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Molecular, biological characterization and drug sensitivity
of chidamide-resistant non-small cell lung cancer cells
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Abstract. Chidamide, a histone deacetylase (HDAC) inhib-
itor, has been applied in clinical trials for various types of
hematological and solid tumors. Although acquired resistance
is common in chemotherapy, the mechanism of resistance to
chidamide is poorly characterized. The goal of the present
study was to explore, in detail, the mechanism for the
induced resistance to chidamide, and investigate a potential
cross-resistance to other chemotherapeutic drugs. A549 cells
were exposed to gradually increasing chidamide concentra-
tions to establish a chidamide-resistant non-small cell lung
cancer cell line (A549-CHI-R). The ICs, for chidamide, the
proliferation inhibition rate, the total HDAC activity and
the HDAC protein level were determined by an MTT assay,
colony formation, a fluorometric HDAC activity assay and
western blotting, respectively. Overexpression of the HDACI1
gene and HDACI gene-knockdown were achieved via plasmid
transfection. A549-CHI-R cells demonstrated increased
resistance to chidamide (8.6-fold). HDACI protein degrada-
tion was inhibited and HDAC activity was significantly higher
in the A549-CHI-R cells relative to the parental A549 cells.
A549-CHI-R cells demonstrated cross-resistance to paclitaxel,
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vinorelbine and gemcitabine, but not to cisplatin (CDDP) or
5-fluorouracil (5-FU). These results indicated that HDACI1
may be associated with resistance to chidamide, and HDACI1
may therefore be a predictive marker for chidamide sensitivity
in cancer. In addition, A549-CHI-R cells remained sensitive
to 5-FU and CDDP, indicating a potential strategy for cancer
therapy.

Introduction

Histone deacetylases (HDACS) are enzymes that remove
acetyl groups from histones and a number of non-histone
proteins, leading to chromatin condensation and transcrip-
tion repression (1). To date, 18 HDAC enzymes have been
identified in humans, which have been categorized into four
classes (2). Class I HDACs including HDACI, 2, 3 and 8
have been reported to be overexpressed in several cancers,
including gastric (3), esophageal (4), colorectal (5), pros-
tate (6) and lung (7) cancer. Aberrant HDAC activity has
been detected in a number of types of human cancer, thereby
contributing to tumor initiation and progression (2,8).
Targeting HDAC: is a novel strategy in the development of
anticancer drugs (2).

Small molecular HDAC inhibitors (HDACis) are a
promising new class of anticancer drugs (9). The USA Food
and Drug Administration (FDA) has approved three HDAC:is:
Vorinostat and romidepsin, for the treatment of cutaneous T
cell lymphoma, and belinostat, for the treatment of relapsed
or refractory peripheral T cell lymphoma (10-12). Over
20 chemically distinct HDACis are currently in clinical trials
for the treatment of various types of hematological malignancy
and solid tumor (13).

Chidamide, a new HDACI, was approved for the treat-
ment of recurrent or refractory peripheral T cell lymphoma in
December 2014 by the Chinese FDA (14). Chidamide selectively
inhibits HDACI, 2, 3 and 10, the HDAC isotypes documented
to be associated with malignant phenotypes (15). Chidamide
has been applied in clinical trials for various types of hema-
tological malignancy and solid tumor (14,16). Several in vitro
studies reported that chidamide alone induced apoptosis, and a
combination of chidamide with other chemotherapeutic drugs
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enhanced cell apoptosis in cancer cells (17,18). In addition,
chidamide was demonstrated to induce cell apoptosis, cell
cycle arrest and cell growth inhibition (17-19).

Acquired resistance to anticancer agents is common in
cancer therapy. Previous studies have revealed that the acquired
resistance to the HDACI vorinostat is associated with a lack
of G2 checkpoint activation and a lack of HDAC6 expression,
with an increased level of HDACI, 2 and 4 expression (20,21).
Another HDACI, romidepsin, may cause the reversible
induction of multidrug resistance protein expression in tumor
cells, leading to transient resistance (22,23). Resistance
following chronic treatment with the HDACi valproic acid is
associated with elevated Akt activation in renal cell carcinoma
in vivo (24).

In the present study, an acquired chidamide-resistant
AS549-CHI-R cell line was established, with the aim of char-
acterizing in detail the mechanism of chidamide resistance.
In addition, the possible cross-resistance to other chemothera-
peutic drugs was investigated.

Materials and methods

Chemicals and reagents. Chidamide was supplied by
Shenzhen ChipScreen Biosciences, Ltd., (Shenzhen, China),
and was dissolved in dimethyl sulfoxide (DMSO). Cisplatin
(CDDP) was obtained from Qilu Pharmaceutical Co. Ltd.,
(Jinan, China). Vinorelbine (VNR) and gemcitabine (GEM)
were purchased from Jiangsu Hansoh Pharmaceutical Co.
Ltd., (Jiangsu, China). Paclitaxel (TAX) was obtained from
Bristol-Myers Squibb (New York, NY, USA). 5-fluorouracil
(5-FU) was obtained from Tianjin Jinyao Amino Acid Co.
Ltd., (Tianjin, China). Cycloheximide (CHX) was obtained
from Beyotime Institute of Biotechnology (Jiangsu, China).
MTT was purchased from Sigma-Aldrich; Merck KGaA
(Darmstadt, Germany). RPMI-1640 medium was purchased
from Beijing Xigong Biotechnology Co. Ltd., (Being, China).
Fetal bovine serum was obtained from Shanghai Ex Cell
Biology Inc., (Shanghai, China).

Cell culture and establishment of chidamide-resistant cell
lines. The human non-small cell lung cancer (NSCLC)
AS549 cell line was purchased from the Cell Bank of the
Cancer Institute, Chinese Academy of Medical Science
(Beijing, China). Cells were cultured in RPMI-1640 medium
containing 10% (v/v) fetal bovine serum at 37°C in a humidi-
fied atmosphere with 5% (v/v) CO,. A549 cells were exposed
to gradually increasing chidamide concentrations of 4, 8, 16,
32 and 64 uM for ~6 months, and a chidamide-resistant lung
cancer cell line was established, designated A549-CHI-R.

Growth inhibition. Cell viability was evaluated using an MTT
assay. Growing cells (5x10° cells/well) were seeded on 96-well
plates with 100 xl medium. To assess cell viability, 100 pl
medium containing serial dilutions (Table I) of chidamide,
5-FU, cisplatin, GEM, VNR or TAX was added, and the cultures
were incubated at 37°C. At 72 h, the medium was discarded,
20 pl saline containing 100 g MTT was added to each well
and the cells were incubated at 37°C for 4 h. The supernatant
was removed and 150 1 DMSO was added to each well. The
absorbance was measured at 570 nm using a plate reader.
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The surviving cell fraction was calculated using the
following formula: [(Mean absorbance of test cells-mean
absorbance of background)/(mean absorbance of control
cells-mean absorbance of background)] x100%. The ICs,
was determined by plotting the logarithm of the drug
concentration vs. the percentage of surviving cells. Each assay
was performed in quadruplicate at least three times, and the
mean and standard deviation were calculated. Percentage
inhibition values of compounds were calculated by comparison
with DMSO-treated control wells.

Clone formation assay. A total of 800 cells were plated on
6-well plates. At 24 h, 5 yuM chidamide was added, and the
cells were allowed to proliferate. The cell culture medium was
replaced when necessary. At ~10 days, when the differences
in the growth of colonies had appeared, the cells were washed
with saline, fixed with 100% methanol at room temperature
for approximately 5 min and dyed with 0.005% crystal violet
(Sigma-Aldrich; Merck KGaA), a chromatin-binding stain,
at room temperature for approximately 20 min. The colony
formation rates were calculated using the following formula:
Number of clones formed/number of seeding cells x100%.

HDACI gene transfection and knockout. Prior to transfec-
tion, 2x10° cells were seeded into 6-well plates. When cells
reached ~70% confluence, they were transiently transfected
with a 2 pg human HDACI plasmid (Invitrogen; Thermo
Fisher Scientific Inc., Waltham, MA, USA) or crisper/cas9
HDACI1-knockout plasmid (Viewsolid Biotech Co. Ltd,
Beijing, China). Lipofectamine® 3000 transfection reagent
(Thermo Fisher Scientific Inc.) was used for cell transfec-
tion, according to the manufacturer's protocol. At 48 h
post-transfection, total protein or nuclear protein was
extracted as described in the subsequent sections, or the cells
were seeded at 5,000 per well in 96-well tissue culture plates,
and several concentrations (0 and 5 M for A549 or 0 and
50 uM for A549-CHI-R) of chidamide were added to assess
cell viability.

Western blot analysis. The cells were plated on 6-well
plates, allowed to attach for 24 h and then treated with 5 yM
chidamide for 72 h, or 10 yg/ml CHX for 0, 4, 8, 12 or 24 h.
The cells were washed with saline and lysed with radioim-
munoprecipitation assay lysis buffer (20 mM Tris-HCI,
150 mM NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% NP-40,
1% sodium deoxycholate, 2.5 mM sodium pyrophosphate,
1 mM f-glycerophosphate, I mM Na,;VO,, 1 ug/ml leupeptin
and 1X protease inhibitor cocktail). A total of 50 pug protein
samples (the protein was quantified using the BSA method)
were separated on 10% SDS-PAGE, and were transferred elec-
trophoretically to a nitrocellulose membrane (GE Healthcare,
Chicago, IL, USA). Blocking was performed using skimmed
milk at room temperature for 2 h. Membranes were then
incubated with the following primary antibodies: -actin (cat.
no. A5441; Sigma-Aldrich; Merck KGaA; 1:5,000), HDACI,
2 and 3 (HDAC antibody sampler kit, cat. no. 9928; dilu-
tions 1:1,000, 1:1,000 and 1:500, respectively; Cell Signaling
Technology, Inc., Danvers, MA, USA) and HDACI0 (1:500;
cat. no. BS1161; Bioworld Technology Inc., St. Louis Park,
MN, USA) at 4°C overnight. Following incubation with a
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Table I. Drug dilutions in growth inhibition assay.
Items Chidamid (xM) 5-FU (uM) CDDP (uM) GEM (uM) VNR (nM) TAX (nM)
A549 0/2.5/5/10/20 0/2.5/5/7.5/10  0/2.5/5/10/20  0/0.01/0.1/0.5/1 0/1/10/100/500 0/0.01/0.1/1/5
A549-CHI-R  0/25/50/75/100  0/2.5/5/7.5/10  0/2.5/5/10/20 ~ 0/0.01/0.1/1/10  0/1/10/100/1000  0/1/10/100/500

5-FU, 5-fluorouracil; CDDP, cis-platinum; GEM, gemcitabine; VNR, vinorelbine; TAX, paclitaxel; A549-CHI-R, chidamide-resistant A549 cells.

horseradish peroxidase (HRP)-conjugated secondary anti-
body (OriGene Technologies Inc., Rockville, MD, USA),
including Anti-Mouse IgG/HRP (cat. no. TA130004; 1:3,000)
or Anti-Rabbit IgG/HRP (cat. no. TA140003; 1:3,000) at
room temperature for 2 h, the membranes were developed
using a luminol chemiluminescence detection kit (Santa Cruz
Biotechnology Inc., Dallas, TX, USA) according to the manu-
facturer's protocol.

HDAC activity assay. HDAC activity was measured with the
fluorometric HDAC Activity Assay kit (cat. no., ab156064;
Abcam, Cambridge, UK) according to the manufacturer's
protocol. Briefly, HDAC assay buffer containing a substrate
peptide was incubated with HeLa nuclear extract (supplied with
the kit) as a positive control, or A549 or A549-CHI-R nuclear
extract, in a microtiter plate. Trichostatin A (supplied with the
kit) was then added to the inhibitor control assay wells. At
20 min, 20 ul developing solution was added to each well for
a further 20 min. Finally, 5 ul stop buffer was added to every
well and incubated for 30 min at room temperature. At the end
of the treatment, plates were detected using fluorescence filters
(excitation, 355 nm; emission, 480 nm).

Cell cycle arrest. Cells were then plated onto 6-well plates,
allowed to attach for 24 h and then treated with 1 nM TAX
or 20 nM VNR. At 72 h, the cells were harvested and washed
with saline then centrifuged at 335 x g for 5 min at 4°C. The
pellets were re-suspended in 300 ul of saline and were fixed
by adding 700 ul of cold absolute ethanol and incubating at
-20°C overnight. The next day, the cells were centrifuged at
335 x g for 5 min at 4°C and the supernatant was removed.
The cells were washed with cold saline twice, stained with
propidium iodide on ice for 20 min and analyzed with a flow
cytometer (BD LSR II system; BD Biosciences, Franklin
Lakes, NJ, USA).

Statistical analysis. Assays were performed in triplicate,
and results are presented as the mean + standard deviation.
Statistical difference was assessed using Student's t-test
(GraphPad_Prism V5.0; GraphPad Software Inc., La Jolla,
CA, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

Establishment of a chidamide-resistant non-small cell lung
cancer cell line. To investigate the acquired resistance to
chidamide in cancer therapy, a chidamide-resistant lung
cancer cell line, A549-CHI-R, was established (Fig. 1). When

treated with 5 M chidamide, the morphology of A549-CHI-R
cells became elongated and thin (Fig. 1A). The ICs, values of
chidamide for A549-CHI-R and parental A549 cells were
78.34 and 9.07, respectively. A549-CHI-R was ~9-fold more
resistant to chidamide compared with the parental A549
cells (Fig. 1B). Following 10 days of chidamide treatment,
parental A549 cells exhibited markedly decreased colony
formation rates (P<0.001) compared with untreated controls,
whereas colony formation inhibition was not observed in the
A549-CHI-R cell line (Fig. 1C). The colony formation rates
for A549/CHI 5 uM, A549/DMSO, A549-CHI-R/CHI 5 uM
and A549-CHI-R/DMSO cells were 3.5,56.9,26.5 and 26.9%,
respectively (Fig. 1D).

HDACI protein degradation is inhibited in chidamide-
resistant lung cancer cells. Intracellular HDAC activity was
examined in the parental and resistant cell lines. The HDAC
activity in the A549-CHI-R cells was 1.77-fold higher than
in the parental A549 cells (Fig. 2A). Western blot analysis
revealed that HDAC protein expression was markedly increased
in the A549-CHI-R cells compared with the parental A549
cells (Fig. 2B). To analyze the mechanisms of HDAC activity
increase in A549-CHI-R cells, protein synthesis was first
inhibited by CHX. HDACI protein expression became negli-
gible after 24 h in parental A549 cells (Fig. 2C, left panel), but
slightly decreased after 24 h in A549-CHI-R cells (Fig. 2C,
right panel). However, HDAC?2 protein was slightly increased
in parental A549 and A549-CHI-R cells after 24 h. These
results indicated that the increased HDACI activity in
AS549-CHI-R cells was not induced by protein synthesis, but
by the inhibition of protein degradation.

HDACI contributes to chidamide resistance in lung
cancer cells. To investigate the pivotal role of HDACI
in chidamide resistance, HDACI1 was overexpressed in
AS549 cells. The protein overexpression was confirmed by
western blot analysis (Fig. 3A). Compared with parental
cells, HDACI1-overexpressing cells exhibited ~1.5-fold
increased intracellular HDAC activity (P<0.05; Fig. 3B).
Following 5 uM of chidamide treatment, the survival rate of
HDACI-overexpressing A549 cells was 1.2-fold higher than
the parental A549 cells (P<0.01; Fig. 3C), indicating that the
overexpression of HDACI contributed to chidamide resistance.

HDACT was then knocked out in the chidamide-resistant
A549-CHI-R cell line. HDACI1 protein decreased in
HDACI1-knockout A549-CHI-R cells (Fig. 3D). Compared
with A549-CHI-R cells, intracellular HDAC activity rate was
decreased to 0.27-fold following HDAC1-knockout (Fig. 3E).
When treated with 50 uM chidamide, the survival rate of
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Figure 1. Establishment of a chidamide-resistant cell line. A549 cells were continuously exposed to gradually increasing chidamide concentrations of 4, 8, 16,
32 and 64 uM for ~6 months, and a chidamide-resistant lung cancer cell line (A549-CHI-R) was established. (A) Representative bright field images of parental
A549 and A549-CHI-R cells. Cells were treated with or without 5 M chidamide for 40 h. (B) Cell survival curves of A549 and A549-CHI-R cells. Cells were
treated with a range of concentrations of chidamide for 72 h. (C) Colony formation of parental A549 and A549-CHI-R cells. Parental A549 cells exhibited
decreased colony formation following 5 yM chidamide treatment for 10 days compared with A549-CHI-R cells. (D) Quantified colony formation assay
for parental A549 and A549-CHI-R cells. ““P<0.001 between control and chidamide-treated cells. A549-CHI-R, chidamide-resistant A549 cells; DMSO,

dimethyl sulfoxide; CHI, chidamide; ns, no significance.

HDACI-knockout A549-CHI-R cells was 0.32-fold lower than
the A549-CHI-R cells (P<0.01; Fig. 3F).

Cross-resistance of the chidamide-resistant lung cancer
cell line. It was investigated whether the chidamide-resistant
A549-CHI-R cell line was cross-resistant to other chemo-
therapeutic drugs. ICs, values revealed that A549-CHI-R cells
remained sensitive to CDDP and 5-FU. However, compared
with the parental A549 cell line, the A549-CHI-R cells were
10.55-, 13.23- and >100-fold (P<0.01) more resistant to GEM,
VNR and TAX, respectively (Table II).

The cell cycle of A549-CHI-R and A549 cells was
analyzed by flow cytometry. Cells were incubated with 1 nM
TAX or 20 nM VNR for 72 h. Compared with untreated cells,
the percentage of A549 cells in the G2/M phase markedly
increased, from 28.2% to 77.7 (TAX) and 79.4% (VNR).
However, following the same treatment, compared with
control cells, the percentage of A549-CHI-R cells in the G2/M
phase increased from 30.5 to 52.1 and 42.3%. Therefore,
A549-CHI-R cells were more resistant to G2/M arrest caused
by TAX and VNR (Table III).

Discussion

In the present study, a chidamide-resistant NSCLC cell
line, A549-CHI-R, was established. With growth inhibition
and colony formation assays, it was revealed that A549 and
A549-CHI-R cell lines exhibited a ~9-fold difference in sensi-
tivity to chidamide (ICs, of A549 cell line, 9.07 uM; ICs, of

the A549-CHI-R cell line, 78.34 yuM). Compared with parental
AS549 cells, A549-CHI-R cells exhibited a slower growth
rate and a reduced colony formation rate. A previous study
demonstrated that HL-60/LR cells, human acute myeloid
leukemia cells resistant to LAQ824 (a hydroxamic acid analog
pan-HDAC:), exhibited a markedly higher growth compared
with parental HL-60 cells (21). A vorinostat-induced subline,
HCT116/vorinostat, exhibited a slightly slower growth rate
compared with the parental HCT116 cell line (20). The different
results indicate that the growth rate of HDACi-resistant
cell lines may be drug-specific, cell type-specific or even
case-specific.

A number of HDACi-resistant cancer cell lines have
already been reported (20,21,25). The mechanisms of
HDAC: resistance include the upregulation of P-glycoprotein,
other ATP-binding cassette transporters, cell cycle proteins
and signaling proteins, alterations to HDAC protein level,
increases in thioredoxin level, nuclear factor-«B activa-
tion and anti-apoptotic/prosurvival mechanisms (26). The
molecular mechanism for acquired resistance varies in
different HDACi-resistant cells. The acquired resistance of
HCT116/VOR cells was associated with a reduction in histone
acetylation, G2/M checkpoint activation and apoptosis suscep-
tibility (20). Pan-HDACi-resistant HL-60/LR cells expressed
higher levels of HDACI, 2 and 4, but lacked expression of
HDACS6, with concomitant hyper-acetylation of heat shock
protein 90 (21).

Chidamide was revealed to be a low nanomolar inhibitor
of HDACI, 2, 3 and 10 (15). HDACI1 belongs to class I
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Table II. Drug sensitivity in parental A549 and A549-CHI-R cells.

A549 A549-CHI-R
Drug 1C,, 95% CI IC, 95% CI Resistance index
Chidamide 9.07 6.00-11.32 78.34 51.30-111.87 8.64
5-fluorouracil 4.03 2.09-7.75 5.17 2.77-7.58 1.28
Cisplatin 9.13 8.90-9.37 7.87 5.75-10.76 0.86
Gemcitabine 0.21 0.01-3.65 2.25 1.67-3.03 10.55
Vinorelbine 31.06 11.32-85.17 411.00 282.10-598.80 13.23
Paclitaxel 0.89 0.11-1.98 123.40 6.00-260.00 123.40

Sensitivity to the drugs was determined by MTT assay after 72 h. Resistance index is a comparison between the ICs, for the drug in A549-CHI-R
cells and the ICy, for the parental A549 cells. A549-CHI-R, chidamide-resistant A549 cells; CI, confidence interval.

Table III. Effects of TAX or VNR on the cell cycle distribution
in parental A549 and A549-CHI-R cells.

A549 cells, A549-CHI-R cells,
% %
Cell cycle phase Ctrl TAX VNR Ctrl TAX VNR
Sub-Gl1 17 03 05 02 0.1 0.1
Gl 602 151 108 534 348 417
S 99 69 93 159 130 159
G2/M 282 777 794 305 521 423

Cell cycle distribution was examined by propidium iodide staining
and analyzed with fluorescence-activated cell sorting. Data represent
the results of three independent experiments. TAX, paclitaxel; VNR,
vinorelbine; Ctrl, control; A549-CHI-R, chidamide-resistant A549
cells.

HDAC S, which are the most closely associated with malignant
phenotypes (27). HDACI1 overexpression has been reported
to be positively associated with cell division, differentiation
and tumorigenesis (28-30). Loss of HDACI resulted in a
60% reduction in total HDAC activity and a loss of stem cell
viability (28). Consistently, total HDAC activity was also
elevated in A549-CHI-R and A549 HDACI-overexpressed
cells. Similarly, HDAC1 was also accumulated in
chidamide-resistant A549-CHI-R cells, consistent with other
HDAC:-resistant cells (23).

Post-translational modifications of HDAC have been
demonstrated to perform pivotal roles in the regulation of
gene expression. HDACs modified by ubiquitination are
targeted for degradation (31). Certain chemicals can target
HDACI to induce proteasome-mediated degradation (32).
Specifically, treatment with diesel exhaust particulate induced
degradation of HDACI in a human bronchial epithelial cell
line, BEAS-2B (33). The present study reported a decreased
degradation of HDACI in A549-CHI-R cells. Overexpression
of HDACI in cervical cancer cells restrained cell prolifera-
tion and induced premature senescence (34). Taken together,

HDACI1 accumulation may be a predictive marker for the
resistance to chidamide.

Cross-resistance is a common response to chemotherapy.
HDAC: -resistant cell lines, HL-60/LR and HCT116/vori-
nostat, exhibited cross-resistance to other HDACis (20,21).
Pemetrexed-resistant NSCLC cell lines exhibited cross-resis-
tance to CDDP (35). A549-CHI-R cells, which exhibit
enhanced HDAC activity, demonstrated cross-resistance to
GEM, TAX and VNR in the present study. Consistent with
this, paclitaxel-resistant NSCLC cells exhibited enhanced
HDAC activity and tumorigenicity (36). Increased HDACI1
expression in NSCLC tissue predicted a poor prognosis
for patients treated with paclitaxel (36). TAX and VNR
are microtubule-targeting drugs; their most potent cyto-
toxic action is the suppression of microtubule dynamics,
leading to mitotic arrest and subsequent cell death (37).
Gong et al (38) demonstrated that chidamide inhibits cell
proliferation by inducing cell cycle arrest. The present study
revealed that G2/M arrest decreased in A549-CHI-R cells
compared with parental A549 cells following treatment
with TAX or VNR. However, the chidamide-resistant cells
retained sensitivity and susceptibility to the drugs CDDP
and 5-FU. These drugs induce cell death by inhibiting DNA
synthesis (39,40). A combination of CDDP or 5-FU with
chidamide may synergistically induce apoptosis (17,18). The
results of the present study are consistent with these previous
studies.

In conclusion, a chidamide-resistant cell line was
established, and it was proposed that HDACI1 accumulation
may contribute to chidamide resistance. In addition, the
chidamide-resistant cell line remained sensitive to 5-FU and
CDDP, but cross-resistant to TAX and VNR, indicating a
potential strategy for cancer therapy.
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