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Abstract

Purpose: Inflammatory breast cancer (IBC), diagnosed clinical-
ly, and triple-negative breast cancer (TNBC), diagnosed by molec-
ular receptor status, are the two most aggressive forms of breast
cancer, and both lack effective targeted therapies. We previously
demonstrated involvement of histone deacetylase (HDAC) inhib-
itor entinostat in regulating apoptosis in IBC and TNBC cells; here,
we aimed to identify novel combination therapy candidates.

Experimental Design: Potential therapeutic targets were iden-
tified by mRNA expression profiling of TNBC and IBC cells treated
with entinostat. Drug action and synergism were assessed by in
vitro proliferation assays, tumor growth in vivo, and proteomic
analyses. Gain/loss-of-expression studies were utilized to func-
tionally validate the role of identified targets in sensitivity of
TNBC and IBC cells to combination therapy.

Results: Entinostat induced activity of the oncogenic ERK
pathway and expression of proapoptotic NOXA. These are known

Introduction

Inflammatory breast cancer (IBC) and triple-negative breast
cancer (TNBC) are the two most aggressive forms of breast cancers,
representing 1%-5% and 10%-17% of all breast carcinomas,
respectively (1, 2). Both are heterogeneous diseases and yet are
often characterized by their strong metastatic potential and poor
prognosis (3). TNBC, diagnosed molecularly in terms of negative
estrogen receptor (ER), progesterone receptor (PgR), and HER2
status, has poorer prognosis compared with ER/PgR-positive and
HER2-positive breast cancers (4). IBC, a clinical diagnosis, has
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to stabilize and degrade, respectively, MCL1, an antiapoptotic
Bdcl-2 protein. In breast cancer patients, high-MCL1/low-NOXA
tumor expression correlated significantly with poor survival
outcomes. Combination treatment of entinostat with MEK
inhibitor pimasertib reduced the growth of TNBC and IBC
cells in vitro and inhibited tumor growth in vivo. The synergistic
action of combination therapy was observed in TNBC and IBC
cell lines in which NOXA expression was induced following
entinostat treatment. The therapeutic activity depended on
induction of mitochondrial cell death pathways initiated by
NOXA-mediated MCL1 degradation.

Conclusions: Our preclinical findings provide a rationale
for the clinical testing of combination HDAC and MEK path-
way inhibition for TNBC and IBC that exhibit elevated baseline
tumor MCL1 expression. Clin Cancer Res; 23(16); 4780-92. ©2017
AACR.

worse prognosis across all molecular subtypes when compared
with noninflammatory forms of breast cancer (non-IBC) cases
(5). TNBC accounts for about 30% of IBCs molecular subtype,
which is a significantly higher proportion when compared with
non-IBCs (1, 6). There is speculation in the breast cancer field that
this high percentage of TNBC may be the reason that IBC has been
associated with a more aggressive clinical course and decreased
overall and breast cancer-specific survival (7). Current standard of
care is chemotherapy, with moderate efficacy. Lack of molecular
and biological understanding of IBC and TNBC hampers the
development of new targeted therapies that may lead to effective
treatments. Therefore, there is an urgent and unmet need to define
the biology of IBC and TNBC tumors, which could lead to an
improved strategy to treat these aggressive breast cancers.
Epigenetic modulation in malignancies often silences genes
that regulate proliferation and metastasis, thereby contributing to
tumor aggressiveness. Histone deacetylases (HDAC) are critical
regulators of gene expression; they do so through enzymatic
removal of acetyl groups from histones that modify DNA access
to the transcriptional machinery. Aberrant expression of HDACs,
leading to tumorigenesis, is seen in multiple types of human
cancers. In the last decade, multiple HDAC inhibitors have been
developed as anticancer drugs and have shown antitumor action
(8). Entinostat (formerly MS-275, Syndax Pharmaceuticals, Inc.),
a selective class I HDAC inhibitor with low toxicity to normal
cells, is a synthetic benzamide derivative that can reduce the
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Translational Relevance

The lack of molecular understanding of aggressive breast
cancers, such as inflammatory breast cancer (IBC) and triple-
negative breast cancer (INBC), hampers the development of
effective novel targeted therapies. In this study, we have
identified a novel combination treatment of histone deacety-
lase (HDAC) type I and MEK inhibitors, entinostat and pima-
sertib, for the treatment of IBC and TNBC. Our in vitro and in
vivo studies revealed significant synergistic antitumor activity
of entinostat and pimasertib, via effective degradation of
MCL1 through increased NOXA expression, leading to the
induction of apoptosis. Indeed, we confirmed that in patients
with aggressive breast cancer, high-MCL1/low-NOXA tumor
expression correlated to poor survival outcomes compared
with low-MCL1/high-NOXA expression. Our data provide a
preclinical rationale to develop this novel combination of
entinostat and pimasertib in the treatment of patients with
TNBC and IBC, and validation of MCL1/NOXA modulation as
a predictive biomarker of therapy.

proliferation of cancer cells and tumors xenografts in a variety of
human cancers (9). Entinostat also displayed preliminary thera-
peutic efficacy in a randomized phase II clinical trials for ER-
positive breast cancer patients (10). Although it is not known
from available clinical trials whether entinostat can induce the
expression of proapoptotic proteins in IBC and TNBC tumors, our
recent preclinical study demonstrated entinostat-induced expres-
sion of the proapoptotic BIM protein in IBC and TNBC (11),
suggesting the induction of apoptosis as a major mechanism of
tumor suppression. We also identified increased transcription of
NOZXA (also called phorbol-12-myristate-13-acetate-induced pro-
tein 1, or PMAIP1), a member of the Bcl-2 family of apoptosis-
regulating proteins, in 65% of TNBC and IBC cell lines following
entinostat treatment.

The Bcl-2 family of proteins are critical modulators of apoptosis,
acting immediately upstream of irreversible cellular damage,
where antiapoptotic and proapoptotic family members control
therelease of apoptogenic factors from mitochondria (12). NOXA,
a Bcl-2 homology domain 3 (BH3)-only proapoptotic protein, is
epigenetically silenced by histone acetylation in cancer (13, 14).
Independently, NOXA displays weak proapoptotic activity; how-
ever, it is a crucial modulator of cell death induction thought its
ability to interact with the prosurvival Bcl-2 molecule MCL1
(induced myeloid leukemia cell differentiation protein 1). MCL1
is commonly amplified in TNBC and has been shown to be an
adverse prognostic factor for survival (15). Degradation of MCL1
during cell death is uniquely associated with the formation of an
MCL1/NOXA complex, while stabilization of MCL1 is associated
with its ability to bind other BH3-only members (i.e., PUMA or
BIM; refs. 16-18). Alternatively, MCL1 protein can be stabilized
through the activation of the MAPK/extracellular signal-regulated
kinase (ERK) signaling pathway, which promotes survival and drug
resistance in cancer cells (19-21). As MCL1 is crucial to cancer cell
survival, drugs that target the ERK pathway may have therapeutic
value through their ability to reduce MCL1 expression.

ERK is an important therapeutic target in TNBC; high ERK
expression correlates with shorter patient overall survival (22).

www.aacrjournals.org
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While ERK inhibitors have not been effective in clinical testing,
compounds that inhibit MEK (an upstream activator of ERK)
including selumetinib (formerly AZD6244; refs. 23, 24), and the
more potent compound pimasertib (formerly AS703026, EMD
Serono, Inc,; refs. 25, 26) have displayed clinical activity in phase
IT trials for melanoma and ovarian cancer (27, 28). While the
effectiveness of these compounds remains to be clinically estab-
lished in breast cancer, we have previously shown their potential
for preventing metastasis in preclinical xenograft models of TNBC
(29). As such, we hypothesize that a combination therapy utiliz-
ing pimasertib (ERK inhibitor) and entinostat (HDAC inhibitor)
would be effective due to parallel inhibitory effects on MCL1
protein levels in TNBC and IBC.

In the study presented here, we identified that high-MCL1/low-
NOXA mRNA expression within primary breast tumors correlated
with poor survival outcomes in breast cancer patients. Using in
vitro and in vivo preclinical models, we demonstrate that NOXA
and MCL1 play important roles in the regulation of IBC and TNBC
cells sensitivity to entinostat and pimasertib combination treat-
ment. Collectively, our data provides the rationale for developing
a targeted MEK/HDAC combination therapy for patients with
TNBC and IBC that have high baseline MCL1 expression.

Materials and Methods

Detailed information regarding co-immunoprecipitation,
TUNEL staining, and chromatin immunoprecipitation (ChIP) is
included in electronic supplementary material. Detailed infor-
mation about in vitro cell proliferation assay, apoptosis analysis,
soft agar assay, transfections, immunoblotting analysis, and IHC
is provided in our previous publication that describes the effect
and mechanism of action of entinostat (11).

Breast cancer patient tumor expression analysis

We analyzed the World IBC Consortium dataset that contains
Affymetrix GeneChip (HGU133 series) RNA hybridization pro-
files of 389 breast cancer patient samples, which include 137 IBC
cases and 105 TNBC cases, as previously described (30). Briefly,
the IBC cases included locally advanced [American Joint Com-
mittee on Cancer (AJCC) stage III] and metastatic (AJCC stage IV)
cases. The non-IBC cases included both early-stage disease (AJCC
stages I and II) and advanced-stage disease (locally advanced,
AJCC stage III; and metastatic, AJCC stage IV). Information on
data processing, normalization, and analyses has been previously
reported (31). Regression models were used to delineate changes
in NOXA/PMAIP1 (204286_s_at) and MCL1 (214056_at) gene
expression. P values, corrected for multiple comparisons, were
considered significant only if the false discovery rate was smaller
than 0.25.

Cell lines

Human breast cancer cell lines BT-549, SUM185PE, MDA-MB-
157, MDA-MB-453, MDA-MB-231, HCC70, MDA-MB-468,
MDA-MB-436, HCC1806, HCC1937, and Hs578T were pur-
chased in 2011 from ATCC; SUMI149PT, SUM159PT, and
SUM190PT cells in 2011 from Asterand Bioscience, Inc.; and
HCC3153in 2013 from UT Southwestern Medical Center (Dallas,
TX). KPL-4 cells were a kind gift in 2008 from Dr. Junichi
Kurebayashi (Kawasaki Medical School, Kawasaki, Japan), and
IBC-3 cells from Dr. Wendy Woodward (The University of
Texas MD Anderson Cancer Center, Houston, TX). HCC1806,
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MDA-MB-231, MDA-MB-468, MDA-MB-436, MDA-MB-157,
MDA-MB-453, Hs578T, HCC70, and KPL-4 cells were maintained
in DMEM/F12 medium (Gibco) supplemented with FBS (10%)
and penicillin-streptomycin (100 U/mL). SUMI149PT,
SUM190PT, SUM185PE, SUM159PT, and IBC-3 cells were
maintained in F12 medium (Gibco) supplemented with FBS
(5%), penicillin-streptomycin (100 U/mL), insulin (5 pg/mL),
and hydrocortisone (1 pg/mL). BT-549, HCC1937, and
HCC3153 cells were maintained in RPMI1640 medium
(Gibco) supplemented with FBS (10%) and penicillin-strep-
tomycin (100 U/mL). SUM190PT, SUM149PT, IBC-3, and KPL-
4 are IBC cell lines (32, 33). All cell lines were passaged for up
to 20 times after thawing. Details about molecular receptor
status and TNBC subtype classification can be found in Sup-
plementary Table S1 (34). All used cell lines were authenticated
by genotyping through MD Anderson Cancer Center's Charac-
terized Cell Line Core Facility, and routinely tested for myco-
plasma contamination using MycoAlert (Lonza).

Reagents and antibodies

Entinostat (SNDX-275) was provided by Syndax Pharmaceu-
ticals, Inc. Pimasertib (AS703026) was provided by EMD Serono,
Inc. We obtained anti-NOXA (EMD Millipore), anti-MCL1 (R&D
Systems or Thermo Fisher Scientific), anti-PUMA, anti-BIM, anti-
BAK, anti-BAX, anti-cleaved caspase-3, anti-cleaved caspase-9, and
anti-Ki67 (Cell Signaling Technology), anti-a-tubulin (clone B-5-
1-2; Sigma-Aldrich), and anti-horseradish peroxidase-conjugated
antibodies (Thermo Scientific). The following siRNAs targeting
NOXA were purchased from Sigma-Aldrich and used for deple-
tion of NOXA: SASI_Hs01_00136187, SASI_Hs01_00136188,
SASI_Hs01_00136189, and SASI_Hs01_00136192. Knockdown
efficacy of pooled siRNAs was tested by immunoblotting. Scram-

bled siRNA was purchased from Thermo Fisher Scientific
(ON-TARGETplus nontargeting control pool, catalog number
D-001810). The following expression vectors were purchased
from GeneCopoeia: OmicsLink pReveiver-M77 expression clone
NOXA (EX-10491-M77), MCL1 (EX-G0192-M77), and Control
(EX-EGFP-M77).

Quantitative real-time PCR

Total RNA was purified using the PureLink RNA Mini Kit
(Invitrogen), and real-time qRT-PCR was performed using the
iScript One-Step RT-PCR Kit with SYBR Green (Bio-Rad) accord-
ing to the manufacturer's instructions, after treatment with enti-
nostat (1 umol/L). Equal amounts of total RNA (15 ng for each
sample) were mixed, and target genes were amplified with a
specific primer set using the CFX96Touch Real-Time PCR Detec-
tion System (Bio-Rad). The following primers (Sigma-Aldrich)
were used for detection of NOXA: 5'-CCAGCAGAGCTGGAAGTC-
GAGTG-'3 (forward), and 5-TGCAGTCAGGITCCTGAGCA-
GAAG-'3 (reverse). 7SL scRNA (NR_002715.1) levels were used
as an endogenous control; the following primers were used:
5'-ATCGGGTGTCCGCACTAAGTT-'3 (forward), and 5-CAG-
CACGGGAGTTTTGACCT-'3 (reverse). The real-time PCR data
were analyzed by comparative threshold cycle method using the
iCycler CFX96 analyzer software (Bio-Rad).

In vivo xenograft animal models

Animal studies were approved by the Institutional Animal Care
and Use Committee and MD Anderson Animal Care and Use
Committee. Female athymic homozygous nu/nu mice, age 4-6
weeks old, were purchased from MD Anderson's Department
of Experimental Radiation Oncology for the SUMI190PT,
SUM149PT, and MDA-MB-231 xenograft experiments. Mice were
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Figure 1.

High MCL1/low NOXA coexpression is associated with poor outcome in breast cancer patients. Kaplan-Meier survival curves for overall survival (OS) and
distant metastasis-free survival (DMFS) of breast cancer patients from the IBC World Consortium dataset, correlated to NOXA and MCLT tumor mRNA levels.
The log-rank test was used to compare survival curves for high and low MCL1 (A, D), high and low NOXA (B, E), and high or low MCL1 in correlation with
low or high NOXA (C, F). The initial numbers of patients at risk in each group are indicated in the key.
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housed under pathogen-free conditions and treated in accordance
with NIH guidelines. To establish breast cancer xenografts,
SUM190PT (2 x 10° cells/100 uL), SUM149PT (5 x 10° cells/
100 uL), or MDA-MB-231 (5 x 10° cells/100 uL) cell suspensions
were injected into one site in the abdominal mammary fat pad
of each mouse. We observed 100% tumor incidence for all three
cell lines. Drug treatments via daily oral gavage started when the
tumors were approximately 100-150 mm?>. We used 0.5% (w/v)
methyl cellulose 400 solution (Wako Pure Chemical Industries,
Ltd.) plus 0.25% Tween 20 as drugs vehicle. Tumor volume [V =
0.5 x (L x W?)] and body weight were measured twice weekly.
Drug treatment continued for 28 days (SUM190PT), 56 days
(SUM149PT), or 42 days (MDA-MB-231), and then mice were
euthanized. Tumor samples were collected at biopsy, and sections
preserved both by freezing and paraffin block embedding for
downstream applications.

Statistical analysis

For experimental outcomes, descriptive statistics (mean and
SEM) were summarized for each group. An ANOVA model was
used to compare the mean outcome values among the tested
groups. Statistical analyses were performed using an unpaired
t-test with Prism version 5 (GraphPad Software). P values of <0.05
were considered statistically significant.

Results

NOXA and MCL1 expression are molecularly and clinically
relevant to entinostat and pimasertib treatment in IBC and
TNBC

In our previous study, we observed entinostat-induced expres-
sion of the proapoptotic protein BIM in TNBC and IBC cell lines,
suggesting the induction of apoptosis as a major mechanism of
tumor suppression (11). To identify apoptosis-related molecular
changes induced by entinostat in TNBC and IBC cells following
treatment, we performed a quantitative PCR array with 28 apo-
ptosis-related probes on two established cell lines: SUM190PT
(IBC), and SUM149PT (IBC-TNBC), chosen because of their IBC
and TNBC status. We found that NOXA/PMAIP1 was among the
top upregulated apoptosis-related mRNAs after 48 hours of
entinostat treatment on both cell lines (Supplementary Table
S2), consistent with previous observations in acute myeloid
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leukemia (35). Because NOXA promotes intrinsic apoptosis
through proteasomal degradation of the antiapoptotic protein
MCL1, while the ERK pathway is known to support MCL1's
stabilization, we next analyzed the effect of entinostat on the
phosphorylation/activation of ERK (p-ERK) in IBC (IBC3, KPL-4,
SUM149PT, and SUM190PT) and non-IBC (BT-474, MDA-MD-
231, MDA-MB-468, and SKBR3) cell lines. After 48 hours of
treatment, entinostat induced p-ERK expression in IBC (3 of 4)
and TNBC (MDA-MB-468) while no inducing effect was observed
on another major cancer-related pathway, AKT, among the tested
cell lines (Supplementary Fig. S1). These results suggest p-ERK
could act as a stabilizer for MCL1 in IBC and TNBC, representing a
potential target that could enhance apoptosis in combination
with entinostat treatment.

On the basis of this observation, we pursued further studies
addressing how NOXA/MCL1 expression may contribute to the
therapeutic efficacy of combining entinostat and an ERK pathway
inhibitor in IBC and TNBC. We first determined the clinical
relevance of NOXA and MCL1 expression levels to breast cancer
patient outcome. We analyzed a previously published cDNA
microarray dataset of breast cancer patient samples, which con-
tains IBC (35%) and non-IBC (65%; 27% TNBC) cases (30).
Kaplan-Meier survival analysis revealed that low MCL1 mRNA
expression levels within patient tumors significantly correlated
with longer patient overall survival (OS) and distant metastasis-
free survival (DMFS) than high MCL1 mRNA levels (P = 0.017
and 0.0041, respectively; Fig. 1A and D). Conversely, high NOXA
expression was associated with longer OS (a nearly significant
difference, P= 0.052), but not DMFS (nonsignificant, P=0.64) in
this cohort (Fig. 1B and E). When stratified by both MCL1 and
NOXA tumor expression, significantly longer OS and DMFS were
seen in patients with low MCL1/high NOXA expression than in
patients with high MCL1/low NOXA expression (P = 0.0008 and
0.02, respectively; Fig. 1C and F).

Next, we investigated NOXA and MCL1 in vitro. Using quan-
titative real-time PCR analysis, and chromatin immunoprecipi-
tation (ChIP), we confirmed increased NOXA mRNA expression
associated with NOXA gene promoter acetylation levels following
entinostat treatment (1 wmol/L) in SUM190PT and, to a lesser
degree, SUM149PT cells, compared with the untreated control
(Supplementary Fig. S2). To further confirm this finding, we
screened other IBC (KPL-4 and IBC-3) and TNBC (SUM159PT,
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BT-549, SUM185PE, MDA-MB-157, MDA-MB-453, MDA-MB-231,
HCC70, MDA-MB-468, MDA-MB-436, HCC1806, HCC1937,
HCC3153, and Hs578T) cell lines (Fig. 2; Supplementary Table
S1). Compared with untreated cell lines, NOXA mRNA was induced
by entinostat treatment in 65% (11 of 17) of the IBC and TNBC cell
lines tested. Immunoblotting analysis was performed on all cell
lines to identify relationships between protein expression levels of
NOXA and MCL1 after entinostat treatment (data shown for 12 cell
lines, Supplementary Fig. S3). NOXA protein expression did not
positively correlate with increased NOXA mRNA expression levels,
possibly due to the short protein half-life of NOXA through
proteasome-dependent degradation (36). Wealso identified detect-
able levels of MCL1 protein expression in 80% of cell lines, as
defined by MCL1/tubulin pixel density > 0.4 (the average MCL1
pixel density amongall cell lines), and observed induction of MCL1
protein expression in multiple cell lines following entinostat treat-
ment. Together with our preliminary data demonstrating that
entinostat mediated p-ERK expression (Supplementary Fig. S1),
the changes in protein levels of MCL1 suggest the stabilization of
MCLI1 through p-ERK pathway activation in TNBC and IBC cells.

Entinostat and pimasertib combination therapy synergize to
inhibit the growth of aggressive breast cancer cells that
overexpress NOXA after entinostat treatment

As a monotherapy for TNBC and IBC, the efficacy of entinostat
may be hindered due to the induction of MCL1 through p-ERK
activation. Thus, we hypothesized that addition of the MEK
inhibitor pimasertib may potentiate cellular cytotoxicity of enti-
nostat by simultaneously blocking ERK activation. Synergistic
killing by the combination therapy was observed in 12 of 17 IBC
and TNBC cell lines tested (representative data shown for three
cell lines, Fig. 3A), with response predominantly correlated to
each cell line's level of NOXA mRNA induction after entinostat
treatment [representative data for combination index (CI) shown
for eight cell lines, Supplementary Fig. S4]. Sixty percent of cell
lines responding to combination therapy had high basal MCL1
protein levels (MCL1/tubulin pixel density > average, 0.4; Sup-
plementary Fig. S3), while the other 40% of responding cell lines
displayed synergistic cell killing despite low MCL1 expression,
which may be associated with the induced levels of NOXA, as
observed in Fig. 2. Therefore, the effectiveness of combination
treatment was correlated to NOXA-mRNA-inducible cell lines,
potentially inducing apoptosis by enhanced targeting of MCL1,
providing a mechanism that could circumvent the problems
associated with monotherapy.

To determine cell death induction levels after treatment, we
next analyzed the effect of entinostat and pimasertib on apoptosis
after dose response experiments of clinically achievable (<1
umol/L) doses. The SUM190PT and SUM149PT cell lines were
selected for further analysis based on their TNBC and/or IBC

Combination Therapy of HDAC and MEK Inhibitors for TNBC/IBC

status, as well as their significant induction of NOXA-mRNA
following entinostat treatment. The HCC1806 TNBC cell line
was selected as a negative control based on its lack of entinostat-
mediated NOXA-mRNA induction and apparent resistance to
treatment. As shown in Fig. 3B, single entinostat or pimasertib
treatment induced apoptosis by 10% and 9%, respectively, in
SUM190PT cells and by 16% and 6% in SUM149PT cells, com-
pared with the control (untreated cells). However, combination
treatment significantly increased the proportion of apoptotic cells
by 30% in SUM190PT and SUM149PT cells compared with the
control. The TNBC cell line HCC1806 did not respond to single or
combination treatment, which correlates to its inability to express
NOXA following entinostat treatment (Fig. 2). Collectively, these
data suggest that the combination of entinostat and pimasertib is
most effective in TNBC and IBC cell lines in which NOXA can be
induced.

As the efficacy of the combination therapy correlated with the
induction of proapoptotic NOXA, we next assessed the broader
spectrum of proteins involved during apoptosis. We initially
assessed the effect of single and combination therapy on the
expression of downstream pathway members BIM, BAK, BAX,
PUMA, and caspase-9 (Fig. 3C). After 48 hours of treatment, we
found that the antiapoptotic MCL1 protein was reduced, while the
NOXA-regulated, proapoptotic BCL-2 proteins BIM, BAX, and
BAK were elevated in two IBC cell lines. As expected, we detected
increased levels of cleaved caspase-9, which indicates the induc-
tion of apoptosis in these cell lines. As a negative control, we did
not observe alterations in MCL1, NOXA, or cleaved caspase-9 in
the therapeutically insensitive HCC1806 cells (Supplementary
Fig. S5A), consistent with this cell line's observed lack of apoptosis
induction following combination treatment (Fig. 3B). PUMA
expression was not consistently altered after single or combina-
tion treatments, suggesting that it may not play a main role in
MCL1 degradation. These data suggest that NOXA-based regula-
tion of apoptosis may be responsible for therapeutic efficacy in
TNBC and IBC.

Because NOXA can bind to and enhance the degradation
of MCL1 protein (18), and we had observed induction of
NOXA expression and increased apoptosis in cell lines sensitive
to combination therapy, we hypothesized that NOXA-MCL1
binding may contribute to cell death with our therapy. To
confirm whether NOXA bound MCLL1 in our system, we per-
formed an MCL1 immunoprecipitation assay on cell lines
following treatment. Following MCL1 precipitation, we were
able to detect elevated NOXA protein by immunoblotting
analysis in two cell lines treated with both entinostat and
pimasertib (Fig. 3D). These results suggest that our combina-
tion therapy leads to enhanced apoptosis in TNBC and IBC cells
by reducing MCL1 expression potentially through NOXA-medi-
ated degradation of MCL1.

Figure 3.

Entinostat and pimasertib combination treatment enhanced cell death in IBC and TNBC cell lines that overexpressed NOXA after entinostat treatment.
SUMI90PT, SUM149PT, and HCC1806 cells were treated with clinically achievable (<1 umol/L) doses, representative data shown for entinostat (1 umol/L) and
pimasertib (1umol/L) for 48-72 hours. The ICsq values of entinostat were determined for SUM190PT, SUM149PT, and HCC1806 cell lines to be 0.6 umol/L, 0.3 umol/L,
and 0.9 umol/L, respectively; the ICso values of pimasertib were 1.9 umol/L, 0.6 umol/L, and 2.5 umol/L, respectively. Cell proliferation and apoptosis were
measured by SRB staining (A) and Annexin V-PE staining (B), respectively. Data were pooled from three independent experiments and presented as mean + SEM.
*, P<0.05; **, P < 0.007; ***, P < 0.0001. MCL1, NOXA, PUMA, and mitochondrial apoptosis-related proteins BIM, BAX, BAK, and cleaved caspase-9 were
examined through immunoblotting analysis (C). D, NOXA/MCL1 binding on SUM190PT and SUMI49PT cells was determined after entinostat (1 umol/L) and
pimasertib (1 umol/L) individual and combination treatment by immunoprecipitation (IP) using anti-MCL1 antibody and immunoblotting with anti-NOXA antibodly.
After immunoprecipitation, samples were also blotted with NOXA antibody as an immunoprecipitation control. Pixel density of proteins was quantified for
each condition, and the ratios of protein/tubulin or treatment/control are shown next to the blots; tubulin expression was used as a protein loading control.
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Figure 4.

NOXA expression plays an important role in the regulation of sensitization of TNBC and IBC cells to treatment. SUMI90PT and SUM149PT cells were transfected
with NOXA (siNOXA) or Scrambled (siSCR) siRNA through electroporation. Knockdown of NOXA mRNA and induction of apoptosis as measured by cleaved
caspase-3 after siRNA inhibition were confirmed by quantitative RT-PCR and immunoblotting analysis (A), respectively, after entinostat treatment for 24

and 72 hours. Cell proliferation after siRNA and entinostat treatment was measured by SRB staining after 72 hours (B). SUM190PT, SUM149PT, and HCC1806 cells
were transfected with either a NOXA-expressing vector or empty control vector by electroporation. Expression of NOXA, as well as MCL1, was analyzed by
immunoblotting analysis 72 hours after transfection (C). Pixel density of MCL1 was quantified for each condition, and the ratios of MCL1/tubulin are shown above
the blots; tubulin expression was used as a protein loading control. Proliferation of cells with NOXA overexpression in response to treatment with pimasertib
(2.5 umol/L) was determined by SRB staining after 72 hours (D). Data were pooled from three independent experiments and presented as mean + SEM.

*, P<0.05; **, P < 0.005; ***, P < 0.0001.

NOXA and MCL1 play important roles in regulation of
sensitization of IBC and TNBC cells to entinostat and
pimasertib treatment

To determine whether NOXA is a critical component in
defining the therapeutic efficacy of entinostat and pimasertib,
we functionally silenced NOXA mRNA expression and assessed
the response of SUM190PT and SUM149PT cells to treatment
(Fig. 4A). When treated with entinostat, NOXA-silenced
SUM190PT and SUM149PT cells did not display altered activa-
tion of caspase-3, however the loss of NOXA expression hin-
dered the cytotoxic effects of entinostat compared with scram-
bled siRNA control (P<0.05, and P<0.005, respectively; Fig. 4A
and B). The unaltered induction of cleaved caspase-3 upon
siNOXA inhibition is probably due to the high levels of NOXA
mRNA that are still induced after entinostat treatment of
siNOXA-transfected SUM190PT and SUM149PT cells (5- and
3-fold increase, Fig. 4A), permitting apoptosis. These results
suggest a role for NOXA in enabling cytotoxicity after entinostat
treatment.

4786 Clin Cancer Res; 23(16) August 15, 2017

In a reverse-complementary approach, we assessed whether
transient overexpression of NOXA could modulate cells' response
in combination with pimasertib in the treatment-sensitive
SUM190PT and SUMI149PT cells, or the treatment-resistant
HCC1806 cells, which lack entinostat-mediated NOXA mRNA
induction (Fig. 4C). Following overexpression of NOXA and
pimasertib treatment, SUM190PT and SUM149PT cells had sig-
nificant inhibition of cell proliferation compared with untreated
cells (P < 0.0001, and P < 0.005, respectively; Fig. 4D), further
supporting the significance of NOXA mediating MCL1 degrada-
tion and enhancing pimasertib treatment. In contrast, HCC1806
cells had increased resistance to pimasertib treatment after NOXA
overexpression. These findings suggest that the HCC1806-resis-
tant cell line could have an alternative mechanism by which it is
able to override NOXA activity, possibly due to expression of
other antiapoptotic proteins, or activation of cell survival path-
ways, avoiding NOXA-mediated apoptosis.

As we have demonstrated that NOXA can affect overall protein
levels of MCL1 leading to altered drug sensitivity in IBC and TNBC

Clinical Cancer Research

220z 1snBny 9z uo 1senb Aq Jpd-08.1/2ZE8€02/08 . 7/91L/€Z/PA-0[01E/SO1190UEDUIID/BI0"S|BUINCLIOEE//:dNY WO} POPEOUMOQ



Combination Therapy of HDAC and MEK Inhibitors for TNBC/IBC

SUM190PT
1207 Il Control
s 1004 =3 mcL1
5 - 5= *
€ = =2 s0q
0 Q 5t 7 Kk k
© = £3 *
=g 504 rl
Mcl-1 - gg
8% 359
Tubulin e o<
20
& ;}"’\ eé"s ,§\°°
[9d & &
& & ooés‘
2 SUM190PT SUM149PT
c 100
2%
=
;§§ 80
£
.EE 60
€5
TE 4
Se
= 2
0
Figure 5.

D

SUM149PT
120 1 Il Control
3 804 = mcLt
- -
g d .E’% 40 *%k
=
S = §§ 1 |—| .
<
€ O 204
= *k%k
Mcl-1 £5
ER=
85 167
Tubulin [S88 W8] &=
124
~ R
& & a@‘”& &
% o« & &
< < &
9
SUM190PT SUM149PT
ik
30 = 60 .
=25 L 50 *
s | !
> 020 40
£3
3915 30
gz
<E 10 20
o
o

o o
o

MCL1 protein expression and activity have a significant role in the sensitivity of TNBC and IBC cells to pimasertib and entinostat combination treatment.
SUMI190PT and SUM149PT cells were transfected with either MCL1-expressing or empty control vectors by electroporation (A, B). Induced expression of MCL1 protein
was confirmed by immunoblotting analysis. The ability of MCL1 overexpression to induce cell proliferation after entinostat (5 umol/L) and pimasertib (5 umol/L)
single and combination treatments was measured by SRB staining after 72 hours. Cell proliferation (C) and apoptosis (D) were determined by SRB

staining and Annexin V-PE staining, respectively, in SUMI90PT and SUM149PT cells after inhibition of MCL1 by the small molecule inhibitor UMI-77 (0.3 umol/L
and 5 umol/L, respectively) in combination with pimasertib (1 umol/L). Data were pooled from three independent experiments and presented as

mean 4 SEM. Tubulin expression was used as a protein loading control. *, P < 0.05; **, P < 0.001; ***, P < 0.0001.

cells, we next assessed whether alteration of MCL1 could similarly
modulate the therapeutic action of our rationalized combination
treatment. Following transient MCL1 expression, entinostat and
pimasertib single and combination treatments were tested in
SUM190PT and SUM149PT cells (Fig. 5A and B). Overexpression
of MCL1 significantly reversed the sensitivity of SUM190PT and
SUM149PT cells to entinostat single (P < 0.05) and combination
treatments (P <0.0001). Conversely, when we treated SUM190PT
and SUM149PT cells with a highly selective MCL1 inhibitor, UMI-
77, in combination with pimasertib, we observed synergistic
growth inhibition (CI values < 0.6 and 0.9, respectively; data not
shown), accompanied by a significant induction of apoptosis
compared with untreated control cells (P < 0.05; Fig. 5C and D).
These data indicate that MCL1 is critical for the resistance of IBC
and TNBC cells to treatment, and suggests a synergistic antipro-
liferative combination of pimasertib with inhibitors of MCL1
expression, such as through entinostat-mediated NOXA degrada-
tion of MCL1.

Entinostat and pimasertib combination treatment suppresses
tumorigenic potential in vitro and in vivo tumor growth in
xenograft models of aggressive breast cancer

Prior to the in vivo drug testing, we first assessed whether the
combination of entinostat and pimasertib could affect the ability
of TNBC and IBC cells to form anchorage-independent tumor
spheroids in vitro. Preliminary studies indicated that the ICs,
doses for both drugs were too toxic in this experimental setting

www.aacrjournals.org

to allow any colony growth (data not shown). Therefore, we
selected lower doses than the ICs, for both entinostat and pima-
sertib. Combination treatment significantly reduced the number
of colonies formed by SUM190PT and SUM149PT cells compared
with single-drug treatments (P < 0.05; Fig. 6A), whereas in the
treatment-resistant HCC1806 cells entinostat did not affected
tumorigenicity, and pimasertib and combination treatment only
mildly inhibited colony formation (Supplementary Fig. S5B).
After confirming reduced cell proliferation and anchorage-
independent growth following entinostat and pimasertib com-
bination treatment in vitro, we next determined whether these two
drugs could inhibit tumor growth in preclinical xenograft animal
models of TNBC and IBC. Mice (n = 10 to 12 per group) were
treated with optimized doses of entinostat (20 mg/kg/day for
SUM190PT, 5 mg/kg/day for SUM149PT), pimasertib (30 mg/kg/
day for SUM190PT, 0.5 mg/kg/day for SUM149PT), or a combi-
nation of both drugs. When compared with mice treated with
vehicle control, combination treatment mice displayed a signif-
icant reduction in tumor growth rate by 79% (P < 0.0001) and
65% (P<0.001) in SUM190PT and SUM149PT cells, respectively
(Fig. 6B). Of importance, while high-dose single treatment of
entinostat (20 mg/kg) or pimasertib (30 mg/kg) significantly
inhibited tumor growth (Fig. 6B; Supplementary Fig. S6A), at
lower doses the combination treatment out performed single
treatment in SUM149PT (Fig. 6B) and MDA-MB-231 xenografts
(Supplementary Fig. S6B). Mice tolerated all treatments with no
significant change in body weight noted (data not included).

Clin Cancer Res; 23(16) August 15, 2017
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Immunostaining for markers of proliferation and cell death in
SUM190PT, SUM149PT, and MDA-MB-231 primary tumors
identified, as expected, a reduction of Ki67 positivity and an
increase in TUNEL or cleaved caspase-3 staining in tumors receiv-
ing combination treatment (Fig. 6C; Supplementary Fig. S6B).
Finally, after entinostat and pimasertib combination treatment,
protein lysate expression of tumor samples from SUM190PT and
SUM149PT xenograft models revealed higher protein expression
of NOXA and its downstream marker of mitochondrial cell death,
cleaved caspase-9, together with decreased expression of MCL1
(average protein expression quantified relative to tubulin loading
control, n = 5 tumors per treatment group; Fig. 6D and E).
Together, these results suggest increased apoptosis consistent with
TUNEL staining following entinostat and pimasertib combina-
tion treatment through mediation of NOXA expression and
subsequent degradation of MCL1 enhanced by pimasertib in
TNBC and IBC.

Discussion

Our study has revealed that combination of entinostat and
pimasertib synergistically act to reduce tumorigenic potential,
proliferation, and in vivo growth of tumor using preclinical mod-
els of TNBC and IBC. The effectiveness of this treatment was
significantly associated to the ability of tumors to induce NOXA
mRNA expression following entinostat treatment, leading to
enhanced degradation of the antiapoptotic protein MCL1 in IBC
and TNBC. Furthermore, in our retrospective genomic analyses on
an extensive clinical cohort of breast cancer patients, we were able
to associate high-MCL1/low-NOXA tumor expression in breast
tumors with worse OS and DMFS outcomes when compared with
low-MCL1/high-NOXA-expressing tumors, which supports the
translational potential for targeting these molecules in the clinical
setting.

Several studies have demonstrated that entinostat induces
apoptosis by expression of death receptor TNF-related apopto-
sis-inducing ligand (TRAIL) and transcriptional upregulation of
proapoptotic Bcl-2 proteins BIM and NOXA in acute myeloid
leukemia (35) and in HER2-overexpressing breast cancers (11),
supporting chemosensitization (37). Here, we identified selective
induction of NOXA mRNA expression after entinostat treatment
in a subset of IBC and TNBC cell lines, which often correlated with
increased protein expression of MCL1 as well as p-ERK, a known
stabilizer of MCL1. Thus, our data suggest that besides the
induction of NOXA after single entinostat treatment, additional
p-ERK induction could play a role in the stabilization of anti-
apoptotic MCL1, supporting our strategy of testing an ERK path-
way inhibitor, pimasertib, as a synergistic partner.

Combination Therapy of HDAC and MEK Inhibitors for TNBC/IBC

The interaction between MCL1 and NOXA contributing to
apoptosis has been previously demonstrated, whereby MCL1 is
recruited from the cytosol into the mitochondria by NOXA
promoting BIM release from MCL1 sequestration, which initi-
ates MCL1 phosphorylation and subsequent ubiquitination
triggering proteasome-mediated degradation (17, 38). Here,
we demonstrate that NOXA bound to MCL1 leading to its
degradation following entinostat and pimasertib treatment.
This was associated with activation of mitochondrial/protea-
some-mediated apoptosis in SUM190PT and SUM149PT cell
lines as measured through BIM, BAX, BAK, and caspase-3 and -9
cleavage in vitro and in vivo, whereas single or combination
treatments failed to reduce tumorigenic potential and induce
apoptosis in the treatment-resistant HCC1806 cells, which lack
entinostat-mediated NOXA mRNA induction. We suggest that
the minimal treatment effects inducing apoptosis on HCC1806
cells may be attributed to entinostat ability to inhibit cell
proliferation by inducing p21-mediated G, cell-cycle arrest
following low doses of entinostat treatment, as reported by
others (39). Therefore, the clinically relevant entinostat doses
tested in our study may not be effective at inducing apoptosis in
the HCC1806 cell line. Further investigation is necessary to
fully understand the potential mechanisms of inducing treat-
ment resistance.

We recognize that there are slightly different treatment sensi-
tivity levels observed between the SUM190PT and SUM149PT cell
lines, which may be due to diverse NOXA/MCL1-binding abil-
ities, NOXA mRNA induction levels, or SUM190PT HER2 posi-
tivity possibly affecting NOXA expression via TP53. There is
evidence that HER2 signaling negatively regulates the function
of TP53, a known positive regulator of NOXA expression, making
it possible for HER2 to have an indirect inhibitory role on NOXA
via TP53 (40). In addition, we have previously identified that
entinostat can sensitize trastuzumab/lapatinib-resistant HER2-
positive cells to treatment by induction of apoptosis via FOXO3-
mediated Bim1 expression (11). Therefore, future studies into the
potential role of HER2 positivity in relation to NOXA, as well as a
potential rationale for an entinostat-trastuzumab-pimasertib
triple combination therapy for instance, needs to be further
explored as a possible therapeutic approach in HER2-positive
breast cancer.

Remaining unclear are the specific reasons why select IBC
and TNBC cell lines have increased NOXA mRNA expression,
and NOXA promoter acetylation, in response to entinostat.
Here we noted a tendency for TP53- and BRCAI-mutant cell
lines to be unresponsive to treatment. BRCA1 is a coactivator
of TP53 which subsequently induces apoptosis via NOXA,

Figure 6.

Entinostat and pimasertib combination treatment inhibits colony formation in vitro and tumor growth in vivo by NOXA-mediated apoptosis and decreased expression
of MCL1. SUM190PT and SUM149PT cell lines were treated with entinostat (0.01 and 0.05 umol/L, respectively) and/or pimasertib (0.01 and 0.05 umol/L,
respectively) and allowed to grow in an anchorage-independent environment for 2-3 weeks; clonal growth was measured at the treatment endpoint by colony
formation (A). Data were pooled from three independent experiments and presented as mean £ SEM. Tumor volume measurements for SUM190PT and
SUM149PT tumor xenograft-bearing mice (n = 12/group and 10/group, respectively) treated via oral gavage daily for up to 2 months with vehicle, entinostat (20 or
5ma/kg), and/or pimasertib (30 or 0.5 mg/kg) (B). C, Immunohistochemistry (IHC) staining from SUM190PT and SUM149PT tumor xenografts treated with vehicle or
the indicated drugs. Paraformaldehyde-fixed paraffin sections were incubated with anti-Ki-67 antibody, and TUNEL staining was performed. Representative
images of 5 IHC staining experiments are illustrated. Magnification, 20 x. The images were converted by ImageJ software to accomplish quantification of Ki-67 and
TUNEL expression. Quantification of IHC staining is represented as mean + SEM. D and E, Protein expression (represented as mean + SEM) relative to

loading control after immunoblotting analysis of NOXA, MCL1, and cleaved caspase-9 expression in protein lysates of five representative tumor samples from
each treatment group of mice bearing SUMI90PT or SUM149PT tumors. Tubulin expression was used as a protein loading control. Pixel density of protein
bands was quantified for each condition using ImageJ software. *, P < 0.05; **, P < 0.001; ***, P < 0.0001.
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suggesting a possible escape mechanism when BRCAI and
TP53 are mutated (14). In addition, we cannot rule out as
possible contributing factors the potential differences in the
intracellular metabolism of entinostat across cell lines, as well
as other possible mechanism by which entinostat could be
modulating NOXA gene expression. Future investigation into
the role of TP53 and BRCA1 mutation status and entinostat
intracellular metabolism in association with NOXA expression
and treatment response would be of importance, potentially
enabling additional criteria for patient selection.

Inhibition of proapoptotic NOXA through siRNA, as well as
vector-induced expression of antiapoptotic MCL1, significantly
induced resistance of SUM190PT and SUMI149PT cells to
entinostat and pimasertib separately, as well as to combination
treatment, when compared with control transfections. Our
findings confirmed the important role NOXA plays in sensi-
tivity of TNBC and IBC cell lines to combination treatment, in
that transient transfection of a NOXA-expressing vector reduced
MCL1 protein levels, as well as sensitized the cells in combi-
nation with pimasertib. Further experiments should be done to
provide more evidence supporting the direct role of NOXA and
MCL1 driving combination treatment sensitivity, such as by
developing NOXA and MCL1 protein inducible expression/
suppression models, as well as constructs with mutated func-
tional domains to determine their individual roles affecting
combination treatment synergy.

IBC and TNBC remain diseases without an effective targeted
therapy that can significantly affect patients' morbidity and/or
survival. Our study provides preclinical evidence for the trans-
lational potential of a combined entinostat and pimasertib
therapy for patients with the most aggressive molecular and
clinical diagnoses of breast cancer, TNBC and IBC, especially
for those with tumors expressing high levels of MCL1 and p-
ERK, or increased levels following initial entinostat treatment.
Although p-ERK has been reported to be a biomarker of poor
prognosis in breast cancer (41), a potential challenge for the
clinical application of our therapeutic strategy is that there are
no treatment-predictive biomarkers established for the selec-
tion of patients who could benefit from MCL1-inhibition
treatment. With the goal of discovering such a biomarker, a
chemical genomic study identified that tumors with low
expression of BCL-xXL, an antiapoptotic BCL2 family member,
were associated with sensitivity of breast and non-small cell
lung cancer tumors in vivo to compounds that inhibit MCL1,
representing a potential strategy that may be established in the
clinic for the selection of patients who could benefit from
MCL1 inhibition treatments (42). More importantly, the geno-
mic and proteomic analyses performed in our current study are
translatable to the clinical trial setting, allowing the study of
baseline and treatment-induced MCL1 and NOXA expression
levels in patient tumors. As supported by the results of our in
vivo studies, the inclusion of MCL1 and NOXA expression
measurement could provide robust predictive biomarkers of
treatment response to entinostat and pimasertib combination
therapy.

Besides breast cancer (43), overexpression of MCL1 has been
associated with survival pathways, resistance, and poor prog-
nosis in multiple cancers, such as melanoma (20), small-cell
lung cancer (44), colorectal cancer (45), oral cancers (46),
endometrial cancer (47), as well as multiple hematologic
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malignancies (21, 48). Therefore, our combination treatment
may be effective in other cancers increasing the impact of this
study. However, further validation in clinically relevant models
for each disease is needed. Others have reported data support-
ing the potential for the combination treatment of MCL1
inhibitors and inducers of NOXA, providing further evidence
of the likely applicability of our combination treatment (49,
50). Furthermore, we observed sensitivity of IBC and TNBC
cells to entinostat and pimasertib treatment within clinically
relevant concentrations, providing a preclinical rationale for
translation into a clinically appropriate dose.

In summary, we demonstrate the efficacy of combined HDAC
inhibitor entinostat and MEK inhibitor pimasertib treatment
blocking the progression of preclinical models of TNBC and IBC.
Effective therapy was significantly associated to the induction of
tumor apoptosis regulated by NOXA-mediated MCL1 degrada-
tion. Collectively, our results provide a strong rationale for clinical
drug and predictive biomarker studies for this combination
therapy in IBC and TNBC.
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