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Abstract

Purpose: To evaluate the in vitro and in vivo effects of the combination therapy of histone deacetylases
(HDASsC) inhibitor, chidamide, and bromodomain-containing proteins (BETS) inhibitor, PFI-1, on triple-
negative breast cancer (TNBC).

Methods: Four distinct breast cancer cell lines and one TNBC mouse model were treated with vehicle,
chidamide, PFI-1 alone, or chidamide and PFI-1. The inhibitory effect of chidamide or PFI-1 on HDACs
and BETs was assessed by HDAC enzyme inhibition and AlphaScreen assays. Cell viability was
determined by MTT assay while protein expression of p-STAT3 was evaluated by western blotting and
immunohistochemistry (IHC) staining assay.

Results: Chidamide exerted inhibitory effect on HDACs while PFI-1 inhibited BET proteins. The three-
dimensional model demonstrated the interactions between chidamide and HDAC2, and between PFI-1
and BRDA4. Chidamide or PFI-1 exerted inhibitory effects on breast cancer cell proliferation in vitro.
However, the combination of PFI-1 and chidamide significantly inhibit MDA-MB-231 cell viability, and
decrease the expression of p-STAT3, when compared to that treated with chidamide or PFI-1 alone.
Moreover, the combined inhibitory effect of PFI-1 and chidamide on tumor growth was also found in the
in vivo mice experiments.

Conclusion: The combination of chidamide and PFI-1 is a potential is a potential therapeutic strategy
for the management of TNBC.
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INTRODUCTION

Triple-negative breast cancer (TNBC), with poor
prognosis and high rate of metastasis, is a
heterogeneous breast cancer subtype [1] that
accounts for approximately 20 % of newly
diagnosed primary breast cancers [2]. Current
therapeutic options for TNBC are limited to

cytotoxic therapies, and there are no approved
targeted therapies [3-5]. Current progress in
biochemical and technological research has
identified key pathways and proteins that could
be used as potential therapeutic targets for
TNBC treatments [6-8].

Epigenetic mechanisms are increasingly
considered as primary contributors to the
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pathogenesis of cancers such as lymphoma[9],
pancreatic  ductal  adenocarcinoma, and
melanoma[10]. Histone deacetylases (HDACS)
could regulate epigenetic genes through the
modification of histone tails. HDAC inhibitors
(HDACI) represent the most promising epigenetic
mechanism-based malignant tumor therapy [11].
Many HDACI, including chidamide and
vorinostat, are used as potential therapeutic
approaches for T-cell lymphoma and multiple
myeloma [12].

The bromodomain and extraterminal (BET) motif
family of proteins, which include BRDT, BRD4,
BRD3, and BRD2, specifically recognize
acetylated lysine residues on histones and other
proteins, such as chromatin, to alter their cellular
epigenetic and transcriptional programs [13].
Small molecule BET inhibitors (BETi) such as
PFI-1 and JQ1, suppress the expression of
oncogenes, leading to the inhibition of cell growth
and cell apoptosis. Recently, a study reported
synergistic effects of HDACi and BETi in
lymphoma, urothelial carcinoma, , non-small cell
lung cancer, and particularly, breast cancer [14].
In this study, the synergistic effects of the HDACI
chidamide and the BETi PFI-1 used as a
combination therapy in TNBC were investigated.

EXPERIMENTAL
Molecular modeling

The computational docking program, Discovery
Studio 3.0, was used to dock chidamide to
HDAC2. The receptor was prepared using the
Protein Preparation Wizard in the Schrodinger
suite, and the ligands were initially minimized
using the LigPrep module. The Glide module was
employed for the docking study.

Compounds

Chidamide and PFI-1 were purchased from
Selleck Chemicals (https://www.selleck.cn/) and
dissolved in dimethyl sulfoxide (DMSO) to yield
10 mM stock solutions.

HDAC enzyme inhibition assay

The HDAC enzyme inhibition assay was
completed and analyzed wusing human
recombinant HDAC proteins. The base reaction
buffer was composed of 137 mM NaCl, 50 mM
Tris-HCI(pH 8.0), 2.7 mM KCI, and 1 mM MgCl,
to which was added fresh 1 mg/mL BSA and 1 %
DMSO. Deacetylation was performed by the
addition of 2x enzyme in wells of the reaction
plate, into which buffer was added. The
compounds in 100 % DMSO were then

preincubated with the enzyme mixture using
acoustic technology (Echo550; nanoliter range).
The substrate mixture was added to reaction
wells. The plates were sealed, rotated, shaken,
and incubated for 2 h at 30 °C. The developer
containing trichostatin A (or nicotinamide for
SIRTs) was then added and a fluorescent signal
was generated. Kinetic measurements were then
taken after 1.5 h using Envision system at 15-min
intervals (excitation/emission = 360/460 nm).
When the development of the fluorescent signals
reached a plateau, the endpoints of the reaction
were used for analysis.

BRD inhibition assay

BET inhibition was measured using the
AlphaScreen assay. The reagents were diluted
with buffer (0.1 % BSA, 50 mM HEPES, and 100
mM NaCl) supplemented with 0.05 % CHAPS.
Four milliliters of protein were added to 384-well
plates, followed by nonbiotinylated peptides,
solvents, or compounds. The plates were then
incubated at 25 °C for 25 min and then 4 mL of
biotinylated peptides were added. The plates
were resealed and incubated for another 25 min.
Four microliters of nickel chelate AlphaLISA
Acceptor beads and streptavidin-coated donor
beads were then added. The plates were
incubated and luminescence was detected using
a PHERA star FS plate reader and the
AlphaScreen 570 emission/680 excitation filter
set.

MTT assay

7.0 x 10° cells per well were seeded into 96-well
plates, incubated and then treated with various
concentrations of compounds and incubated at
37 °C for 48 h. Then, 30 yL MTT solution were
added and cultured, and the crystals of formazan
product were then dissolved by oscillating for 10
min. The optical density (OD) value was detected
using a microplate reader (Bio-Rad, imark,
Hercules, CA) at a wavelength of 570 nm. The
value of inhibitory concentration 50 (ICs) was
calculated by GraphPad Prism 5 software (La
Jolla, CA).

Cell culture

All human breast cancer cell lines (MCF-7, MDA-
MB-438, MDA-MB-435, and MDA-MB-231) were
obtained from the CBTCC of the Chinese
Academy of Sciences (Shanghai, China). Cells
were cultured in RPMI-1640, F12, or DMEM
supplemented with fetal bovine serum (10 %
FBS, Hyclone, Logan, UT, USA) and
penicillin/streptomycin (1 %), and maintained in
in an incubator (5 % CO, at 37 °C).
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Western blot analysis

Cells were incubated with various concentrations
of chidamide, PFI-1, or a combination of
chidamide and PFI-1 for 48 h. Cells were
collected and lysed in cold lysis buffer for total
protein extraction. Protein samples (15 ug) were
electrophoresed on an SDS-polyacrylamide gel
and transferred to a polyvinylidene difluoride
(PVDF) membrane, and then incubated with
primary specific antibodies against p-STAT3 and
glyceraldehyde  phosphate  dehydrogenase
(GAPDH). After washing, membrane was
incubated with the secondary antibody for 2 h
and determined by chemiluminescence.

In vivo studies

For in vivo studies, MDA-MB-231 cells (1 x 106)
were diluted and injected subcutaneously into 5-
week-old female athymic nude mice (18-22 g).
Three days later, the mice were divided randomly
into four groups: (1) vehicle gavage (saline
containing 4 % DMSO, 5 % PEG, and 5 %
Tween 80; once every 3 days for 18 days); (2)
chidamide or (3) PFI-1 gavage (100 mg/kg
compound, once every 3 days for 18 days); or (4)
chidamide and PFI-1 combination gavage (50
mg/kg/compound, once every 3 days for 18
days). The tumor volumes were measured once
every 3 days as length x width x height (in mm?).
Meanwhile, mouse body weights were measured
and recorded. All studies were approved by the
Animal Ethics Committee of First Affiliated
Hospital of Xiamen University, and the
experiments were carried out in accordance with
the guidelines of Guide for the care and use of
laboratory animals[15].

Immunohistochemistry (IHC) staining assay

Paraffin-embedded tumor xenografts were
sectioned, and slides were prepared and
immunostained using primary antibodies against
p-STAT3. Immunohistochemistry (IHC) labeling
was conducted using 0.1 % trypsin for antigen
retrieval using the immunoperoxidase method.
Slides were then stained with dye followed by
dehydration. Slides were scanned, and images
were obtained using an x-cite 120 (Olympus)
microscope.

Statistical analysis

The experiments were performed in triplicate.
Statistical significance was evaluated using the
Student’s t test for multiple comparisons using
GraphPad Prism software {p < 0.001 (***); p <
0.01 (**); and p < 0.05 (*)}.

RESULTS
Affinity and binding of PFI-1 and chidamide

The inhibitory effects of chidamide and PFI-1 on
HDACs and BET proteins were examined,
respectively. By detecting the enzymatic
activiies of human recombinant histone
deacetylases (HDACSs), the efficiency of the
competitive binding of chidamide to HDAC
subtypes in vitro was profiled. As shown in
Figure 1 C, chidamide inhibited the enzymatic
activities of HDAC1, HDAC2, and HDAC3 at low
nanomolar concentrations, which was consistent
with previous study [16]. The ICs, values of
chidamide for HDAC1, HDAC2, and HDAC3
were 55.91 nM, 738.08 nM, and 61.64 nM,
respectively. The binding model between
chidamide and HDAC was predicted through a
docking study. As shown in Figure 2 A,
chidamide bound tightly to HDAC via a -1
interaction between Phel55 and Phe210, and
the zinc ion was chelated by the carbonyl group
of the benzamide.
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Figure 1: The inhibitory effects of chidamide on
HDACs and and PFI-1 on BET proteins. (A) Chemical
structures of chidamide and PFI-1. (B) AlphaScreen
assay dose-response curves, displaying the
replacement of bromodomains BRD2, BRD3, and
BRD4 with acetylated lysine residues by PFI-1. (C)
Dose-response curves showed the inhibitory effects of
chidamide on the enzymatic activities of HDACLI,
HDAC2, and HDAC3. (D) ICso values were determined
ranging from 5.00 x 10° to 2.54 x 10 M

Similarly, PFI-1 inhibited BET proteins (BRD4,
BRD3, and BRD2) at submicromolar
concentrations (Figure 1 B and C). ICg values for
BRD2, BRD3, and BRD4 were 169.17 nM,
647.85 nM, and 119.52 nM, respectively. A co-
crystal structure was obtained for PFI-1 binding
to BRD4 by Fish et al [17]. Figure 2 B
demonstrated that PFI-1 bound tightly to BRD4.
The urea carbonyl and NH group interacted with
Asn140.
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Figure 2: Three-dimensional model of the interactions
between chidamide and HDAC2 and between PFI-1
and BRDA4. (A) The interaction between chidamide and
HDAC2 (PDB ID 4LXZ). Chidamide is depicted as
sticks with carbon atoms in green, oxygen in red, and
nitrogen in blue. The yellow sphere represents the zinc
ion, and the yellow dashed lines indicate chelation. (B)
The X-ray crystal structure of interaction between PFI
and BRD4 (PDB ID 4E96). The hydrogen bond is
denoted by yellow dashed lines. The color code is the
same as in A. Figures were prepared using PyMOL
Molecular Graphics System

Inhibitory effect of chidamide or PFI-1 on
breast cancer cell proliferation in vitro

Based on these interactions, the effects of
chidamide or PFI-1 treatment on four breast
cancer cell lines (MCF-7, MDA-MB-438, MDA-
MB-435, and MDA-MB-231) were performed. 5
MM of chidamide or 5 uM PFI-1 was treated and
the cell viability was determined. As shown in
Figure 3, the percentage of the viability of four
breast cancer cell lines were significantly
decreased by chidamide or PFI-1 treatment than
that treated with DMSO.
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Figure 3: Effect of chidamide or PFI-1 on the viability
of breast cancer cell lines. MCF-7, MDA-MB-453,
MDA-MB-468, and MDA-MB-23 cells were seeded into
96-well plates and treated for 48 h with chidamide (5
MM) or PFI-1 (5 uM), and evaluated using the MTT
assay
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Inhibitory effect of the combination of PFI-1
and chidamide on the viability of MDA-MB-
231 cells

Among four breast cancer cell lines, a TNBC cell
line MDA-MB-231 showed the lowest sensibility
to either chidamide or PFI-1, was selected which
was used to further evaluate the comprehensive

effects of PFI-1 and chidamide. T As shown in
Figure 4 A to C, the combination of PFI-1 and
chidamide could significantly decrease the cell
viability of MDA-MB-231 cells as compared to
that treated with PFI-1 or chidamide alone.

Besides, this inhibitory effect was dose-
dependently.
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Figure 4: The inhibitory effects of the combination of
PFI-1 and chidamide on the viability of MDA-MB-231
cells MDA-MB-231 cells were seeded into 96-well
plates and treated for 48 h with various concentrations
of chidamide alone,PFI-1 alone, or the combination of
PFI-1 and chidamide, and was evaluated using the
MTT assay. (A) Chidamide (10 uM), PFI-1 (10 puM),
and chidamide (5 yM) + PFI-1 (5 uM). (B) Chidamide
(5 M), PFI-1 (5 uyM), and chidamide (2.5 uM) + PFI-1
(2.5 uM). (C) Chidamide (2.5 uM), PFI-1 (2.5 uyM), and
chidamide (1.25 pM) + PFI-1 (1.25 uM). C: Chidamide,
P: PFI-1; p < 0.05 (*); p < 0.01 (**)

Effects of the combination of PFI-1 and
chidamide on protein expression of p-STAT3
in MDA-MB-231 cells

To verify whether STAT3 phosphorylation (p-
STAT3) was involved in the synergistic effects of
PFI-1 and chidamide on MDA-MB-231 cells, the
protein expression of STAT3 phosphorylation (p-
STAT3) was detected using western blot
analysis. As shown in Figure 5, the combination
of PFI-1 and chidamide could significantly
decrease the protein expression of p- STAT3 in
MDA-MB-231 cells as compared to that treated
with PFI-1 or chidamide alone. Besides, this
inhibitory effect was dose-dependently.
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Figure 5: Effect of the combination of PFI-1 and
chidamide on the protein expression of p-STAT3 in
MDA-MB-231 cells. Immunoblot analysis of p-STAT3
and GAPDH after treated with DMSO, chidamide, PFI-
1, or a combination of both chidamide and PFI-1 in
MDA-MB-231 cells for 48h. “+" refers to with
treatment, “~” refers to without treatment
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Inhibitory effect of the combination of PFI-1
and chidamide on tumor growth in vivo

The therapeutic efficacy of chidamide and PFI-1
was assessed in a subcutaneous human breast
cancer xenograft (MDA-MB-231 cell) model. As
shown in Figure 6 A, treatment with either
chidamide (100 mg/kg) or PFI-1 (100 mg/kg)
alone had limited effects. Nevertheless,
treatment with a combination of chidamide and
PFI-1 elicited a synergistic effect on tumor
growth, showing lower tumor volume as
compared to that treated with chidamide or PFI-1
alone. In addition, histochemical staining of p-
STAT3 demonstrated that its levels were
suppressed by the combination treatment of
chidamide and PFI-1 in vivo, as compared to that
treated with chidamide or PFI-1 alone (Figure 6
B). However, there was no observable difference
in mouse weight among groups, indicating that
this combination therapy was tolerated by mice
(Figure 6 C).
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Figure 6: The inhibitory effects of the combination of
PFI-1 and chidamide on tumor growth in vivo. (A)
TNBC mouse model were constructed and were
treated with chidamide (100 mg/kg), PFI-1 (100
mg/kg), or chidamide (50 mg/kg) + PFI-1 (50 mg/kg)
for 21 days. Tumor growth curves were plotted by
measuring the relative tumor volume once every 3
days. (B) The protein expression of STAT3
phosphorylation (p- STAT3) in the TNBC mouse
model was assessed by immunohistochemical
analysis. (C) Mice were treated with chidamide (100
mg/kg), PFI-1 (100 mg/kg), or chidamide (50 mg/kg) +
PFI-1 (50 mg/kg) for 21 days. Mouse body weights
were measured once every 3 days

DISCUSSION

Chidamide is a novel, small molecule and HDACI
is characterized by a benzamide scaffold group
(Figure 1 A) [16]. It was developed by Shenzhen
Chipscreen Biosciences Ltd. and approved by
the Chinese FDA in 2015 for relapsed or
refractory peripheral T-cell lymphoma. PFI-1
(Figure 1 A) is a selective BETi that blocks
cellular proliferation in leukemic cell lines [18]. In
our study, chidamide had inhibitory effects on
HDACs and PFI-1 had inhibitory effects on BET

proteins. The three-dimensional model showed
the interactions between chidamide and HDAC?2
and between PFI-1 and BRD4. The results in our
study indicated that chidamide alone or PFI-1
alone elicits inhibitory effects on breast tumor cell
viability. However, the combination of PFI-1 and
chidamide could significantly inhibit MDA-MB-
231 cell viability, and increase the expression of
p-STAT3, as compared to that treated with
chidamide or PFI-1 alone. Moreover, the
inhibitory effects of PFI-1 and chidamide on
tumor growth were also found in the in vivo mice
experiments. These results indicated that
chidamide and PFI-1 could, at least patrtially,
inhibit the progression and development of
TNBC. Recent studies have suggested that the
inhibition of STAT3 activation acts as an effective
TNBC therapy [19-22].While single treatments of
either PFI-1 or chidamide suppressed STAT3
phosphorylation at concentrations less than 2.0
MM (mainly by PFI-1), the combination treatment
caused significant reduction in the protein level of
p-STAT3. These findings suggested that the
inhibition of STAT3 activation may block the
progression and development of TNBC. Thus,
chidamide and PFI-1 may inhibit the progression
and development of TNBC by decreasing p-
STATS3 expression.

CONCLUSION

The distinct effects of chidamide, PFI-1 and a
combination of chidamide and PFI-1, on the cell
viability of TNBC both in vitro and in vivo have
been investigated comprehensively. The
combination of chidamide and PFI-1 inhibits cell
viability in vitro and suppresses tumor growth in
vivo when compared to treatment with
chidamide, or PFI-1 alone. Thus, the combination
therapy is a potential therapy for the
management of TNBC.
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