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Abstract. Low response, treatment-related complications and 
relapse due to the low sensitivity of myelodysplastic syndrome 
(MDS) and leukemia stem cells (LSCs) or pre‑LSCs to arsenic 
trioxide (ATO), represent the main problems following treat-
ment with ATO alone in patients with MDS. To solve these 
problems, a chemosensitization agent can be applied to 
increase the susceptibility of these cells to ATO. Curcumin 
(CUR), which possesses a wide range of anticancer activities, 
is a commonly used chemosensitization agent for various 
types of tumors, including hematopoietic malignancies. In the 
present study, we investigated the cytotoxic effects and poten-
tial mechanisms in MDS-SKM-1 and leukemia stem-like 
KG1a cells treated with CUR and ATO alone or in combina-
tion. CUR and ATO exhibited growth inhibition detected by 
MTT assays and apoptosis analyzed by Annexin V/PI analyses 
in both SKM-1 and KG1a cells. Apoptosis of SKM-1 and KG1a 
cells determined by Annexin V/PI was significantly enhanced 
in the combination groups compared with the groups treated 
with either agent alone. Further evaluation was performed 
by western blotting for two hallmark markers of apoptosis, 
caspase-3 and cleaved-PARP. Co-treatment of the cells with 
CUR and ATO resulted in significant synergistic effects. In 
SKM-1 and KG1a cells, 31 and 13 proteins analyzed by protein 
array assays were modulated, respectively. Notably, survivin 
protein expression levels were downregulated in both cell 

lines treated with CUR alone and in combination with ATO, 
particularly in the latter case. Susceptibility to apoptosis was 
significantly increased in SKM-1 and KG1a cells treated with 
siRNA-survivin and ATO. These results suggested that CUR 
increased the sensitivity of SKM-1 and KG1a cells to ATO by 
downregulating the expression of survivin.

Introduction

Myelodysplastic syndrome (MDS) is a heterogeneous group of 
clonal hematopoietic stem cell malignancies characterized by 
bone marrow failure, morphologic dysplasia of bone marrow 
cells, pancytopenia in the peripheral blood and a high risk 
of acute myeloid leukemia (1,2). MDS tends to occur in the 
elderly (median age at diagnosis, 71-76 years) (3,4) who cannot 
afford the complications following hematopoietic stem cell 
transplantation (HSCT) and high intensity chemotherapy (5). 
Low doses of arsenic trioxide (ATO), a common agent used for 
the treatment of patients with acute promyelocytic leukemia 
(APL), can induce complete remission without myelosuppres-
sion and causes only few adverse effects (6,7). Consequently, 
it has similarly been applied to treat MDS patients alone or 
in combination with another agent in clinical trials  (8-10). 
Unfortunately, the hematological improvement rates of MDS 
patients were only 20-30% (11). Additionally, high doses of 
ATO cause intolerable toxicity (12). Furthermore, MDS, as a 
pre-leukemia status, exhibits the characteristics of leukemia 
transformation and relapse, which may be closely associ-
ated with pre-leukemic stem cells (pre-LSCs) and leukemic 
stem cells (LSCs)  (13,14). Effective killing of MDS cells, 
as well as pre-LSCs and LSCs, by combining ATO with 
a chemosensitizer may be a potential strategy to improve 
the response rate of MDS patients to ATO treatment, block 
leukemic transformation and prevent MDS relapse. Previous 
studies have reported the combination of ATO with another 
agent, including thalidomide, ascorbic acid and cytarabine, 
in vitro and in vivo (11,15,16); however, few studies have been 
conducted to assess the combination of ATO with a chemosen-
sitizer, particularly curcumin (CUR).
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CUR, a type of polyphenol plant derived from the rhizome 
of turmeric, is widely used as chemopreventive and chemo-
sensitization agent and has extensively been studied in various 
types of cancers, including leukemia, colon, breast, liver 
and lung cancer  (17). Accumulating research has revealed 
that CUR sensitizes neoplasms to diverse chemotherapeutic 
drugs in vivo and in vitro, including vincristine, melphalan, 
butyrate, cisplatin, 5-FU, vinorelbine, gemcitabine and oxali-
platin (18-22). CUR interferes with diverse processes in cancer 
cells, including the cell cycle, apoptosis, proliferation, survival, 
invasion, metastasis and inflammation (23), which may be 
associated with its sensitizing effect. It downregulated various 
growth regulatory pathways and targets including NF-κB, 
STAT3, COX2, Akt, apoptosis-related proteins, growth factor 
receptors and multidrug-resistance proteins (17). More impor-
tantly, CUR is readily available and safe, thus representing an 
ideal chemosensitizer.

The SKM-1 cell line, which was established from leukemia 
cells from a 76-year-old Japanese male patient with overt mono-
blastic leukemia following MDS (24-26), is an established 
MDS cell model for investigating MDS in vitro. KG1a cells 
demonstrate characteristics of LSCs, including self-renewal 
potential, resistance to chemotherapy and immunotherapy, 
and a CD34+CD38- cell phenotype (27,28). KG1a cells are thus 
considered to be leukemia stem-like cells, and they provide an 
ideal cell model for investigating LSCs in vitro.

In the present study, we explored the ability of CUR to sensi-
tize SKM-1 and KG1a cells to ATO by investigating the cytotoxic 
efficiency and molecular mechanisms of CUR and ATO alone 
and in combination in SKM-1 and KG1a cells in vitro.

Materials and methods

Reagents. RPMI-1640 medium (11875093), fetal bovine 
serum (FBS) (16000-044) (both from Gibco, Grand Island, 
NY, USA) penicillin and streptomycin (P11-010; PAA 
Laboratories, Dartmouth, MA, USA), dimethyl sulfoxide 
(DMSO) (A3009; AppliChem GmbH, Darmstadt, Germany), 
CUR (458-37-7; Sigma, St. Louis, MO, USA), ATO (ShuangLu 
Corp., Beijing, China), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT; Seebio Biotech, Inc., Shanghai, 
China), hydroxypropyl methylcellulose (MP Biomedicals, 
Santa Ana, CA, USA), the FITC Annexin V apoptosis detec-
tion kit  I, anti‑PARP (1:500) (both from BD Biosciences, 
San Jose, CA, USA) anti-caspase-3 (1:5,000) [Cell Signaling 
Technology (CST) Danvers, MA, USA] anti-survivin (1:5,000; 
BD Biosciences), the Human Apoptosis Antibody Array kit 
(RayBio, Norcross, GA, USA), electrophoresis apparatus 
trophoresis (EPS200; Tanon Science and Technology Co., 
Ltd., Shanghai, China), and the LI-COR Odyssey scanner 
(LI-COR, Lincoln, NE, USA) were used.

Cell lines and culture. SKM-1 cells were purchased from 
Jennio Biotech Co. (Guangzhou, China), and KG1a cells were 
provided by She et al (28). Cells were cultured in RPMI-1640 
medium with 10% inactivated FBS, penicillin and strepto-
mycin at 37˚C with 5% CO2.

Cell viability assays. Cell viability was detected using the 
MTT assay. SKM-1 and KG1a cells in logarithmic phase were 

seeded into 96-well plates at 5x105 cells/ml in the presence 
or absence of the indicated test samples in a final volume of 
0.2 ml for 24 or 48 h at 37˚C with 5% CO2. Next, 20 µl of 
MTT solution [5 mg/ml in phosphate-buffered saline (PBS)] 
was added to each well and incubated for 4 h at 37˚C, followed 
by the addition of 200 µl of DMSO. Finally, the plates were 
gently shaken and analyzed at 490 nm using a microplate 
reader (Multiskan MK3; Shanghai). Each experiment was 
performed in triplicate. The cell viabilities in the two cell lines 
were calculated as follows: Inhibition (%) =1 - (OD value of 
experimental samples/OD value of control samples) x 100%.

Methylcellulose colony formation test. Approximately 
500 untreated or treated cells/well were cultured in RPMI‑1640 
medium supplemented with 0.9% methylcellulose and 20% 
FBS in a final volume of 2 ml of 24-well plate at 37˚C with 5% 
CO2. The number of colonies formed (>50 cells) was counted 
under a light microscope after 14 days of incubation. The 
experiments were performed in triplicate.

Analysis of apoptosis using Annexin  V/PI. The apoptotic 
cells were examined by Annexin V binding assays according 
to the manufacturer's instructions (WinMDI 2.9 software; 
BD  Corporation). Briefly, ~1.0x106  cells in 6-well plates 
were treated with various concentrations of the indicated test 
samples at 37˚C with 5% CO2 for 48 h. The cells were then 
harvested for subsequent experiments. The cells were washed 
three times with cold PBS and then re-suspended in 1X 
binding buffer at a concentration of 1x106 cells/ml, and 100 µl 
of the solution (1x105 cells) was transferred to a 5-ml culture 
tube, followed by the addition of 5 µl of FITC Annexin V and 
5 µl PI and incubation for 15 min at room temperature (25˚C) 
in the dark. Finally, 400 µl of 1X binding buffer was added to 
each tube, and the cells were analyzed by flow cytometry.

Western blot analysis. Total cellular proteins of SKM-1 and 
KG1a cells were isolated using lysis buffer (RIPA). Equal 
amounts of protein were subjected to 10 or 15% polyacryl-
amide gel electrophoresis and transferred to polyvinylidene 
difluoride (PVDF) membranes. The membranes were blocked 
with 5% skim-milk and incubated with primary antibodies 
(anti‑PARP, anti-caspase-3 and anti-survivin) overnight at 4˚C, 
followed by horseradish peroxidase-conjugated anti-mouse 
secondary antibody at room temperature (25˚C) for 2 h. The 
protein bands were imaged using chemiluminescence reagent 
(CTB; USA), and the band density values were analyzed using 
ImageJ software. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; HC301; 1:5,000) served as the internal reference.

Short interfering RNA (siRNA) transfection of survivin. 
SKM-1 and KG1a cells in logarithmic phase were moderately 
(106/ml) inoculated into 6-well plates for 24 h before transfec-
tion. Control scrambled siRNA was synthesized and purchased 
from GenePharma, Co., Ltd. (Shanghai, China). siRNA 
survivin (10 µM): 5'-GAGCCAAGAACAAAATTGC-3' (29) 
or control scramble sequences were transfected using 
Lipofectamine 2000 reagent (Invitrogen) strictly according to 
the manufacturer's protocol. Briefly, 5 µl of Lipofectamine 2000 
was diluted in 250 µl of Opti-MEM medium (Invitrogen) in 
each well. The mixture was gently added to a solution 
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containing siRNA in 250 µl of Opti-MEM medium, incubated 
for 20 min, and then added to the plates. After transfection 
with siRNA for 24 h, the cells were harvested for subsequent 
assays.

Analysis of apoptosis-related proteins by RayBio arrays. 
The expressions of 43  apoptosis-related proteins were 
analyzed using a Human Apoptosis Antibody Array 
kit (RayBio, Norcross, GA, USA). Briefly, according to 
instructions (available from the RayBiotech Corp. official 
website (http://www.raybiotech.com/), each of the capture 
antibodies was printed on the membranes, followed by the 
addition of the treated or untreated cell lysate. After extensive 
washing, the membranes were incubated with a cocktail of 
biotin-conjugated anti-apoptotic protein antibodies. After 

incubation with the infrared fluorescent agent-streptavidin, the 
fluorescence signals were visualized using a LI-COR Odyssey 
scanner.

Statistical analysis. Data are represented as the mean ± stan-
dard deviation (SD) and analyzed using SPSS  13.0 and 
GraphPad Prism 5 software. Means of different groups were 
compared using one-way ANOVA followed by Bonferroni's 
multiple comparisons to evaluate the differences between two 
groups under multiple conditions. When the data failed the 
normality test, the Kruskal-Wallis one-way ANOVA on ranks 
was used for data that failed the normality test. A value of 
p<0.05 was considered statistically significant. CompuSyn 
software was used to evaluate the synergistic effects of drug 
combinations. The combination index (CI) was generated by 

Figure 1. CUR inhibits cell growth and induces cell apoptosis in SKM-1 and KG1a cells. (A) SKM-1 and KG1a cells were exposed to different concentrations 
of CUR for 24 and 48 h. Inhibition (%) of the cells was detected by MTT assays. The IC50 values of CUR in the two cell lines are shown. (B) SKM-1 and 
KG1a cells were treated with various concentrations of CUR for 48 h, and then apoptotic cells were analyzed by staining using Annexin V/PI. The MTT and 
apoptosis results revealed dose-dependent effects in the two cell lines. The graph displays the means ± SD of three independent experiments conducted in 
triplicate; *p<0.05, **p<0.01, ***p<0.001 (compared with the control); #p<0.05 (24 vs. 48 h).
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CompuSyn software, where CI<1, CI=1 and CI>1 indicated 
synergism, additive effect and antagonism, respectively.

Results

CUR inhibits cell growth and induces cell apoptosis in SKM-1 
and KG1a cells. SKM-1 and KG1a cells were treated with 
various concentrations of CUR (0-80 µM) for 24 and 48 h, 
and the cytotoxic effects were detected by MTT assays. CUR 
exhibited a growth inhibitory effect dose- and time‑depend-
ently in the two cell lines (Fig. 1A). The IC50 values in SKM-1 
cells at 24 and 48 h were 37.7 and 25.4 µM, respectively, and 
those in KG1a cells were 21.8 and 13.9 µM, respectively.

To explore whether CUR induced apoptosis in SKM-1 and 
KG1a cells, the two cell lines were exposed to CUR for 48 h 
followed by detection by Annexin V/PI. CUR induced early 
and late apoptosis in a dose-dependent manner in the two 

cell lines (Fig. 1B). By contrast, CUR induced significantly 
more apoptosis in SKM-1 cells than in the KG1a cells at an 
equivalent concentration (Fig. 1B), indicating that SKM-1 cells 
were more sensitive to CUR when compared with KG1a cells 
in terms of apoptosis-induction. These results were contrary 
to cytotoxic effects that the growth inhibitory effect of CUR 
is higher for KG1a cells than in the SKM-1 cells. This finding 
demonstrated apoptosis may not be the predominant mode of 
cell death, and it may also occur through alternate pathways.

ATO inhibits cell growth and induces cell apoptosis in SKM-1 
and KG1a cells. To evaluate the cytotoxic effects of ATO on 
the two cell lines, SKM-1 and KG1a cells were treated with 
various concentrations of ATO (0-14 µM) for 24 and 48 h, 
and the cytotoxic effects were detected by MTT assays. ATO 
exhibited growth inhibitory effects dose- and time-depend-
ently in the two cell lines (Fig. 2A). The IC50 values in SKM-1 

Figure 2. ATO inhibits cell growth and induces cell apoptosis in SKM-1 and KG1a cells. (A) SKM-1 and KG1a cells were exposed to different concentrations 
of ATO for 24 and 48 h. The inhibitory rates of the cells were detected by MTT assays. The IC50 value of ATO in the two cell lines are shown. (B) SKM-1 and 
KG1a cells were treated with different concentrations of ATO for 48 h, and then apoptotic cells were analyzed by staining with Annexin V/PI. The MTT and 
apoptosis results showed a dose-dependent effect in the two cell lines. The data are expressed as the means ± SD of three independent experiments; *p<0.05, 
**p<0.01, ***p<0.001 (compared with the control); #p<0.05 (24 vs. 48 h).
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cells at 24 and 48 h were 8.5 and 7.5 µM, respectively, and 
those in KG1a cells were 13.2 and 10.9 µM, respectively.

To clarity whether ATO induced apoptosis in SKM-1 and 
KG1a cells, the two cell lines were exposed to ATO for 48 h 
followed by detection with Annexin V/PI. ATO induced early 
and late apoptosis in a dose-dependent manner in the two cell 
lines (Fig. 2B). Similar to the results obtained for CUR, ATO 
induced significantly more apoptosis in SKM-1 cells than in 
KG1a cells at an equivalent concentration (Fig. 2B), indicating 
SKM-1 cells were more sensitive to ATO compared with KG1a 
cells.

CUR increases ATO-induced apoptosis by upregulating 
cleaved caspase-3 followed by PARP degradation in 

SKM-1 and KG1a cells. We determined whether CUR could 
increase ATO-induced apoptosis in SKM-1 and KG1a cells 
by evaluating the pro-apoptotic effects of CUR (10 µM) and 
ATO (8 µM) alone and in combination (CUR + ATO) using 
Annexin  V/PI. Apoptosis of the two cell lines increased 
significantly in the CUR + ATO group compared with the 
CUR or ATO alone groups (Fig. 3A), particularly in SKM-1 
cells. For example, apoptotic SKM-1 cells in response to CUR 
and ATO alone and in combination were 13.7±0.4, 28.9±0.9 
and 63.2±1.3%, respectively. Western blot analysis further 
revealed that co-treatment with CUR and ATO significantly 
induced caspase-3 activation and PARP cleavage (Fig. 3B), two 
hallmarks of apoptosis, in both SKM-1 and KG1a cells, which 
was consistent with the results obtained by Annexin V/PI. 

Figure 3. CUR increases ATO-induced apoptosis by upregulating cleaved caspase-3 followed by PARP degradation in SKM-1 and KG1a cells. SKM-1 and 
KG1a cells were exposed to concentrations of CUR (10 µM) or ATO (8 µM) alone or CUR + ATO for 48 h and analyzed by (A) flow cytometry and (B) western 
blot analysis. Western blot analysis revealed cleaved caspase-3 and cleaved PARP fragment. (B) Representative data are shown. Data shown were from three 
independent experiments conducted in triplicate. The results are expressed as the means ± SD; **p<0.01, ***p<0.001. The control groups were blank groups 
without treatment with CUR and ATO alone or in combination.
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These results strongly indicated that CUR was  able to enhance 
ATO-induced apoptosis and sensitize SKM-1 and KG1a cells 
to ATO.

CUR synergistically enhances the cytotoxic effects of ATO 
in SKM-1 and KG1a cells. To evaluate the ability of CUR 
to enhance the cytotoxic effects of ATO, we assessed the 
inhibition of the clonogenicity of CUR and ATO alone or in 
combination in SKM-1 and KG1a cells. Cells were treated with 
CUR (10 µM) and ATO (8 µM) alone or in combination for 
48 h, followed by inoculation in a methylcellulose for 14 days, 
and observation and counting under a light microscope. Colony 
formation was significantly reduced in the combination groups 
compared with the CUR or ATO alone groups (Fig. 4A), which 
indicated that CUR enhanced the ATO-induced inhibition of 
colony formation.

Furthermore, we detected the inhibition of survival in 
response to CUR and ATO alone or in combination in SKM-1 
and KG1a cells. Cells were exposed to a range of concentra-
tions of ATO (0-16 µM) and CUR (0-20 µM) for 48 h. The 

cell viability in each sample was measured using MTT assays. 
The dose-response curve of ATO was shifted to the left by 
CUR (Fig. 4B). Accordingly, CUR enhanced the cytotoxic 
effects of ATO on SKM-1 and KG1a cells. To evaluate the 
synergism of CUR and ATO in the two cell lines, cells were 
treated with combinations of the two drugs at different doses 
but at a constant ratio (CUR to ATO: 5-4, 10-8 and 20-16 µM, 
respectively) for 48  h. Synergistic effects were estimated 
using CompuSyn software. The CI values were <1 in both cell 
lines (Fig. 4C), demonstrating the synergism of CUR and ATO 
in combination.

In summary, these results demonstrated that CUR syner-
gistically enhanced the cytotoxic effects of ATO and sensitized 
SKM-1 and KG1a cells to ATO.

Effects of CUR and ATO alone or in combination on the 
expression of apoptosis-related proteins in SKM-1 and KG1a 
cells. To explore the mechanisms and potential targets by 
which CUR increased ATO-induced apoptosis, we detected 
43 apoptosis-related proteins using apoptosis antibody array 

Figure 4. CUR synergistically enhances the cytotoxic effects of ATO in SKM-1 and KG1a cells. (A) SKM-1 and KG1a cells were treated with CUR (10 µM) 
and ATO (8 µM) alone or in combination for 48 h followed by inoculation in a methylcellulose cloning system for 14 days and observation and counting under 
a light microscope (magnification, x40). More than 50 cells were considered to indicate colony formation; ***p<0.001, compared with the combination groups 
(CUR + ATO). Results are expressed as the means ± SD of three independent experiments. (B) Dose-response curves for ATO at various CUR concentrations. 
Cells were treated with 0-16 µM ATO and 0-20 µM CUR for 48 h, and then MTT assays were performed. The mean viability relative to the control was plotted 
against the ATO concentration. The error bars represent the 95% confidence intervals of three independent experiments. (C) Chou-Talalay synergy analysis of 
the interaction between CUR and ATO based on the cell viability data. The results are representative of three independent experiments. A combination index 
(CI) value <1 indicates synergism between CUR and ATO.
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assays in SKM-1 and KG1a cells treated with CUR (10 mM) and 
ATO (8 mM) alone or in combination for 48 h. Fold-changes 

≤0.667 or ≥1.5 usually indicated that the protein expression 
level was modulated. As shown in Table I, 27 proteins were 

Table I. Expression of apoptosis-related proteins in the treated groups.

	 SKM-1	 KG1a
	 -----------------------------------------------------------------------------------------------------	 ----------------------------------------------------------------------------------------------------
Apoptosis-related	 CUR/control	 ATO/control	 CUR+ATO/control	 CUR/control	 ATO/control	 CUR+ATO/control
proteins	 (fold-change)	 (fold-change)	 (fold-change)	 (fold-change)	 (fold-change)	 (fold-change)

bad	 1.141	 1.741	 2.044a	 1.224	 0.951	 0.854
bax	 1.036	 1.321	 1.375	 0.989	 1.586	 1.970a

bcl-2	 0.996	 2.094	 2.304a	 0.775	 1.895	 0.428b

bcl-w	 1.083	 1.892	 2.098a	 0.852	 1.907	 0.667b

BID	 0.739	 0.272	 0.543b	 0.934	 1.254	 1.138
BIM	 1.146	 2.071	 2.389a	 0.883	 0.962	 0.843
caspase3	 1.172	 2.280	 2.616a	 1.125	 1.967	 2.812a

caspase8	 1.118	 2.952	 3.118a	 1.157	 1.075	 1.152
CD40	 0.930	 1.534	 1.634a	 0.789	 0.870	 0.771
CD40L	 1.081	 1.803	 1.879a	 0.805	 0.867	 0.816
cIAP-2	 0.934	 0.491	 0.528b	 0.664	 1.320 	 0.345b

cytoC	 1.011	 2.156	 2.918a	 1.314	 1.916	 2.848a

DR6	 1.063	 1.448 	 1.588a	 0.792	 0.924	 0.822
Fas	 1.272	 2.407	 2.468a	 0.878	 0.851	 0.917
FasL	 1.080	 1.601	 1.694a	 0.841	 1.026	 0.858
HSP27	 0.894	 1.424	 1.297	 0.881	 1.112	 0.905
HSP60	 1.084	 1.604	 1.721a	 0.858	 0.972	 0.899
HSP70	 1.350	 2.763	 2.968a	 1.244	 1.059	 1.171
HTRA	 0.664	 2.784	 2.288a	 2.088	 1.250	 2.874a

IGF-I	 0.891	 1.187	 1.163	 0.794	 1.068	 0.720
IGF-II	 1.123	 2.707	 2.948a	 1.009	 1.334	 1.070
IGFBP-1	 0.933	 1.241	 1.304	 0.701	 0.912	 0.599b

IGFBP-2	 0.971	 1.223	 1.253	 0.794	 0.978	 0.479b

IGFBP-3	 1.119	 1.769	 1.888a	 0.749	 0.891	 0.878
IGFBP-4	 0.974	 1.980	 2.012a	 0.782	 0.961	 0.805
IGFBP-5	 1.002	 4.794	 4.849a	 0.810	 0.952	 0.860
IGFBP-6	 1.102	 0.811	 0.905	 0.829	 1.042	 0.867
IGF-1sR	 0.929	 1.320	 1.340	 0.745	 0.965	 0.880
livin	 1.139	 43.971	 47.444a	 0.913	 1.102	 0.910
p21	 1.044	 1.664	 2.177a	 0.921	 0.980	 0.960
p27	 1.200	 2.269	 2.624a	 0.918	 1.057	 0.950
p53	 1.097	 2.970	 3.364a	 0.946	 1.081	 1.005
SMAC	 1.025	 0.979	 1.069	 1.032	 1.062	 1.523a

Survivin	 0.805	 2.118	 0.360b	 0.607	 1.805	 0.215b

sTNF-R1	 1.051	 1.492	 1.323	 0.836	 1.152	 0.772
sTNF-R2	 0.819	 1.124	 1.042	 0.693	 0.909	 0.733
TNF-α	 0.828	 1.263	 1.393	 0.671	 1.012	 0.723
TNF-β	 0.945	 1.376	 1.531a	 0.701	 0.902	 0.820
TRAILR-1	 0.942	 0.907	 0.996	 0.790	 1.104	 0.855
TRAILR-2	 1.008	 1.633	 1.785a	 0.843	 1.055	 0.872
TRAILR-3	 0.955	 1.421	 1.546a	 0.799	 1.047	 0.848
TRAILR-4	 1.074	 1.620	 1.794a	 0.845	 1.050	 0.909
XIAP	 0.896	 1.340	 0.550b	 0.741	 1.155	 0.403b

SKM-1 and KG1a cells were treated with CUR (10 µM) and ATO (8 µM) alone or in combination for 48 h, followed by detection using a 
protein array kit. Fold-changes ≤0.667 or ≥1.5 indicated proteins were modulated by these drugs. aUpregulated, bdownregulated.
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upregulated and four proteins were downregulated in SKM-1 
cells in the drug combination group (Table I). In addition, five 
proteins were upregulated and seven proteins were downregu-
lated in KG1a cells in the drug combination group (Table I). 
Caspase-3 was upregulated significantly in both SKM-1 and 
KG1a cells, in accordance with the results of the western blot 
analysis (Fig. 3B). The protein expression level of survivin was 
significantly upregulated in the ATO group, but significantly 
downregulated in the CUR and drug combination groups in 
both SKM-1 and KG1a cells (Table I). Thus, we inferred that 
survivin may be a potential target of sensitizing SKM-1 and 
KG1a cells to ATO.

Suppression of survivin with siRNA induces apoptosis and 
increases susceptibility to ATO in SKM-1 and KG1a cells. 
We determined the role of CUR-induced downregulation 
of survivin in the sensitization of SKM-1 and KG1a cells to 
ATO by interfering with survivin expression using siRNA and 
evaluating the effect on apoptosis using Annexin V/PI assays. 
After treatment with siRNA-survivin for 24 h, the protein 

expression level of survivin was significantly downregulated 
and apoptosis was significantly increased (similar to the 
CUR-treated groups) compared with the si-control groups in 
the two cell lines (Fig. 5A and B). As shown in Fig. 5C, the 
suppression of survivin by siRNA increased the susceptibility 
of SKM-1 and KG1a cells to ATO-induced apoptosis (62.00% 
in SKM-1 cells and 32.11% in KG1a cells) compared with 
ATO alone (30.90% in SKM-1 cells and 17.98% in KG1a 
cells). These results demonstrated that suppression of survivin 
expression could increase ATO-induced apoptosis in the two 
cell lines.

Discussion

MDS possesses the characteristics of a poor response to tradi-
tional chemotherapy (11), leukemic transformation (30), and 
easy relapse, which are associated with the age of the patient 
(tend to occur in the elderly) and LSCs or pre-LSCs (31). LSCs, 
which are characterized by self-renewal, chemoresistance 
and immune-resistance, are thus responsible for the origin, 

Figure 5. Suppression of survivin with siRNA induces apoptosis and increases susceptibility to ATO in SKM-1 and KG1a cells. SKM and KG1a cells were 
transfected with siRNA survivin or siRNA control for 24 h. (A) The expression level of survivin were analyzed by western blotting. (B) Early and late apoptosis 
was detected by Annexin V/PI staining. Data are expressed as the means ± SD of three independent experiments; ***p<0.001 (compared with the control). 
(C) SKM-1 and KG1a cells were transfected with siRNA survivin or siRNA control for 24 h, and then exposed to ATO (8 µM) for 48 h followed by detection 
by flow cytometry. The bar represents the means ± SD of three independent experiments; **p<0.05, ***p<0.001 (compared with the control).
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drug resistance and relapse of leukemia and leukemia-related 
disease (28,32). Only by enhancing the sensitivity of MDS cells 
and LSCs or pre-LSCs to chemotherapeutic drugs can we effec-
tively circumvent the above barriers. In the present study, we 
investigated the combination of CUR and ATO on MDS-SKM-1 
cells and leukemia stem-like KG1a cells to assess whether CUR 
could increase the susceptibility of these cells to ATO.

The anticancer activities of CUR have been extensively 
investigated and reported in various types of cancers, including 
leukemia, lymphoma, gastrointestinal, genitourinary, breast 
and ovarian cancer, head and neck squamous cell carcinoma, 
lung cancer, melanoma and sarcoma  (23). However, little 
research has been conducted to assess the anticancer potential 
of CUR in MDS cells and LSCs. In the present study, CUR 
exhibited growth inhibition and apoptosis induction time- and 
dose-dependently in both MDS-SKM-1 cells and leukemia 
stem-like KG1a cells. Thus, we considered CUR may be a 
potential sensitization agent to ATO in SKM-1 and KG1a cells.

ATO has received extensive attention due to its anticancer 
activities in various cancers by affecting cellular functions 
via different molecular targets. For instance, ATO can induce 
apoptosis by activating the caspase cascade, decreasing the 
mitochondrial membrane potential, and increasing the produc-
tion of reactive oxygen species (33,34). The most successful 
application of ATO for the treatment of cancer is currently its 
use to treat patients with APL by targeting the PML-RARa 
fusion protein (35), achieving complete remission with only few 
adverse effects (6). Similarly, ATO has been applied to treat 
MDS patients but without promising results (11) due to a low 
response and subsequent relapse. In the present study, ATO 
could indeed inhibit cell growth and induce partial apoptosis 
in SKM-1 and KG1a cells in vitro, but high-dose concentra-
tions were needed. In addition, KG1a cells exhibited reduced 
sensitivity to ATO compared with SKM-1 cells  (Fig.  2B), 
in accordance with the characteristics of LSCs, which may 
provide an explanation for MDS relapse after treatment with 
ATO alone.

To solve the problems associated with a low response and 
easy relapse after treatment with ATO alone, the sensitivity 
of MDS cells and LSCs to ATO must be enhanced. Thus, we 
adopted the strategy of combining CUR with ATO to treat 
SKM-1 and KG1a cells in vitro and explored their synergistic 
effect. We found that CUR could significantly increase 
ATO-induced apoptosis and had a synergistic cytotoxic effect 
with ATO on both SKM-1 and KG1a cells. Previous studies 
have reported that ATO combined with other agents, including 
ascorbic acid (11), thalidomide, retinoid acid (10), and low-dose 
cytarabine (15), can enhance the treatment efficacy in vivo 
and in vitro. Sánchez et al demonstrated that the addition of 
CUR increased the efficacy of ATO as an antitumor drug in 
U937, HL60 and K562 cells (36). However, we reported the 
first demonstration of the combination of CUR and ATO to 
treat MDS and leukemia stem-like cells in vitro. These results 
provide a strong basis for the treatment of MDS by combining 
CUR with ATO in vivo.

We also explored the mechanisms and searched for the 
target by which CUR enhanced ATO-induced apoptosis by 
detecting 43 apoptosis-related proteins using protein array 
assays in SKM-1 and KG1a cells following treatment with 
CUR and ATO alone or in combination for 48 h. Thirty-one 

proteins were modulated (upregulation or downregulation) in 
SKM-1 cells, whereas 12 proteins were modulated (upregu-
lation or downregulation) in KG1a cells in the combination 
groups (Table I). These data indicated that co-treatment of 
these cells with CUR and ATO could affect various targets 
and pathways of apoptosis, particularly in SKM-1 cells.

Apoptotic signal transduction can proceed via two main 
signaling pathways, including the death receptor (extrinsic) 
and the mitochondrial (intrinsic) pathways (37). Caspase-8, 
which directly cleaves caspase-3, is considered to be the initi-
ator and hallmark of the extrinsic pathway (38). In the present 
study, caspase-8 was significantly upregulated in SKM-1 
cells in response to co-treatment with CUR and ATO, but no 
change was detected in KG1a cells. These results indicated 
that co-treatment with CUR and ATO induced SKM-1 cell 
apoptosis by both extrinsic and intrinsic pathways, leading to a 
higher sensitivity of SKM-1 cells to ATO compared with KG1a 
cells. The upregulation of death receptors (TRAILR‑2/3/4, 
Fas) in SKM-1 cells further supported these findings.

Survivin is a member of the inhibitor of apoptosis proteins 
(IAPs) that is expressed in the vast majority of neoplasms but 
not in differentiated normal tissue (39). In the present study, 
survivin protein overexpression was downregulated in both 
SKM-1 and KG1a cells in the CUR groups and drug combi-
nation groups. Some previous reports have shown that the 
suppression of survivin can lead to apoptosis of cancer cells 
and can enhance the chemotherapeutic sensitivity of drugs, 
including cisplatin and doxorubicin, in lung cancer and breast 
cancer cells (40,41). Notably, we confirmed that suppressing 
the expression of survivin by siRNA indeed enhanced the 
sensitivity of SKM-1 and KG1a cells to ATO. These results 
strongly indicated that survivin may be a potential target 
of CUR and ATO co-treatment in SKM-1 and KG1a cells. 
X-linked IAP (XIAP), another member of the IAPs, inhibits 
the caspase-dependent apoptotic pathway by forming a 
survivin-XIAP complex  (42). The XIAP stability may be 
disrupted via the suppression of survivin. In the present study, 
XIAP was significantly downregulated in both cell lines by 
co-treatment with CUR and ATO, representing another poten-
tial mechanism underlying the enhancement of apoptosis in 
the drug combination groups in these two cell lines.

In summary, we demonstrated that CUR could enhance the 
sensitivity of MDS-SKM-1 cells and leukemia stem-like KG1a 
cells to ATO by downregulating a potential target survivin 
protein. Thus, the barriers associated with a poor response and 
frequent MDS relapse following treatment with ATO alone 
may be solved by combining CUR with ATO.
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