significantly
higher levels of E2F1 (Fig 5D) and enhanced apoptotic target gene transcription compared
to the cells expressing WT-PELP1 (Fig 5E). Expression of the pro-survival MTp53 target,
cdc25c, was also significantly down-regulated in the MT-PELP1-expressing cells (Fig 5F).
These results suggest that PELP1 phosphorylation plays important roles in repressing E2F1-
mediated apoptosis and in assisting MTp53 oncogenic functions.

PELP1 phosphorylation is increased in TNBC subtype of breast cancer

PELP1 is phosphorylated at Serine 1033 (p-PELP1) by the DDR kinases (23), and recent
studies showed the significance of DDR kinase ATM deregulation in metastatic tumors
(36,37). To examine the physiological importance of PELP1 phosphorylation in TNBC, we
carried out immunohistochemistry analysis of PELP1 phosphorylation using human breast
tumor tissue array (TMA). We found significantly increased levels of PELP1 S1033
phosphorylation in TNBC tumors than in luminal ER+ and Her2+ breast cancer subtypes
(Fig 6A, C, and Table 1). Further IHC analysis using antibody that recognizes WT PELP1
did not reveal any significant differences among ER+ve, Her2+ve, and TNBC subtypes (Fig
6A, B, and Table 1). However, we did observe increased expression of WT PELP1
expression in ER+Her2+ breast subtype (Fig 6A, B, and Table 1). Taken together, WT and
pPELP1 IHC results suggest that PELP1 phosphorylation is uniquely elevated in TNBC
subtype and increase is not due to enhanced expression of PELP1 (Table 1). We further
validated the TMA results using an additional TMA array that contained 28 TNBC tumors
along with paired normal control breast tissues. Similar to the TMA results, PELP1 S1033
phosphorylation was significantly higher in the TNBC tumor tissues than in the normal
tissues (Table 2). Collectively, these results suggest that hyper-activated DDR-PELP1-
MTp53 pathway may play a role in TNBC progression.
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Discussion

p53 is an important tumor suppressor gene that safeguards cells from malignant
transformation. TNBC tumors commonly exhibit gain-of-function mutations in p53
(MTp53), and patients with MTp53 have a poor response to chemo/radiation therapy, poor
prognosis, and reduced survival (38,39). PELP1 is a recently discovered substrate of the
ATM kinase, and plays a critical role in WTp53-mediated apoptosis in ER+ breast cancer
(24) but its role in MTp53 expressing TNBC subtype of breast cancer remains unknown. In
the present study, we found in MTp53-expressing TNBC cells that (i) PELP1 interacted with
MTp53, regulated transcription of MTp53 target genes, facilitated MTp53 recruitment, and
altered epigenetic changes at the target gene promoter, (ii) PELP1 depletion enhanced
sensitivity of MTp53-expressing TNBC cells to chemotherapeutics and induced apoptosis,
(iii) PELP1 interacted with E2F1, regulated E2F1 apoptotic target gene expression, and
PELP1 depletion increased E2F1 stability in a KDM1A-dependent manner, and (iv) PELP1
phosphorylation by DDR kinases contributed to the oncogenic functions of PELP1, and
PELP1 phosphorylation was significantly greater in the TNBC subtype than in the other
receptor subtypes and the normal tissue. Collectively, these results suggest that PELP1 may
be targeted in MTp53-expressing TNBC to obtain greater response to chemotherapy.

MTp53 can repress apoptosis and promote cell proliferation, metastasis, and genetic
instability. Unlike, WTp53 whose protein levels are tightly modulated by MDM2 and post-
translational modifications, MTp53 protein levels are highly stable (8). The majority of p53
mutations are missense and are present in the DNA-binding domain. These mutations
inactivate p53, and confer the protein with oncogenic gain-of-functions, and MTp53
interacts and deregulates the functions of other transcription factors (8) . For example,
MTp53 interacts with p63 and p73 and sequesters them in the cytoplasm (9). MTp53 causes
deregulation of cell cycle progression through its interaction with the NF-Y complex and
causes increased transcription of target genes in response to DNA damage (10). In our study,
we found that PELP1 interacts with MTp53 and PELP1 knockdown significantly reduced
the activation of MTp53-NF-Y target genes. Mechanistic studies indicated the PELP1 is
needed for optimal recruitment of MTp53 and for promoting conducive epigenetic marks at
the MTp53-NF-Y target genes. Collectively, these emerging studies suggest that MTp53
interactions with proto-oncogene PELP1 could influence its oncogenic functions and may
have potential implications in chemotherapy response, and overall prognosis of patients.

E2F1-mediated apoptosis is triggered in response to genotoxic stress (14). Recent studies
have delineated the key post-translational modifications that switch E2F1 functions from
cell cycle regulation to apoptosis especially in MTp53-expressing cells. KDM1A-mediated
demethylation is the upstream activation mark for E2F1 stabilization and for apoptotic target
gene activation (16,33). Earlier studies showed that PELP1 functions as a cofactor of E2F1
(23), and PELP1 promotes epigenetic changes by modulating the activity of histone
demethylase KDM1A (34). Our results suggest that PELP1 plays an important role in
modulating E2F1 stability via KDM1A pathway in MTp53-expressing cells under
conditions of stress. Since PELP1 interacts with KDM1A and regulates its substrate
specificity, it is not surprising that PELP1 regulates KDM1A-mediated demethylation of
E2F1. Upon treatment with the KDMZ1A inhibitor, E2F1 stability in response to genotoxic

Breast Cancer Res Treat. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krishnan et al.

Page 10

stress is substantially reduced. We also observed that inhibition of PELP1 phosphorylation
causes substantial increase in E2F1 stability activity with a concomitant reduction in cell
survival. PELP1 phosphorylation by the ATM kinase appears to be important for the
repression of E2F1-mediated apoptotic functions and for MTp53 oncogenic activities.

We recently showed that PELP1 functions as a coactivator for WTp53 (24). In WTp53-
expressing breast cancer cells (such as ZR-75 and MCF-7), PELP1 binds to p53, regulates
p53 target gene transcription. PELP1 knockdown reduces apoptotic gene expression, and
PELP1 knockdown cells exhibit resistance to apoptosis (24). In this study, we made an
unexpected discovery that PELP1 knockdown enhanced apoptosis of MTp53-expressing
cells. Our results from targeting PELP1 in WTp53 and MTp53 cells are suggestive of a
beneficial effect when PELP1-targeted therapy is combined with chemotherapeutics agents
for treating TNBC. We postulate that this combination therapy might protect the normal
WTp53 cells from undergoing apoptosis, but at the same time could sensitize the MTp53
TNBC cells to chemotherapeutic agents. This combination treatment could have
implications in reducing the toxic side-effects from chemotherapy drugs.

PELP1 expression is commonly deregulated in breast cancer, and overexpression of PELP1
is considered as a marker of poor prognosis (21). A recent report suggests that hyperactive
ATM (ATM S1981-phosphorylation) is associated with lymph node metastasis in TNBC
(37). Since PELP1 is a substrate of DDR kinases including ATM, we tested the
physiological importance of PELP1 phosphorylation (Ser 1033) by immunohistochemical
staining of breast cancer tumor tissue microarrays with p-PELP1 antibody. We found that
PELP1 phosphorylation was greater in TNBC subtype than in other breast cancer subtypes.
These studies utilized a small number of tumor samples and therefore represent a proof of
principle study and suggest a possibility that PELP1 phosphorylation may serve as a
biomarker for potential therapy using PELP1 axis-targeted drugs. However, additional
studies are clearly needed with a large number of breast tumor samples to determine the
prognostic significance of PELP1 in TNBC.

Collectively, our results have deciphered a novel role for PELP1 in regulating a
chemotherapy response in MTp53-expressing TNBC cells. Molecular studies revealed that
the oncogenic activities of PELP1 are accentuated in the presence of MTp53 and that
targeting PELP1 axis in this subtype of breast cancer can enhance the sensitivity of TNBC
cells to chemotherapeutic drugs. Further, MTp53 status could serve as a pivotal factor that
predicts outcome when PELP1 is targeted in combination with chemotherapy, and could be
used as a biomarker to select the intended patient population.
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| “I GFP-p53R280K (u-GFP)

B CPT

*

=

Control shRNA
PELP1 shRNA

Cdc25¢c

PELP1 interacts with MTp53 and regulates its target gene expression. (A, B) MDA-MB-231

cells (A) and MDA-MB-468 cells (B) were treated with 1uM of camptothecin for 6 h, and
immunoprecipitation was done using 1gG, PELP1, or p53 antibodies. Immunoprecipitates
were subjected to Western blot analysis using PELP1 or p53 antibodies. (C) HEK-293T
cells were transfected with GFP or GFP-MTp53 (R280K) along with GST-PELP1-
expressing plasmids. After 48 h, cells were treated with 0.1% DMSO or 1uM of
camptothecin for 2 h. GFP-trap IP and Western analysis was subsequently performed using
GFP or GST antibodies. (D) MDA-MB-231 cells stably expressing control-shRNA or
PELP1-shRNA were treated with 1 pM of camptothecin for 24 h and the expression of
PELP1 and MTp53 was analyzed using Western analysis. (E, F) MDA-MB-231 cells were
either exposed to 5gy gamma irradiation, and allowed to recover for 9 h (E) or treated with
DMSO or 1uM of camptothecin for 24 h (F). cDNA synthesis and qRT-PCR analysis were
subsequently performed to determine MTp53 target gene (Cdc25¢ and Cyclin A2)
expression. *, P<0.05; **, P<0.01.
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Figure2.
PELP1 recruits and regulates histone modifications on MTp53 target gene promoters. (A)

MDA-MB-231 cells were treated with camptothecin for 6 h and were subjected to ChIP
assay using the PELP1 antibody. PELP1 recruitment was analyzed by gRT-PCR with
primers specific for NF-Y binding elements on the Cdc25c and Cyclin A2 promoters. ***
P<0.001. (B) Sequential ChlP was performed on MDA-MB-231 cells that were treated with
camptothecin for 6 h. Initial ChIP was performed using IgG or p53 antibody followed by re-
ChIP using 1gG or PELP1. gRT-PCR was performed in duplicates with primers specific for
Cyclin A2 and Cdc25c. **P < 0.01. (C) MDA-MB-231 cells expressing control- or PELP1-

Breast Cancer Res Treat. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Krishnan et al.

Page 15

shRNA were treated with camptothecin for 6 h and were subjected to ChlP assay using p53
antibody. Recruitment of MTp53 was analyzed using qRT-PCR with primers specific for
NF-Y binding elements on the Cdc25c and Cyclin A2 promoters. *, P<0.05; (D) MDA-
MB-231 cells expressing control- or PELP1-shRNA were treated with camptothecin for 6 h,
chromatin was isolated and subjected to ChIP assay using the H3K9Ac antibody. The status
of the H3K9Ac mark was analyzed using gRT-PCR with primers specific for NF-Y binding
elements on the Cdc25c¢ and Cyclin A2 promoters.*, P<0.05; *** P<0.001.
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Figure 3.

PELP1-depleted TNBC cells exhibit increased sensitivity to genotoxic stress. (A, B, C)
MDA-MB-231 cells expressing control- or PELP1-shRNA were treated with DMSO or with
different doses of (A) camptothecin, (B) carboplatin, or (C) cisplatin for 72 h and then
analyzed for survival. *, P<0.05; **, P<0.01; *** P<0.001. (D) MDA-MB-468 cells
transfected with control- or PELP1-siRNA were treated with DMSO or different doses of
camptothecin for 72 h and then analyzed for survival as described in Methods. *** P<0.001
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Control-shRNA

PELP1-shRNA

MDA -MB-231

PELP1 regulates apoptosis by modulating E2F1 target gene expression and regulates E2F1
stability in a KDM1A-dependent manner. (A) MDA-MB-231 cells expressing control- or
PELP1-shRNA were treated with DMSO or 1uM of camptothecin for 24 h and then
analyzed by Western blotting with the caspase-3, PARP-1, PELP1, or actin antibodies. (B)
MDA-MB-231 cells expressing control- or PELP1-shRNA were treated with DMSO or 1uM
of camptothecin for 24 h. Subsequently, cDNA synthesis and gRT-PCR analyses of E2F1
target genes (p73, Bim, and Noxa) expression were performed. *, P<0.05. **, P<0.01. (C)
MDA-MB-231 cells expressing control-shRNA or PELP1-shRNA were treated with 1uM
camptothecin for 24 h followed by ChIP analysis. E2F1 recruitment to Bim promoter was
analyzed using gRT-PCR. *, P<0.05. (D, E) MDA-MB-231 cells stably expressing control-
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or PELP1-shRNA (D), or transiently transfected with control-siRNA or PELP1-siRNA (E),
were treated with DMSO or 1uM of camptothecin for 24 h followed by Western blotting
with the E2F1, PELP1, or actin antibodies. (F) MDA-MB-231 cells expressing control- or
PELP1-shRNA were treated with DMSO or the KDML1 inhibitor (NCL-1, 10uM) for 12h,
and then treated with DMSO or 1uM of camptothecin for 24 h. Cells lysates were prepared
and analyzed by Western blotting with the PELP1 or actin or E2F1 antibodies.
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PELP1 is phosphorylated upon DNA damage at Ser1033 in TNBC cells. (A, B) MDA-
MB-231 cells (A) and MDA-MB-468 cells (B) were treated with 1uM of camptothecin for 2
and 12 h, and total lysates were analyzed for PELP1 phosphorylation using phospho-PELP1
ser1033 specific antibody (p-PELP1). (C - F) MDA-MB-231 cells were transfected with
stealth siRNA specific to PELP1 to reduce endogenous PELP1. After 48 h, the cells were
transfected with siRNA-resistant GFP-PELP1 or GFP-PELP1S1033A-expressing plasmids.
After 24 h, the cells were treated with DMSO or 1uM of camptothecin for 24 h. Knockdown
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of endogenous PELP1 was determined by Western blotting (C). GFP-PELP1, E2F1, and
Actin levels were determined by Western blotting (D). gRT-PCR was used to determine
Bim, Noxa (E), and Cdc25c (F) expression. ***, p<0.001.
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(A) Immunohistochemical staining of total PELP1 and pPELP1 (ser1033) on breast cancer
tissues. Representative image of TMA stained with total PELP1 and p-PELP1 for each
tumor type is shown. (B) Total PELP1 staining on tumor array was scored using Allred

score system, and the average score for each tumor type was plotted on a graph. (C) p-

PELP1 staining on tumor array was scored using Allred score system, and the average score
of each tumor type was plotted on a graph. Statistical significance of differences in IHC
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scores was determined using Kruskal-Wallis test, followed by multiple comparisons using
Dunn’s post test.
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Table 2

Comparison of Mean Scores of P-PELP1 Expression between Triple-negative Tumors and Adjacent Normal
Breast Tissues (N=28)

Normal Tumor P value

IHC score” | 5.92£0.39 [ 7.65£0.09 | 00002"*

*
Mean + standard error of mean.

**
p<0.05, significant difference, two-tailed paired t test
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