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Abstract. Histone deacetylase 6 (HDAC6)‑selective inhibitors 
are potent anticancer agents that are gaining increasing atten‑
tion and undergoing various developments. These have been 
approved or are under clinical trials for use with other anticancer 
agents, such as pomalidomide, anti‑programmed death‑ligand 
1 antibody and paclitaxel, for various types of cancer, 
including solid tumors. In the present study, a second genera‑
tion HDAC6‑selective inhibitor, ACY‑241 (citarinostat), and a 
novel inhibitor, A452, exhibited synergistic anticancer effects 
with paclitaxel in AT‑rich interaction domain 1A‑mutated 
ovarian cancer in vitro. Co‑treatment of paclitaxel and the two 
HDAC6 inhibitors synergistically decreased cell growth and 
viability of TOV‑21G. Furthermore, the protein expression 
levels of pro‑apoptotic markers, such as poly(ADP‑ribose) 
polymerase, cleaved caspase‑3, Bak and Bax, were increased, 
whereas the expression levels of anti‑apoptotic markers, 
such as Bcl‑xL and Bcl‑2, were decreased synergistically. 
Treatment with all drug combinations increased the portion of 
apoptotic cells in fluorescence‑activated cell sorting analysis. 
These results demonstrated synergy between paclitaxel and 
HDAC6‑selective inhibitors, providing further impetus for 
clinical trials of combination therapy using HDAC6‑selective 
inhibitors, not only in ovarian cancer but also in other tumors.

Introduction

Ovarian cancer is the second leading cause of female 
reproductive cancer death. In 2018, ovarian cancer affected 

approximately 295,414 women worldwide, with a predilection 
for postmenopausal women (1). Ovarian cancer carries a poor 
prognosis, with a 5‑year survival rate of only 30% and deaths 
occurring within just 2 years of diagnosis. This low survival rate 
can be attributed to the late diagnosis of the disease. A signifi‑
cant proportion of women are diagnosed with ovarian cancer 
at advanced stages, and despite initial complete responses to 
chemotherapy, 70% of patients develop recurrence within 18 
months (2). Current treatment methods for ovarian cancer are 
surgery and cytotoxic chemotherapy. When complete surgical 
debulking seems difficult for the patient, pre‑ or postopera‑
tive chemotherapy may be used as an additional therapeutic 
strategy. For the past 40 years, cytotoxic chemotherapy based 
on platinum‑ and taxane‑ group drugs such as carboplatin, 
cisplatin, and paclitaxel (PTX), have been used for first‑line 
chemotherapy. However, despite several clinical trials, regi‑
mens containing platinum have not shown improvements for 
the past 20 years largely due to drug toxicity and resistance. 
In fact, of the 80% of patients with good initial responses to 
standard treatments, 70% experience disease recurrence (1). 
In addition to the problem of drug‑resistance, drug‑refractory 
patients exhibit the worst prognosis for treatment (2). Patients 
whose disease progress despite drug treatment have been 
managed with pegylated doxorubicin or topotecan, both of 
which have low response rates. Therefore, a novel strategy 
identified through molecular characterization is required to 
overcome drug‑resistance and to offer new treatment options 
for patients with advanced and relapsed ovarian cancer.

PTX is a taxane‑based, microtubule‑stabilizing drug that 
has been approved by the Food and Drug Administration (FDA) 
for the treatment of various types of solid cancers, including 
those of the breast, lung, and ovary (3). PTX inhibits normal 
dissociation of α‑ and β‑tubulin subunits, thereby increasing 
the percentage of tubulin subunits that polymerize into 
microtubules (4). As a result, PTX reduces the concentration 
of free‑tubulin subunits necessary for microtubule assembly, 
causing the mitotic arrest of cancer cells. Despite the efficacy 
of PTX in killing cancer cells, resistance remains a major 
obstacle to overcome. There are numerous molecular mecha‑
nisms by which cancers evade the cytotoxic effect of PTX. 
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These mechanisms include, but are not limited to, altering 
microtubule dynamics and changing tubulin subtypes, compo‑
sitions, and posttranslational modifications (5).

Histone deacetylase  6  (HDAC6) is a special enzyme 
with a unique structure and various functions. It possesses 
two deacetylase domains and is involved in various deacet‑
ylase‑dependent and ‑independent cytoplasmic cellular 
processes, such as inflammation, angiogenesis, transcription, 
protein degradation, cell survival, and cell motility  (6‑8). 
HDAC6 targets various substrates, including α‑tubulin, 
cortactin, HSP90, Tat, Ku70, β‑catenin, peroxiredoxins, and 
survivin (8). The overexpression of HDAC6 induces tumori‑
genesis in mammalian cells by hypoacetylating α‑tubulin and 
promoting the formation of immune synapses, cell migration, 
and chemotaxis. As a result, extensive studies have been 
conducted to develop HDAC6‑selective inhibitors to target 
tumorigenesis and metastasis. One of the HDAC6‑specific 
inhibitors, ACY‑1215 (ricolinostat), is under a phase1b 
clinical trial for relapsed or refractory multiple myeloma (9). 
Moreover, HDAC6 inhibition through ACY‑1215 was proven 
to be effective in various cancers, including inflammatory 
and metastatic breast cancers, melanoma, glioblastoma, 
prostate cancer, colorectal cancer, multiple myeloma, and 
lymphoma (9‑16). ACY‑241 or citarinostat, like ACY‑1215, 
inhibits HDAC6 with 13 to 18‑fold reduced potency against 
HDAC1, 2, and 3 isozymes (17). However, as a second genera‑
tion inhibitor, ACY‑241 carries improved solubility compared 
to its structurally related inhibitor ACY‑1215 and is orally 
available. Currently, it is under investigation in a clinical trial 
(NCT02886006) for multiple myeloma. Apart from ACY‑1215 
and ACY‑241, A452 is a potent hydroxamic acid based 
HDAC6‑selective small‑molecule inhibitor under preclinical 
studies (18,19). A452 carries a γ‑lactam core that selectively 
inhibits HDAC6 catalytic activity and successfully suppresses 
colorectal cancer cell growth. However, further research is 
required to evaluate its efficacy and mechanisms in other 
cancers, such as in epithelial ovarian carcinomas (EOC).

Approximately 85‑90% of malignant ovarian cancer 
subtypes are EOCs. They are classified histologically into 
four types: high‑ and low‑grade serous carcinomas account 
for 75% of EOCs, whereas clear cell carcinomas, mucinous 
carcinomas, endometrioid carcinomas comprise 9, 3 and 8% of 
EOCs, respectively. EOCs are known to carry mutually exclu‑
sive ARID1A and TP53 mutations (20). ARID1A, a component 
of the SWI/SNF complex, is mutated in more than 50% of 
ovarian clear cell carcinomas and 30% of ovarian endometrioid 
carcinomas. These ARID1A‑mutated ovarian cancers fail to 
inhibit HDAC6 activity, thus destabilizing p53 by removing its 
lysine 120 acetylation (K120Ac) (21). This increased HDAC6 
activity promotes tumor growth. Therefore, using a selective 
HDAC6 inhibitor, such as ACY‑1215, in ARID1A‑inactivated 
ovarian cancer cells induces apoptosis by modulating p53 
stability.

In this study, we conducted further experiments using two 
different HDAC6‑selective inhibitors, ACY‑241 and A452, 
to confirm the anticancer effect of HDAC6 inhibition on 
ARID1A‑null ovarian cancer TOV‑21G cells with a wild type 
TP53. Furthermore, as both HDAC6 and PTX alter cellular 
α‑tubulin dynamics, the combination treatment of PTX 
and HDAC6 inhibitors synergistically enhances apoptosis 

in TOV‑21G cancer cells. This may be a novel therapeutic 
strategy in overcoming the limitations of PTX.

Materials and methods

Ovarian cancer cell lines and culture. The human ovarian 
clear cell carcinoma cell, TOV‑21G, was purchased from 
American Type Culture Collection (ATCC). It was cultured 
in Dulbecco's modified Eagle's medium (Sigma-Aldrich; 
Merck KGaA) containing 10% fetal bovine serum (HyClone; 
GE Healthcare), 100 U/ml penicillin and 100 µg/ml strepto‑
mycin (Gibco; Thermo Fisher Scientific, Inc.) in a 5% CO2 and 
37˚C incubator.

Cell growth and viability assay. As described elsewhere (14), 
to measure cell growth and viability, the cells were seeded in 
triplicates at a density of 3x103 cells in 130 µl of medium in 
96‑well plates. Following 24 h of incubation, drugs were added 
to each well, then incubated for 24, 48 and 72 h each. Following 
the drug treatment, 13 µl of CCK‑8 reagent (WST‑8; CCK‑8 
kit, CK04; Dojindo Molecular Technologies, Inc.) was added 
into each well, and the plate was incubated at 37˚C for 3 h. 
Then, absorbance was read at 450 nm using microplate reader 
(Tecan Group, Ltd.). The results are presented as percent‑
ages relative to the control wells. All half‑maximal growth 
inhibition concentration (GI50) and half‑maximal inhibitory 
concentration (IC50) values were calculated using GraphPad 
Prism ver. 7.0 software.

Colony formation assay. To examine colony forming ability, 
the cells were seeded at 6‑well plates at a density of 1x103 cells 
in 2 ml of medium. Following 24 h of incubation, drugs were 
treated in each wells, and the plate was incubated at 37˚C 
for 14 days. The medium with drugs were renewed every 3 
to 4 days. The cells were stained with 0.7 ml 0.05% crystal 
violet solution (Sigma-Aldrich; Merck KGaA) for 30 min 
and the colonies were counted using open‑source software 
OpenCFU (22). The experiment was carried out in triplicates. 
One‑way ANOVA with Bonferroni's post‑hoc test was carried 
out using GraphPad Prism 7.0 software (GraphPad Software).

Drug combination analysis. To determine drug combination 
effects, constant ratio of PTX to ACY‑241 and PTX to A452 
were used. Cells were seeded in triplicates in 96‑well plates at 
the density of 3x103 cells. The plate was incubated overnight 
before adding drugs of diluted concentrations prior to use. The 
cells were incubated with the drugs for 72 h at 37˚C. A CCK‑8 
assay was performed to determine cell viability. Drug synergy 
was determined according to the combination index  (CI) 
method described by Chou (23); CI<1 implies synergism, CI=1 
implies additivity, CI>1 implies antagonism. CI values were 
calculated using CalcuSyn software version 2.11 (Biosoft). 
Two‑way ANOVA with Bonferroni's post‑hoc test for both 
combination was conducted using GraphPad Prism 7.0 soft‑
ware (GraphPad Software).

Wound healing assay. To determine wound closure capability, 
the cells were seeded in 6‑well plates at density of 1x106 cells 
in triplicates. The cells were incubated in DMEM culture 
medium containing 10% fetal bovine serum for 24 h. After 
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24‑h incubation at 37˚C, the wound was scratched using 
1,000 pipet tip. Then, the cells were washed to remove cell 
debris and were treated with drugs for 24 h. The cells were 
removed from the incubator and were washed with 1  ml 
of medium and photographed. The wound was measured 
using ImageJ software. One‑way ANOVA with Bonferroni's 
post‑hoc test was carried out using GraphPad Prism 7.0 soft‑
ware (GraphPad Software).

Western blot analysis. TOV‑21G cells were seeded in 6‑well 
plates at density of 5x105 cells/well and incubated for overnight 
in 37˚C before drug treatment. After drug treatment, cells were 
incubated for 24 h. Cells were lysed and extracted with 100 µl 
NP‑40 lysis buffer [0.5% NP‑40, 50 mM Tris‑HCl (pH 7.4), 
120 mM NaCl, 25 mM NaF, 25 mM glycerol phosphate, 1 mM 
EDTA, 5 mM EGTA, 1 mM PMSF and 1 mM bezamidine] and 
sonicated twice for 3 sec at 20% amplitude. Bradford protein 
assay was conducted to measure protein concentrations. Cell 
lysates containing 60‑80 µg proteins were loaded onto 7.5‑12% 
SDS‑PAGE. Then, proteins were transferred to nitrocellulose 
membrane at 100 V for 100 min. Membranes were blocked 
with 5% skim milk at room temperature and were incubated 
for overnight with primary antibodies at 4˚C. Primary anti‑
bodies were diluted using following concentrations: α‑tubulin 
(1:1,000), acetyl‑α‑tubulin (1:2000), GAPDH (1:10,000), PARP 
(1:1,000), Pro‑caspase‑3 (1:1,000), cleaved caspase‑3 (1:500), 
Pro‑caspase‑8 (1:500), Pro‑caspase‑9 (1:500), Bak (1:1,000), 
Bax (1:500), Bcl‑xL (1:1,000), Bcl‑2 (1:500), p53 (1:1,000), 
p53K120Ac (1:500), p53K381Ac (1:1,000), and p‑p53ser15 
(1:500). Then membranes were washed with 0.1% Tween‑20/
PBS and incubated with anti‑rabbit/mouse secondary antibody 
coupled to HRP at room temperature for 3 h. Protein bands 
were detected with ECL western blotting solution (Thermo 
Scientific Pierce).

Apoptosis assay. Apoptosis assay was performed with 
Annexin  V/propidium iodide  (PI) double staining. 
Initially, cells were seeded in 100 Φ plates at densities of 
1.2x106‑1.5x106  cells. Cells were incubated for overnight 
in 37˚C and treated with drugs accordingly. Drug treated 
cells were incubated for 48  h, washed with ice‑cold PBS 
and detached with trypsin‑EDTA. Cells were collected after 
centrifugation at 1,000 rpm for 3 min, then resuspended with 
400‑700 µl binding buffer. Cells were stained with 5 µl PI 
and 0.7 µl Annexin V‑fluorescein isothiocyanate (FITC) in 
dark for 15 min. The cells were diluted with 400 µl of 1X 
binding buffer (Annexin V‑FITC Apoptosis Detection Kit; 
BD556547; BD Pharmingen). Finally, the stained cells were 
analyzed using a flow cytometer and BD FACSDiva software 
version 7 (both from BD Biosciences). One‑way ANOVA with 
Bonferroni's post‑hoc test was carried out using GraphPad 
Prism 7.0 software (GraphPad Software).

Statistical analysis. All data in this research are presented as 
means ± standard deviation of or more than three indepen‑
dent experiments. One‑way or two‑way ANOVA followed 
by a Bonferroni's multiple comparison post‑hoc analysis was 
conducted using GraphPad Prism software 7.0 (GraphPad 
Software). P‑value <0.05 was considered statistically signifi‑
cant for all data presented.

Results

PTX and the two HDAC inhibitors, ACY‑241 and A452, 
reduce cell growth and cell viability. PTX is a taxane‑based 
chemotherapeutic drug known to inhibit the cell growth 
of various tumors (3). Similarly, ACY‑241 and A452, both 
HDAC6‑selective inhibitors, are known to suppress cell 
growth and decrease cell viability in solid tumors  (17), 
multiple myeloma (24,25) and colorectal cancer (18,19). To 
examine the anticancer effects of PTX and the two HDAC6 
inhibitors in ovarian cancer cells, we measured the cell growth 
and viability of TOV‑21G cells treated with PTX, ACY‑241 
and A452. PTX effectively reduced the cell growth and 
viability of TOV‑21G in both a time‑ and dose‑ dependent 
manner (Fig. 1A and B). When the GI50 and IC50 were calcu‑
lated, PTX inhibited cell growth at 28.74 nM and reduced cell 
viability at 33.61 nM (Table I). On the other hand, compared 
to PTX, the HDAC6 inhibitor ACY‑241 inhibited cell viability 
and growth at higher concentrations with a GI50 value of 
8.89 µM and an IC50 of 9.13 µM (Fig. 1C and D). Compared 
to ACY‑241, A452 had 12 times lower GI50 and 11 times lower 
IC50 in TOV‑21G (Fig. 1E and F). The GI50 value of A452 was 
0.69 µM IC50 value of A452 was 0.8 µM. PTX was the most 
effective drug among the three drugs, and A452 was more 
effective in reducing cell viability than ACY‑241.

Combination treatment of PTX and HDAC6‑selective 
inhibitors synergistically decrease cell viability and inhibit 
cell growth in ovarian cancer cells. Next, we employed the 
combination therapy of PTX and ACY‑241 or PTX and A452 
on TOV‑21G and analyzed its effects on cell viability and cell 
growth using Cell Counting Kit (CCK)‑8 assays. Synergy was 
evaluated by calculating CI values based on the Chou and 
Talalay method (23). The combination treatment of PTX and 
ACY‑241 at a dose ratio of 1:1,000 resulted in CI values <1, 
with PTX and ACY‑241 concentrations of 3, 4, 5 and 6 nM 
and 3, 4, 5 and 6 µM, respectively (Fig. 2A). On the other 
hand, the combination treatment of PTX and A452 at a dose 
ratio of 1:400 resulted in CI values less than 1 from concentra‑
tions of 0.25 nM PTX and 0.1 µM A452 up to 8 nM PTX and 
3.2 µM A452 (Fig. 2B). As single treatment of A452 is more 
effective than ACY‑241 in inhibiting cell growth and reducing 
cell viability in TOV‑21G, PTX synergized with A452 at 

Table I. Drug inhibition concentrations of TOV-21G cells 
treated with PTX and histone deacetylase 6-selective inhibitors.

	 Drug (48 h)
	------------------------------------------------------------------------------------------
Variable	 PTX, nM	 ACY-241, µM	 A452, µM

GI50	 28.74	 8.89	 0.69
IC50	 33.61	 9.13	 0.80

Cell growth and cell viability curves were calculated using the curves 
generated in Fig. 1. Data are presented as the means of three indepen‑
dent experiments. GI50, drug concentration that inhibited 50% of cell 
growth; IC50, drug concentration that inhibited 50% of cell viability; 
PTX, paclitaxel.
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substantially lower doses than it did with ACY‑241. The 
long‑term combination treatment of PTX and both HDAC6 
inhibitors also significantly inhibited the colony‑forming 
abilities of TOV‑21G (Fig. 2C and D). Moreover, as HDAC6 
inhibition is known to suppress migration and metastasis in 
various cancers (26,27), wound healing assays were conducted 
to examine the effects of PTX and the two HDAC6‑selective 
inhibitors (Fig. 3A and B). Both drug combinations synergisti‑
cally suppressed TOV‑21G migration and proliferation.

PTX and HDAC6‑selective inhibitors synergistically result 
in apoptosis in ovarian cancer cells. To further confirm 

the synergy of PTX and HDAC6‑selective inhibitors, we 
performed a western blot analysis to assess drug synergy at 
the protein level. Several apoptotic proteins were activated on 
the combination treatment of PTX with ACY‑241 (Fig. 4A). 
Poly(ADP‑ribose) polymerase (PARP), which is involved in 
DNA repair, genomic stability, and programmed cell death, 
was synergistically cleaved on combination treatment, resulting 
in apoptosis. As a PARP regulating protein, cleaved caspase‑3 
was also significantly increased upon combination treatment. 
On the other hand, Bcl‑2 family related pro‑apoptotic proteins 
such as Bak and Bax did not show significant changes in 
expression levels. However, Bcl‑2 family‑related anti‑apoptotic 

Figure 1. PTX, ACY‑241 and A452 individually suppress the growth and viability of the AT‑rich interaction domain 1A‑null, p53‑wild‑type TOV‑21G ovarian 
cancer cell line. (A and B) PTX (0, 0.1, 1, 3, 10, 30 and 100 nM), (C and D) ACY‑241 (0, 0.1, 0.3, 1, 3, 10 and 30 µM) and (E and F) A452 (0, 0.1, 0.3, 1, 3, 10 and 
30 µM) were used for treatment of TOV‑21G cells for 24, 48 and 72 h at the respective concentrations. (A, C and E) Cell growth and (B, D and F) cell viability 
were measured using Cell Counting Kit‑8 assays in 96‑well plates. All three drugs inhibited the growth and decreased the viability of TOV‑21G cells. Cell 
counts were estimated indirectly from a standard curve derived from absorbance of known cell numbers. The absorbance at each concentration was normalized 
to that of the negative control within the corresponding time interval. Data are presented as the mean ± SD (n=3). **P<0.01 and ***P<0.001 vs. the DMSO control 
(one‑way ANOVA with Bonferroni's post hoc test; the significance levels apply to all samples under a line). PTX, paclitaxel.
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proteins such as Bcl‑xL and Bcl‑2, decreased synergistically 
after the combination treatment of PTX and ACY‑241, thus 
supporting the synergism between the two drugs. Similarly, 
when PTX and A452 were treated together, both cleaved PARP 
and cleaved caspase‑3 increased synergistically  (Fig. 4B). 
However, in this combination, pro‑apoptotic proteins Bak 
and Bax synergistically increased, and anti‑apoptotic proteins 
Bcl‑xL and Bcl‑2 synergistically decreased. These results 
further suggest that the combination of PTX and A452 has 
greater synergy than that of PTX and ACY‑241.

To further examine the apoptotic effect of the HDAC6 
inhibitors and PTX, we performed an apoptosis assay using 
a flow cytometry analysis system  (Fig.  5A  and  B). The 
percentage of apoptotic cells increased synergistically in both 
drug combinations, as seen in the bar graph. The combina‑
tion treatment of PTX and ACY‑241 increased the percentage 
of apoptotic cells to  30%, whereas the control (dimethyl 
sulfoxide [DMSO] 0.1%), PTX, and ACY‑241 remained at 4, 
11 and 7%, respectively (Fig. 5A). Furthermore, the combina‑
tion treatment of PTX and A452 increased the percentage of 

Figure 2. PTX and HDAC6‑selective inhibitors synergistically decrease cell viability and proliferation in the short and long term. (A) TOV‑21G cells were 
treated with 0.1% DMSO control, PTX, ACY‑241 or a combination of these agents for 72 h. (B) TOV‑21G cells were treated with 0.1% DMSO control, PTX, 
A452 or a combination of these agents for 72 h. PTX and both HDAC6‑selective inhibitors synergistically reduced cell viability. (C) Combination treatment 
of PTX and ACY‑241 synergistically inhibited the colony formation of TOV‑21G cells. (D) Combination treatment of PTX and A452 synergistically inhibited 
the colony formation of TOV‑21G cells. The drug concentrations used for colony formation assays were as follows: 0.1% DMSO, 4 nM PTX, 0.2 µM ACY‑241 
and 0.1 µM A452. Data are presented as the mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001 vs. DMSO control; $P<0.05, $$P<0.01 and $$$P<0.001 vs. PTX; 
#P<0.05, ##P<0.01 and ###P<0.001 vs. ACY‑241 or A452, using a two‑way ANOVA test for (A) and (B), and one‑way ANOVA tests were used for (C) and (D). 
ACY, ACY‑241; Combi, combination treatment; Fa, fraction affected; CI, combination index; PTX, paclitaxel; CFU, colony‑forming unit; Ctrl, control; 
HDAC6, histone deacetylase 6.

https://www.spandidos-publications.com/10.3892/ol.2021.12462
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cell apoptosis to 61%. The percentages of cell apoptosis in the 
control group (DMSO 0.1%) and in monotherapies of PTX 
and A452 remained at 6, 19 and 36%, respectively (Fig. 5B). 
Corresponding to the apoptotic protein levels, A452 and PTX 
resulted in greater apoptosis than ACY‑241 and PTX. These 
findings indicate that the combination treatment of PTX and 
HDAC6‑selective inhibitors synergistically induces apoptosis 
in ovarian cancer cells.

Combination treatment of PTX and HDAC6‑selective 
inhibitors increases p53 stability synergistically. As HDAC6 
inhibition is known to increase the lysine acetylation of 
p53 (21,28), we performed a western blot analysis to determine 
whether co‑treatment of PTX and HDAC6 inhibitors would 
affect p53 modification levels. Acetylated‑α‑tubulin was used 
as a positive control to confirm the presence of PTX and 
HDAC6 inhibitors (Fig. 6A and B). The single treatment of 
PTX did not increase p53 lysine (K120, K381) acetylation levels 
in both combinations (Fig. 6A and B). However, co‑treatment 
of PTX and both HDAC6 inhibitors significantly increased 
acetylation, compared to the individual monotherapy of the 
three drugs. Thus, it shows that the combination treatment of 
PTX and ACY‑241 or PTX and A452 increases p53 stability 
synergistically, inducing the apoptosis of ovarian cancer cells. 
Despite the increase in p53 stability, however, p53 levels did 
not correlate with the increase in protein stability levels. Such 
trend can be explained by the phosphorylation of p53 at serine 
15, which seems to play a greater role in determining protein 
levels of p53 directly. In fact, the phosphorylation levels 
of p53 correlate positively with p53 protein levels, as PTX 
monotherapy increases phosphorylated p53 levels to a greater 
degree than the HDAC6 inhibitors either in combination or 

as monotherapy. PTX treatment and HDAC6 inhibition may 
alter p53 levels post‑transcriptionally and induce apoptosis in 
TOV‑21G.

Discussion

Since its discovery, PTX has been used widely to treat 
various types of solid tumors (3), including ovarian cancer (2). 
Monotherapies and combination therapies using PTX in 
ovarian cancer are being used to treat EOCs and are under 
various clinical studies. For example, PTX was added to cispl‑
atin in the first‑line treatment of EOCs, and PTX combined 
with carboplatin has been the standard treatment for more than 
20 years (2,29). In addition to the trials in combination with 
platinum‑based drugs, PTX with bevacizumab in recurrent 
and platinum‑sensitive ovarian cancer is under a phase III 
clinical trial  (30). However, incomplete clinical responses 
exist, and advanced ovarian cancer remains incurable. Thus, 
there is a need to develop improved, tolerable chemothera‑
peutic methods using novel drugs to treat EOCs.

HDACs are essential epigenetic enzymes that regulate 
various cellular pathways. HDAC inhibitors have been used 
in multiple studies as alternatives to treat cancer; these 
induce cell death, cell cycle arrest, and senescence in tumor 
cells (31,32). Pan‑HDAC inhibiting agents, such as butyrate, 
romidepsin, and vorinostat are under various stages of clinical 
investigation to treat various cancers. To date, vorinostat and 
romidepsin have been approved by the FDA to treat cuta‑
neous T‑cell lymphoma and peripheral T‑cell lymphoma (32). 
Despite the various ongoing studies, however, pan‑HDAC 
inhibitors elicit side effects because they lack the specificity 
for individual HDAC isoforms. Therefore, more tolerable 

Figure 3. Combination treatments of PTX and histone deacetylase 6‑selective inhibitors synergistically suppress the proliferation and migration of TOV‑21G 
cells. (A) PTX (40 nM) and ACY‑241 (4 µM) significantly inhibited the wound closure of TOV‑21G cells compared with either drug alone. (B) PTX (40 nM) and 
A452 (2 µM) significantly inhibited the wound closure of TOV‑21G cells compared with either drug treatment as monotherapy. Magnification, x50. Data are 
presented as the mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001 vs. DMSO control; $$$P<0.001 vs. PTX; ###P<0.001 vs. ACY‑241 or A452 (one‑way 
ANOVA). Ctrl, control; Combi, combination treatment; PTX, paclitaxel.
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and selective HDAC inhibitors are required, among which 
HDAC6‑selective inhibitors stand as potent anticancer agents.

As a first‑in‑class selective and potent HDAC6 inhibitor, 
ACY‑1215 is currently being tested in various clinical trials and 

Figure 4. PTX and histone deacetylase 6‑selective inhibitors synergistically induce and reduce pro‑/anti‑apoptotic markers. (A) Combination treatment of 
PTX (40 nM) and ACY‑241 (4 µM) significantly increased pro‑apoptotic markers while decreasing anti‑apoptotic markers. (B) Combination treatment of PTX 
(40 nM) and A452 (2 µM) significantly induced pro‑apoptotic markers while reducing anti‑apoptotic markers. Western blot analysis was performed using 
the indicated antibodies. The protein expression levels were semi‑quantified relative to α‑tub or GAPDH. The levels in the 0.1% DMSO group were set as 1. 
GAPDH was used as the loading control. Data are presented as the mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001 vs. DMSO control; $P<0.05, $$P<0.01 
and $$$P<0.001 vs. PTX; #P<0.05, ##P<0.01 and ###P<0.001 vs. ACY‑241 or A452 (one‑way ANOVA). Bak, Bcl‑2 homologous antagonist/killer; Bcl, B‑cell lym‑
phoma; Bcl‑xL, Bcl‑extra large protein; Cas‑3, Caspase‑3; Ctrl, control; Combi, combination treatment; PARP, poly(ADP‑ribose) polymerase; PTX, paclitaxel.
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is proven to have antitumor effects in various cancers in mono‑
therapy or in combination with other agents (9‑16). Besides 
ACY‑1215, which has been explored widely for its clinical effi‑
cacy, other novel HDAC6‑selective inhibitors, ACY‑241 and 
A452, need further extensive research. Until now, it is known 
that ACY‑241 (citarinostat) synergizes with pomalidomide in 
multiple myeloma (24), with PTX in solid tumor models (17), 
and with anti‑PD‑L1 antibody in multiple myeloma (25). In 
addition, previous studies with A452 indicate its potency as 
an anticancer agent for non‑Hodgkin lymphoma (33), multiple 
myeloma (34), immunomodulatory drugs‑resistant multiple 
myeloma (35), colorectal cancers (19,28), and glioblastoma (36) 
in vitro.

Previous studies have shown that the combination 
therapy of HDAC6‑selective inhibitor ACY‑241 and PTX 
increased the anticancer drug efficiency of conventionally 
used PTX in ovarian cancer  (17). In this study, we have 
additionally confirmed the antitumor synergistic effect 
of PTX and HDAC6 inhibition using both ACY‑241 and a 
novel inhibitor, A452. The co‑treatment of PTX and the two 
HDAC6‑selective inhibitors in ARID1A‑null ovarian cancer 
cells synergistically increased apoptosis  (Figs.  4  and  5) 
and decreased cell growth and viability (Fig. 2). ARID1A 
deficient ovarian cancers fail to inhibit HDAC6 activity, 
which normally deacetylates α‑tubulin that is crucial for the 
induction of microtubule disassembly, leading to tumori‑
genesis. Thus, ARID1A‑mutant or ‑null cells are sensitive 
to HDAC6 inhibition. Therefore, when PTX, which also 
inhibits α‑tubulin polymerization, is taken in combination 
with HDAC6‑selective inhibitors, both α‑tubulin polymer‑
ization and dissociation is inhibited, leading to cell death. 
The deacetylation of tubulin substrates also regulate micro‑
tubule‑dependent cell motility, so the inhibition of HDAC6 
prevents cell movement and migration (8). Nonetheless, to 
wholly state the effectiveness of HDAC6‑selective inhibitors 

and PTX in ARID1A‑mutant ovarian cancers, further studies 
using other ovarian cancer cell lines, such as OVISE (clear 
cell carcinoma, ARID1A mutant, and wild‑type TP53), are 
required. Using both HDAC6 inhibitors and PTX may also 
impede metastasis in ovarian cancer cells. However, metas‑
tasis‑related proteins matrix metalloproteinase (MMP)‑2 and 
MMP‑9 were not detected (data not shown), suggesting that 
the two drug combination might prevail in inhibiting prolif‑
eration over migration. Although more studies are required 
to conclusively state the synergistic effect of the two drugs in 
ovarian cancer metastasis, the inhibition of cell proliferation 
seems to be evident (Fig. 3). Further studies are required to 
assess the effects of PTX and HDAC6 inhibition in ovarian 
cancer cell migration.

Existing studies have demonstrated the synergistic hyper‑
acetylation of α‑tubulin by PTX and ACY‑241 (17). In this study, 
we demonstrated that A452 also hyperacetylates α‑tubulin 
when treated together with PTX (Fig. 6). The research data 
show that regardless of the type of HDAC6‑selective inhibitor 
used, HDAC6 inhibition and PTX synergistically regulate 
α‑tubulin in ARID1A‑mutated ovarian cells. In addition to 
α‑tubulin regulation, we found that p53 acetylation modifi‑
cations at lysine 120 and 381 were synergistically increased 
on combination treatment with PTX using either ACY‑241 
or A452 (Fig. 6). Although previous studies have shown that 
PTX and pan‑HDAC inhibition using SAHA, ST2785, and 
ST3595 can also induce the synergistic hyperacetylation of 
p53 (37), we have shown for the first time that a combina‑
tion of PTX and HDAC6‑selective inhibition increases p53 
lysine acetylation. The stabilization of p53 in TOV‑21G, 
which endogenously carries a wild‑type p53, resulted in 
tumor growth suppression. However, extended studies using 
ARID1A‑mutant ovarian cancer cells with wild‑type p53 are 
necessary to strongly confirm that synergistic tumor growth 
inhibition involves p53.

Figure 5. Combination therapy of histone deacetylase 6‑selective inhibitors and anticancer agent PTX triggers synergistic apoptosis. (A) TOV‑21G cells 
were treated with 0.1% DMSO (control), PTX alone, ACY‑241 alone and ACY‑241 in combination with PTX for 48 h. Whole‑cell lysates were prepared and 
stained with PI and Annexin V. (B) TOV‑21G cells were treated with 0.1% DMSO (control), PTX alone, A452 alone and A452 in combination with PTX for 
48 h. Percentages of apoptotic cells were calculated from summation of cells in Q2 and Q4. Data are presented as the mean ± SD (n=3). *P<0.05, **P<0.01 and 
***P<0.001 vs. DMSO control; $$P<0.01 and $$$P<0.001 vs. PTX; #P<0.05 and ###P<0.001 vs. ACY‑241 or A452 (one‑way ANOVA). Ctrl, control; Combi, com‑
bination treatment; PI, propidium iodide; PTX, paclitaxel.
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Taken together, our data demonstrate the synergistic 
anticancer activity of PTX and HDAC6‑selective inhibi‑
tors. As mentioned earlier, HDAC6‑selective inhibitors 
have shown high anticancer potential in different cancers, 
ranging from blood cancers to solid cancers. In this study, 
we show that HDAC6‑selective inhibition through ACY‑241 
and A452 is capable of being used in combination with the 
conventionally used chemotherapeutic drug, PTX, in vitro. 
Although we did not use clinical samples in our study, our 

results suggest a proof‑of‑concept or the preclinical thera‑
peutic possibility of using ACY‑241 and A452 with PTX 
in treating ovarian cancer by activating p53 and inducing 
apoptosis. Further research is inevitable to elucidate the 
exact molecular mechanisms behind such synergism in 
ovarian cancers. Collectively, this study provides beneficial 
information for clinical trials of combination therapy using 
HDAC6‑selective inhibitors, not only in ovarian cancers but 
also in other solid tumors.

Figure 6. Combined treatment of histone deacetylase 6‑selective inhibitors and anticancer agent PTX synergistically alters lysine acetylation modifications 
of p53. Western blot analysis was performed using the indicated antibodies. (A) Combination treatment of PTX (40 nM) and ACY‑241 (4 µM) synergistically 
altered the acetylation modification of p53. (B) Combination treatment of PTX (40 nM) and A452 (2 µM) synergistically altered acetylation modification of 
p53. (C) Relative protein levels of acetylated p53 are shown for combination treatment of PTX (40 nM) and ACY‑241 (4 µM). (D) Relative protein levels of 
acetylated p53 are shown for combination treatment of PTX (40 nM) and A452 (2 µM). p53 protein expression was semi‑quantified relative to α‑tub; acetylated 
and phosphorylated p53 proteins were semi‑quantified relative to total p53 levels. The levels in the 0.1% DMSO group were set as 1. α‑tub was used as a loading 
control. Data are presented as the mean ± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001 vs. DMSO control; $$P<0.01 and $$$P<0.001 vs. PTX; #P<0.05, ##P<0.01 
and ###P<0.001 vs. ACY‑241 or A452, using a one‑way ANOVA test. α‑tub, α‑tubulin; Ac‑α‑tub, acetylated‑α‑tubulin; Ctrl, control; Combi, combination treat‑
ment; PTX, paclitaxel; p53K120Ac, p53 lysine 120 acetylation; p53K381Ac, p53 lysine 381 acetylation; p‑p53S15, p53 serine 15 phosphorylation.
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