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Abstract: Two of the most common and well-characterized epigenetic changes, DNA methylation and histone modi-
fications, occur in leukemia. Decitabine (5-aza-2’-deoxycytidine, DAC), as a hypomethylating agent (HMA), and chi-
damide (CS055), as a histone deacetylase inhibitor (HDACi), each demonstrate effects against leukemia. However, 
whether the combination of low-dose DAC with chidamide constitutes an effective epigenetic regimen for the treat-
ment of myeloid leukemia is currently unknown. In this study, the combination of DAC at low doses and chidamide 
showed enhanced inhibition of myeloid leukemia cell (K562, THP-1) growth. As a novel HDACi, chidamide increased 
the level of ace-H3K18 expression. Combined use of low-dose DAC and chidamide arrested the cell cycle at the 
G0/G1 phase by upregulating p21 expression, and the combination also suppressed PI3K/AKT/mTOR signaling 
pathway. Furthermore, chidamide enhanced the apoptotic effect of DAC by downregulating expression of Bcl-2 and 
pro-caspase-3 and upregulating that of Bax, cleaved PARP-1, and caspase-9. Moreover, the mitochondrial trans-
membrane potential was significantly decreased in DAC-, chidamide-, or combination-treated leukemia cells. These 
results suggest that targeting the leukemia epigenome through the combination of low-dose DAC and chidamide is 
a promising approach.
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Introduction

Myeloid leukemia (ML) is a malignant disease 
caused by both genetic and epigenetic changes 
[1]. Aberrant DNA methylation and histone 
modifications, which are prevalent in cancers 
including leukemia, are the two most well-
known and substantially characterized epigen-
etic changes [2, 3]. It has been reported that 
aberrant DNA promoter methylation of tumor-
suppressor genes (TSGs) and histone acetyla-
tion can regulate pathways involved in regulat-
ing the cell cycle and apoptosis in leukemia 
[4-6], and the reversible nature of these modifi-
cations renders the leukemia epigenome a po- 
tential target of epigenetic therapies, such as 
treatment with hypomethylating agents (HM- 
As) and histone deacetylase inhibitors (HDACis) 
[7, 8].

Decitabine (5-aza-2’-deoxycytidine, DAC) is one 
of the most widely used DNA methyltransferase 

inhibitors (DNMTis) and can reactivate epige-
netically silenced TSGs through demethylation 
[9]. Several clinical trials have reported that 
low-dose decitabine showed promising activity 
in myeloid leukemia patients [10, 11]. Indeed, 
decitabine was approved in the European Union 
in 2012 for the treatment of acute myeloid leu-
kemia (AML) patients ≥ 65 years old. Never- 
theless, decitabine cannot reactivate all TSGs 
because some are silenced by other epigenetic 
mechanisms, e.g., chromatin compaction and 
histone acetylation [12]. This less-than-ideal 
situation calls for the development of novel tr- 
eatment approaches, especially in combination 
epigenetic therapy [13]. For example, Shi et al. 
have shown that low-dose decitabine can en- 
hance chidamide-induced apoptosis in acute 
lymphoblastic leukemia (ALL) [14]. Chidamide is 
a novel HDACi drug developed wholly in China; 
in 2015, oral administration of the drug for 
treating recurrent or refractory peripheral T-cell 
lymphoma (PTCL) was approved [15]. Recently, 
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chidamide has been reported to inhibit the via-
bility of AML cells [16] and to target AML stem 
and progenitor cells [17]; hence, it may be 
effective to combine decitabine with chidamide 
to treat leukemia cells. In this study, we sought 
to determine the antileukemic effects of low-
dose decitabine combined with chidamide on 
myeloid leukemia cells by detecting cell prolif-
eration, cell cycle distribution and apoptosis  
to provide a promising regimen for clinical 
application.

Materials and methods

Reagents

Chidamide was provided by professor Kai Sun 
and dissolved in dimethyl sulfoxide (DMSO) 
(Sigma, USA) at a 25 mg/mL concentration for 
stock solution. Decitabine was provided by Qilu 
Pharmaceutical Co., Ltd. (Shandong, China) 
and dissolved in DMSO at 8 mmol/L for a stock 
solution. All stock solutions were stored at 
-20°C and diluted with growth media to working 
concentrations for experiments.

Cell lines and cell culture

Myeloid leukemia cell lines K562 and THP-1 
were purchased from the China Center for Type 
Culture Collection (Wuhan, China). The cells 
were cultured in Roswell Park Memorial In- 
stitute 1640 medium (RPMI 1640, HyClone, 
USA) containing 10% fetal bovine serum (FBS, 
SeraPro, Germany), 100 U/mL penicillin (Wuhan 
Servicebio Technology Co., Ltd., China) and 100 
μg/mL streptomycin (Servicebio, China) at 
37°C in a humidified atmosphere with 5% CO2.

Immunocytochemistry staining analysis

Cells were washed and centrifuged at 1800 
rpm at 4°C for 5 min to remove the culture 
medium, fixed with 4% paraformaldehyde for 
20 min, washed, centrifuged and mixed with 
PBS. The cell suspension was coated onto a 
slide overnight at room temperature until the 
PBS was completely evaporated, after which 
50-100 μL stationary solution was added. 
Twenty minutes later, the cells were washed, 
and membrane breaking working fluid was 
added for 20 min, followed by 3% BSA for 30 
min at room temperature for blocking. The pri-
mary antibody was diluted as indicated in PBS 
and added to the slide, followed by overnight 

incubation at 4°C. After washing, the second-
ary antibody was incubated with the slide at 
room temperature for 50 min. The slides were 
then washed, dried slightly and stained with 
DAPI dye solution at room temperature avoiding 
light for 10 min. The slides were sealed with 
anti-fluorescence quenching sealing tablets 
and observed under a fluorescence microscope 
to collect images.

Cell viability assay

The cell counting kit-8 (CCK-8, Dojindo, Japan) 
was used to measure the effects of chidamide 
or decitabine alone or in combination on cell 
viability. Cells were seeded into a 96-well plate 
at a density of 3-5 × 104 cells/mL with 100 μL 
of complete medium per well. After exposure to 
chidamide or decitabine at different concentra-
tions or a combination of the two for the indi-
cated time, 10 μL of CCK-8 reagent was added 
to each well and incubated for 2 h. Absorbance 
detection was performed at 450 nm using a 
microplate reader (Rayto, USA). All experiments 
were repeated three times. Based on the 
results, the cell inhibition rate (%) was calculat-
ed as follows: [1-(OD450test group - OD450blank)/
(OD450control group - OD450blank)] × 100%. All 
experiments were repeated three times.

Cell cycle analysis

After 72 h of treatment, cells were collected 
and washed with phosphate-buffered saline 
(PBS, Servicebio, China) and fixed overnight in 
75% precooled ethanol at 4°C. The cells were 
washed again and suspended in 100 μL of 
PBS. RNA was removed by adding 2 μL 1.0 mg/
mL RNaseA (Solarbio, China) for 40 min at 
37°C. The cells were harvested and stained 
with 100 μL 100 μg/mL propidium iodide (PI, 
Servicebio, China) for 20 min of incubation in 
the dark. The DNA content was assessed by 
flow cytometry (Beckman, USA) at an excitation 
wavelength of 488 nm and an emission wave-
length of 585 ± 21 nm. ModfitLT software ver-
sion 2.0 (Verity Software House, Inc., Topsham, 
ME, USA) was used for the analysis of DNA dis-
tributions. All experiments were repeated three 
times.

Apoptosis assay

After 72 h of treatment, cells were collected at 
1500 rpm for 5 min, washed with PBS and 
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resuspended in 200 μL of binding buffer. The 
cells were incubated with 5 μL of Annexin V-FITC 
and 5 μL of PI for 15 min in the dark. Apoptosis 
was detected by flow cytometry at an excitation 
wavelength of 488 nm and emission wave-
lengths of 525 ± 20 nm and 585 ± 20 nm. 
FlowJo software was used to analyze the num-
ber and percentage of apoptotic cells. All exper-
iments were repeated three times.

Total RNA isolation and real-time quantitative 
PCR

Total cellular RNA was isolated using RNA 
extraction solution (Wuhan Goodbio Technolo- 
gy Co., Ltd.) after 72 h of treatment. RNA dis-
solved in RNase-free water was quantified 
using an ultra-micro spectrophotometer (Nano- 
Drop 2000, Thermo, USA) and reverse tran-
scribed into cDNA using RevertAid First Strand 
cDNA Synthesis Kit (Thermo). Real-time quanti-
tative PCR (RT-qPCR) was performed using the 
cDNA as the template and FastStart Universal 
SYBR Green Master (Rox) (Roche, Switzerland) 
according to the manufacturer’s instructions. 
Gene-specific primers were synthesized by 
Goodbio (Wuhan, China) (Table 1). The RT-qPCR 
conditions were as follows: one cycle at 95°C 
for 10 min and 40 cycles at 95°C for 15 sec 
and 60°C for 60 sec; melting curve analysis 
was from 60°C to 95°C at a 0.3°C increase per 
15 sec. The results were analyzed using the 
2-ΔΔCt method and ΔΔCt = Cttarget gene of sample - Ctβ-

actin of sample - (Cttarget gene of control - Ctβ-actin of control). All 
experiments were repeated twice.

Western blotting analysis

After 72 h of treatment, cells were lysed using 
RIPA buffer (Servicebio, China). The superna-
tant was collected via centrifugation at 12,000 
rpm at 4°C for 10 min, and the total protein in 

4°C with primary antibodies against mouse 
anti-β-actin (Servicebio, GB12001, 1:3000 di- 
lution), mouse anti-GAPDH (Servicebio, GB12- 
002, 1:1000 dilution), rabbit anti-Ki67 (Ser- 
vicebio, GB11030, 1:1000 dilution), rabbit anti-
Histone H3 (acetyl K18) (Abcam, ab40888, 
1:1000 dilution), rabbit anti-p21 (Proteintech, 
Wuhan, China, 10355-1-AP, 1:1000 dilution), 
mouse anti-PI3K (Servicebio, GB13161-1, 1: 
1000 dilution), rabbit anti-p-PI3K (Bioss, BS- 
5570R, 1:1000 dilution), rabbit anti-AKT (Pro- 
teintech, 10176-2-AP 1:1000 dilution), rabbit 
anti-p-AKT (Ser473, Affinity, AF0908, 1:1000 
dilution), rabbit anti-p-AKT (Thr308, Affinity, 
AF0832, 1:1000 dilution), rabbit anti-mTOR 
(CST, 2983, 1:1000 dilution), rabbit anti-p-
mTOR (Ser2481, Bioss, BS-3495R, 1:1000 
dilution), rabbit anti-cyclin D1 (Abcam, ab- 
134175, 1:1000 dilution), rabbit anti-pro-cas-
pase-3 (CST, 9665, 1:1000 dilution), rabbit 
anti-PARP-1 (Bioworld, Nanjing, China, BS- 
70047, 1:1000 dilution), and rabbit anti-cas-
pase-9 (Servicebio, GB11053-1, 1:1000 dilu-
tion). The membranes were washed with Tris-
buffered saline plus Tween 20 (TBST) and incu-
bated at room temperature for 30 min with 
secondary antibodies of horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse and 
anti-rabbit IgG (Servicebio, GB23301 and 
GB23303, respectively, 1:3000 dilution). Ba- 
nds were visualized using ECL and exposed to 
X-ray film in the dark.

Measurement of mitochondrial membrane 
potential

Mitochondrial membrane potential (MMP) was 
measured using a JC-1 kit (Beyotime, Shanghai, 
China). After 72 h of incubation, cells were col-
lected at 1000 rpm for 5 min, washed with PBS 
and counted using a blood cell counter. The 
JC-1 probe was diluted to a working concentra-

Table 1. Gene-specific primers designed for the designated human 
genes and used to determine expression levels by RT-qPCR

Gene name Gene ID Sequence (5’→3’) Product 
length (bp)

β-Actin NM_001101 CACCCAGCACAATGAAGATCAAGAT 317
CCAGTTTTTAAATCCTGAGTCAAGC

Bax NM_004324.3 TTTTGCTTCAGGGTTTCATCCA 215
TGCCACTCGGAAAAAGACCTC

Bcl-2 NM_000633.2 TCGCCCTGTGGATGACTGA 130
GACAGCCAGGAGAAATCAAACAG

the sample was quantified 
using a BCA kit (Servicebio, 
China). Equal amounts of 
proteins were separated by 
sodium dodecyl sulfate po- 
lyacrylamide gel electroph- 
oresis (SDS-PAGE) and el- 
ectrotransferred onto PV- 
DF membranes (Millipore, 
USA). The membranes were 
blocked with 5% skim milk 
and incubated overnight at 
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tion of 10 μg/mL and incubated with the cells 
at a density of 0.5-1 × 106/mL for 20 min. The 
cells were washed again to remove the probe, 
and flow cytometry at an excitation wavelength 
of 488 nm and emission wavelengths of 525 ± 
20 nm and 585 ± 20 nm was performed. The 
results were analyzed using FlowJo software 
version 10.0 (Tree Star, Inc., Ashland, OR, USA). 
The experiments were repeated twice.

Statistical analysis

All data in this study are presented as the 
means ± standard deviation (SD) of three inde-
pendent experiments. Statistical analysis was 
performed using IBM SPSS Statistics version 
19.0 software (SPSS Inc.). Significant differ-
ences in the mitochondrial membrane poten-
tial assay were analyzed by one-way analysis of 
variance (ANOVA) followed by the LSD test. The 
results of the cell cycle analysis, apoptosis 
assay and RT-qPCR were analyzed by Student’s 
t-test. A P value < 0.05 was considered statisti-
cally significant.

Results

Chidamide and decitabine inhibited the prolif-
eration of myeloid leukemia cells

K562 cells were treated with chidamide alone 
at concentrations of 0.5, 1, 2, 4, 8 μg/mL and 
decitabine alone at concentrations of 0.5, 1, 2, 
4, 8 μmol/L for 24, 48, 72, and 96 h; DMSO 
was used as the negative control. The results 
showed that chidamide or decitabine alone 
inhibited K562 cell viability in a dose- and time-
dependent manner (Figure 1A and 1B). 
Furthermore, K562 cells were treated with chi-
damide at 8 μg/mL in combination with de- 
citabine at 8 μmol/L for 24, 48, 72, 96 h, with 
DMSO as the negative control. The results indi-
cated that the inhibitory effect of chidamide on 
K562 cell viability was higher than that of 
decitabine and that the inhibitory effect of the 
combination of chidamide with decitabine was 
obviously higher than that of chidamide alone 
or decitabine alone (Figure 1C). The IC50 for chi-
damide was 2.56 μg/mL and for decitabine 
was 5.60 μmol/L after 72 h of treatment. For 
THP-1 cells, the concentration gradient of chi-
damide was the same as that used in K562 
cells, whereas the concentration gradient of 
decitabine was increased to 0.5, 1, 5, 10, 20 
μmol/L to observe whether the inhibitory effect 

of decitabine on leukemia cells was enhanced 
by chidamide. According to the results, chidam-
ide or decitabine alone inhibited THP-1 cell via-
bility in a dose- and time-dependent manner 
(Figure 1D and 1E), and the inhibitory effect of 
the combination was markedly higher than that 
of chidamide alone and slightly higher than that 
of decitabine alone (Figure 1F). Moreover, the 
results of immunofluorescence analysis via 
Ki67 staining after 72 h of treatment showed 
that cell proliferation was inhibited by chidam-
ide, decitabine alone or the combination, with 
the combination causing the greatest effect 
(Figure 1G), which was consistent with the 
results of western blotting analysis of Ki67 
expression (Figure 1H). Altogether, the results 
demonstrated that when used alone, the 
DNMTi decitabine and the HDACi chidamide 
had an inhibitory effect in the proliferation of 
myeloid leukemia cells and that the combina-
tion of the two enhanced this effect.

Effects of chidamide and decitabine on his-
tone H3 acetylation

Histone H3 acetylation levels were detected via 
western blotting to explore the effects of chi-
damide in combination with decitabine on leu-
kemia cells. As shown in Figure 2, the acetyla-
tion levels of histone H3 in both K562 and 
THP-1 cells were strongly increased only in the 
chidamide-treated group (chidamide alone or 
chidamide in combination with decitabine). 
Conversely, the acetylation levels of histone H3 
in K562 and THP-1 cells were not changed 
compared with the control group. These results 
indicate that chidamide, and not decitabine, 
had pronounced effects on histone H3 acetyla-
tion levels in leukemia cells.

The combination of chidamide and decitabine 
arrested the cell cycle at the G0/G1 phase

The cell cycle distribution in myeloid leukemia 
cells was also investigated by flow cytometry. 
K562 cells were treated with 4 μg/mL chidam-
ide alone, 8 μmol/L decitabine alone, and the 
combination for 72 h; THP-1 cells were treated 
with 4 μg/mL chidamide alone, 20 μmol/L 
decitabine alone, and the combination for 72 h. 
Compared with the control or decitabine-treat-
ed group, the percentage of cells in G0/G1 
phase was significantly increased by the com-
bined use of chidamide and decitabine (44.86 
± 0.43%/46.08 ± 1.57% vs. 84.37 ± 0.94% in 
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Figure 1. Chidamide in combination with decitabine inhibited the proliferation of myeloid leukemia cells. A-C. Cell 
viability was detected by CCK-8 assay in K562 cells treated with chidamide (0, 0.5, 1, 2, 4, or 8 μg/mL) or decitabine 
(0, 0.5, 1, 2, 4, or 8 μmol/L) alone for 24, 48, 72 and 96 h or treated with 8 μg/mL chidamide combined with 8 
μmol/L decitabine for 24, 48, 72, 96 and 120 h. D-F. Cell viability was detected by the CCK-8 assay in THP-1 cells 
treated with chidamide (0, 0.5, 1, 2, 4, or 8 μg/mL) or decitabine (0, 0.5, 1, 5, 10, or 20 μmol/L) alone for 24, 48, 
72 and 96 h, or with 0.5 μg/mL chidamide combined with 20 μmol/L decitabine for 24, 48, 72, and 96 h. Cell 
inhibition rate (%) was calculated as: [1-(OD450test group - OD450blank)/(OD450control group - OD450blank)] × 100%. G. Im-
munofluorescence staining analysis was performed by detecting Ki67 after 72 h of treatment. H. Western blotting 
analysis of Ki67 expression.
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K562 cells, 60.07 ± 2.15%/50.70 ± 1.51% vs. 
76.90 ± 0.58% in THP-1 cells, Figure 3A-C). In 
addition, the combined use of the two signifi-
cantly increased the percentage of THP-1 cells 
at G2/M phase compared with the chidamide-
treated group (11.01 ± 0.73% vs. 4.89 ± 1.95%, 
Figure 3C). Western blotting showed that 
expression of p21 was upregulated in both chi-
damide-treated cells and cells treated with the 
combination (Figure 3D), which may help to 
explain the mechanism for cell cycle arrest at 
G0/G1.

The combination of chidamide and decitabine 
inhibited the PI3K/AKT/mTOR signaling path-
way

To further explore the inhibitory mechanism of 
cell proliferation, we examined the levels of 
non- and phosphorylated forms of PI3K, AKT 
and mTOR in the PI3K/AKT/mTOR signaling 
pathway. After 72 h of combined treatment with 
low-dose decitabine and chidamide, levels of 
phosphorylated PI3K, AKT and mTOR as well as 
the downstream target protein cyclin D1 were 
decreased compared with that of the negative 
control in both K562 (Figure 4A) and THP-1 
cells (Figure 4B). Therefore, we speculate that 
the combined treatment inhibited cell prolifera-
tion by downregulating the phosphorylation of 
PI3K/AKT/mTOR pathway components PI3K, 
AKT and mTOR.

Combination of chidamide and decitabine in-
duced apoptosis in myeloid leukemia cells

To further investigate the mechanism by which 
proliferation was inhibited and the cell cycle 
was arrested in myeloid leukemia cells, apopto-
sis assays were performed using flow cytome-

citabine on both K562 and THP-1 cells (Figure 
5A-C). Furthermore, based on RT-qPCR, rela-
tive gene expression of Bax was notably in- 
creased and that of Bcl2 reduced when K562 
and THP-1 cells were exposed to these two 
compounds (Figure 5B and 5C). As shown in 
Figure 5D, western blotting analysis also 
revealed that expression of apoptotic markers 
pro-caspase-3 and PARP-1 was downregulated 
but that of cleaved PARP-1 and caspase-9 was 
upregulated.

Effects of chidamide and decitabine on the 
mitochondrial membrane potential of myeloid 
leukemia cells

Decreased mitochondrial membrane potential 
(MMP) is an early manifestation of apoptosis, 
after which cells begin an irreversible apoptotic 
process. To assess the mitochondrial mem-
brane potential, K562 and THP-1 cells were 
treated with chidamide or decitabine alone or 
both for 72 h, and the JC-1 kit was employed to 
measure MMP. The results demonstrated that 
compared with the control group, MMP was sig-
nificantly decreased in all treated cells; howev-
er, no significant difference was observed be- 
tween the cells in the combination group and 
those treated with chidamide or decitabine 
alone (Figure 6).

Discussion

Epigenetic alterations in DNA methylation [18] 
and histone posttranslational modifications, 
such as histone methylation and acetylation 
[19], occur in the cells of leukemia patients and 
are promising targets for treatment [20]. Al- 
though HMAs or HDACis have been used alone 
as epigenetic therapies in clinical practice, the 

Figure 2. The effects of chidamide in combination with decitabine on histone 
H3 acetylation in myeloid leukemia cell lines. K562 cells were treated with 
4 μg/mL chidamide or 8 μmol/L decitabine alone or 4 μg/mL chidamide in 
combination with 8 μmol/L decitabine for 72 h; THP-1 cells were treated 
with 4 μg/mL chidamide or 20 μmol/L decitabine alone or 4 μg/mL chidam-
ide in combination with 20 μmol/L decitabine for 72 h. The expression level 
of acetylated histone H3 (K18) was analyzed by western blotting.

try. The results showed that 
the apoptosis rate was signifi-
cantly increased when cells 
were treated with the combi-
nation of chidamide and de- 
citabine compared with DM- 
SO-treated cells (Figure 5A-C). 
Compared with decitabine al- 
one-treated cells, the percent-
age of apoptotic cells was 
markedly increased by the 
combined use of chidamide 
and decitabine, which indicat-
ed that chidamide enhanc-ed 
the apoptotic effect of de- 
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Figure 3. Chidamide in combination with decitabine arrested the cell cycle at G0/G1 phase in myeloid leukemia 
cells. A-C. The combination of 4 μg/mL chidamide and 8 μmol/L decitabine (in K562 cells) or 20 μmol/L decitabine 
(in THP-1 cells) induced cell cycle arrest at G0/G1 phase after 72 h of treatment. D. Expression of the cell cycle 
protein p21 was increased at 72 h compared with the control group based on western blotting analysis in both 
K562 and THP-1 cells. “*” indicates a significant difference compared with the control group (*P<0.05, **P<0.01, 
***P<0.001), “#” indicates a significant difference compared with the decitabine-treated group (###P<0.001), 
and “&” indicates a significant difference compared with the chidamide-treated group (&P<0.05).
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Figure 4. Chidamide in combination with low-dose decitabine inhibited the 
PI3K/AKT/mTOR signaling pathway. After 72 h of treatment, expression of 
PI3K, p-PI3K, AKT, p-AKT, mTOR, p-mTOR and cyclin D1 in both K562 (A) and 
THP-1 cells (B) was determined by western blotting.

effects have not been satisfactory [14, 21]. 
Combination trials of HMAs and HDACis have 
been performed by independent groups, and 
significant antileukemia effects were observed 
[22, 23]. In this study, we investigated the 
effects of a combination of decitabine and chi-
damide on myeloid leukemia cells. As mecha-
nisms responsible for the effects on leukemia 
of decitabine and chidamide when used alone 
differ, the combined use of the two may be an 
effective therapy for AML.

In the current study, CCK-8 assay results sh- 
owed that low-dose decitabine and chidamide 
inhibited K562 and THP-1 cell proliferation in a 
time- and dose-dependent manner (Figure 1). 
Additionally, the combination of the two exhib-
ited enhanced inhibitory effects on cell prolif-
eration compared with that of each drug alone. 
Consistent with the results of previous studies 
[20], as an HDAC inhibitor, chidamide signifi-
cantly increased the acetylation level of histone 
H3 with or without the addition of decitabine 
(Figure 2), though the mechanism of the syner-
gistic effect on cell proliferation needs to be 
clarified.

It has been reported that decitabine induces 
cell cycle arrest at G0/G1 and G2/M phases in 
solid tumor and hematologic malignancies [24-
26] and that chidamide induces cell cycle arrest 

at G0/G1 phase as well as 
ROS-dependent apoptosis in 
leukemia cells [27, 28]. In the 
present study, the results of 
the cell cycle distribution as- 
say demonstrated that the 
combination of low-dose de- 
citabine with chidamide also 
resulted in G0/G1 cell cycle 
arrest (Figure 3). Expression 
of p21, a negative regulator of 
the cell cycle, was increased 
in response to the addition of 
chidamide, with or without 
decitabine. The PI3K/AKT/
mTOR signaling pathway is 
reported to be activated in 
many human cancers, includ-
ing leukemia. It is known to 
play key roles in numerous cel-
lular functions to control cell 
growth, metabolism and sur-
vival in cancer development, 

and its inhibition is regarded as an important 
therapeutic approach [29, 30]. Chidamide 
reportedly inhibits the PI3K/AKT signaling path-
way, resulting in cell cycle arrest at G1 phase 
and apoptosis promotion in colon cancer cells 
[31]. It was also reported that decitabine in 
combination with the mTOR inhibitor displays 
synergistic activity in medullary thyroid carci-
noma cell lines to overcome drug resistance 
[32]. In this study, low-dose decitabine had a 
synergistic effect with chidamide on leukemia 
cell proliferation and cell cycle arrest at G0/G1 
phase (Figure 4), providing a promising app- 
roach to treat leukemia patients in clinical 
practice.

The results of apoptosis assays indicated that 
chidamide enhanced the apoptotic effect of 
decitabine in myeloid leukemia cells (Figure 5). 
The expression levels of several apoptotic regu-
lators were detected by RT-qPCR, showing that 
Bcl-2, a negative regulator of ell apoptosis, was 
downregulated and that Bax, a positive regula-
tor of apoptosis, was upregulated in combina-
tion-treated cells. Furthermore, according to 
western blotting assays, expression of pro-cas-
pase-3 was decreased, that of caspase-9 was 
increased, and that of cleaved PARP-1, which 
functions in single-stranded DNA repair, was 
increased in chidamide-treated cells, with or 
without the addition of decitabine. These 
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results suggest that the combination of de- 
citabine and chidamide may activate caspase-9 
and caspase-3 via the mitochondria-depen-
dent signaling pathway. Potential changes in 
the mitochondrial membrane during apoptosis 

[33, 34] were also detected after 72 h of treat-
ment. Indeed, MMP was significantly decreased 
in cells treated with decitabine or chidamide 
alone or in combination (Figure 6), damaging 
the mitochondrial membrane. As MMP was 

Figure 5. Chidamide enhanced the effect of decitabine on apoptosis in myeloid leukemia cells. A-C. The combi-
nation of 4 μg/mL chidamide and 8 μmol/L decitabine (in K562 cells) or 20 μmol/L decitabine (in THP-1 cells) 
induced apoptosis after 72 h of treatment. Relative gene expression levels of the apoptotic gene Bax and the 
antiapoptotic gene Bcl-2 were analyzed by RT-qPCR. D. Expression of cell apoptosis-related proteins pro-caspase-3, 
PARP-1, cleaved PARP-1 and caspase-9 was analyzed after 72 h of treatment by western blotting. “*” indicates a 
significant difference compared with the control group (*P<0.05, **P<0.01, ***P<0.001), “#” indicates a signifi-
cant difference compared with the decitabine-treated group (###P<0.001), and “&” indicates a significant differ-
ence compared with the chidamide-treated group (&P<0.05).

Figure 6. Chidamide in combination with decitabine downregulated the mitochondrial membrane potential of my-
eloid leukemia cells. A, B. Chidamide (4 μg/mL) or decitabine (8 μmol/L in K562 cells or 20 μmol/L in THP-1 cells) 
alone or in combination downregulated the mitochondrial membrane potential after 72 h of treatment. “*” indi-
cates a significant difference compared with the control group (***P<0.001).
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decreased, the apoptotic cascade was activat-
ed. The level of reactive oxygen species (ROS) 
production was also detected, though a signifi-
cant difference was only observed in THP-1 
cells treated with chidamide compared with the 
control (Supplementary Figure 1). ROS produc-
tion is a dynamic biological process, and a cel-
lular increase in ROS production can induce 
apoptosis. Consistently, HDACi has been re- 
ported to induce the production of cellular ROS 
[27, 35]. The results indicate that chidamide 
may play an important role in acute myeloid 
leukemia apoptosis, yet this needs to be 
observed in more AML cell lines.

In summary, the combination of low-dose de- 
citabine and chidamide was shown to enhance 
cell growth inhibition and apoptosis and to 
induce cell cycle arrest in myeloid leukemia 
cells. The results of this study provide a promis-
ing chemotherapy strategy that combines epi-
genetic agents at low doses for leukemia in 
clinical treatment. The in vivo efficacy of such a 
treatment regimen will be the focus of future 
studies.

Additional files: All original western images 
were showed in Supplementary Figure 2.
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Supplementary Figure 1. Levels of intracellular ROS induced by 4 μg/mL chidamide or decitabine (8 μmol/L in 
K562 cells or 20 μmol/L in THP-1 cells) alone or in combination after 72 h of incubation were detected by flow 
cytometry. “*” represents a significant difference compared with the control (*P<0.05).
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Supplementary Figure 2. Original western blotting images for all relevant bands in Figure 1 (Ki67), Figure 2 (Ace-
H3K18), Figure 3 (P21), Figure 4 (PI3K, p-PI3K, AKT, p-AKT, mTOR, p-mTOR, cyclin D1) and Figure 5 (caspase 3, 
caspase 9, PARP-1 and cleaved PARP-1).


