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Abstract. Various therapies have been developed to target 
malignant melanoma, which is associated with a high mortality 
rate worldwide. Although dacarbazine (DTIC) is employed for 
treating melanoma, it is associated with several side effects. 
Hence, patients with melanoma are co‑treated with additional 
drugs to mitigate the side effects of DTIC. In the present 
study, synergistic therapeutic effects of the DTIC/oxyresve‑
ratrol (ORT) combination were examined using the human 
malignant melanoma WM‑266‑4 cell line. Treatment with 
ORT and DTIC inhibited the proliferation of WM‑266‑4 cells. 
Compared with those in the ORT‑ and DTIC‑treated groups, 
the proportion of cells arrested at the S phase, as well as apop‑
totic rates, were increased in the ORT and DTIC co‑treatment 
group. In WM‑266‑4 cells, synergistic proliferation‑inhibitory 
activities of the ORT/DTIC combination were assessed based 
on cell viability and migration, antioxidant capacity, cyto‑
kine production, cell cycle arrest, apoptotic rate and protein 
expression through WST‑1 assay, wound healing assay, flow 
cytometry and western blotting. Furthermore, the expression 
levels of proteins, including NOTCH, involved in the patho‑
genesis of solid cancers, such as melanoma, were examined. 
Overall, the ORT/DTIC combination synergistically promoted 
cell cycle arrest at the S phase and the apoptosis of WM‑266‑4 
cells. Thus, this combination treatment may serve as a novel 
therapeutic strategy for treating malignant melanoma.

Introduction

Melanoma is one of the leading causes of cancer‑related 
deaths worldwide  (1). In 2020, approximately 100,350 
new melanoma cases were expected in the United States of 
America  (2), indicating that melanoma incidence would 
increase by approximately 35.8% in 2020 compared with that 
in 2015 (3). Accordingly, there has been a global increase in 
the incidence of melanoma. Patients with melanoma exhibit 
resistance to cancer therapy. Therefore, there is an urgent need 
to develop novel therapeutics and treatment strategies against 
this disease  (4). Notably, malignant melanoma accounts 
for 65% of deaths caused by various types of melanoma; 
however, early diagnosis could improve therapeutic outcomes. 
Dacarbazine (DTIC) is used for treating melanoma. However, 
clinical studies have reported that DTIC administration can 
result in various side effects such as vomiting, nausea, and 
anorexia (5). In the last few decades, DTIC has been widely 
used to treat patients with melanoma, despite observed side 
effects. Accordingly, DTIC is frequently co‑administered with 
other anticancer drugs or immunotherapeutics to alleviate 
these side effects (6). Moreover, a previous study has reported 
the co‑administration of DTIC and saponin, a substance of 
natural origin, in an attempt to reduce the DTIC dose (7). 
Although several hypotheses have been proposed, the anti‑
cancer mechanism of DTIC needs to be comprehensively 
elucidated (6).

Oxyresveratrol (ORT), a naturally occurring stilbenoid, 
was first isolated from the heartwood of Artocarpus lakoocha, 
a monkey fruit in tropical regions (8). Previous studies have 
demonstrated the proliferation‑inhibitory activity of ORT 
against stomach and ovarian cancers  (9). Reportedly, the 
enhanced tyrosinase activity associated with melanoma is 
mitigated following treatment with ORT (10,11). Furthermore, 
the antioxidative capacity of ORT is two‑fold higher than that 
of resveratrol (12). ORT consumption may exert beneficial 
effects on human health, as circulating ORT has an absorption 
rate of more than 50% in tissues (13).

It is well known that malignant melanoma can develop 
resistance to chemotherapy. Hence, various reports have 
recommended administering additional anticancer drugs in 
combination with DTIC, for malignant melanoma (14‑17). 
However, therapeutic efficacy of the ORT/DTIC combination 
in melanoma has not been previously reported. In the present 
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study, we examined synergistic proliferation‑inhibitory effect 
of the ORT/DTIC combination against a malignant melanoma 
cell line.

Materials and methods

Cell culture. The human malignant melanoma cell line 
WM‑266‑4 and the mouse macrophage cell line RAW264.7 
were procured from the Korean Cell Line Bank. The cells 
were cultured in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 100 U/ml penicillin, 100 µg/ml 
streptomycin, and 10% heat‑inactivated fetal bovine serum. 
The culture reagents used in this study were purchased from 
Welgene. The cell lines were subcultured in 100‑mm cell 
culture plates (Sarstedt), with fresh DMEM replaced every 
three days. All cells were cultured at 37˚C in a humidified 
atmosphere containing 5% CO2.

Cell viability. Cell viability was measured using the WST‑1 
assay (Takara Bio). In brief, WM‑266‑4 cells (5x104 cells/well) 
were cultured in 96‑well cell culture plates (SPL Life Science) 
and incubated at 37˚C for 3 h in a humidified atmosphere 
containing 5% CO2. Next, the cells were treated with ORT 
(50‑170  µM; Sigma‑Aldrich; Merck  KGaA; ORT‑treated 
group), DTIC (0.5‑2.5  mM; Tokyo Clinic Industry; 
DTIC‑treated group), or an ORT (70 µM)/DTIC (0.5‑2.5 mM) 
combination (co‑treatment group) for 48 h. After 48 h, each 
well was washed twice with phosphate‑buffered saline (PBS) 
and 10 µl WST‑1 reagent was added to 90 µl DMEM. After 
2 h, the absorbance of the mixture was measured at 450 nm 
using a microplate reader (EL800; Bio‑Tek).

Radical scavenging activity. The antioxidant potential of ORT 
was determined using the 2,2‑diphenyl‑1‑picryl‑hydrazyl‑hydrate 
(DPPH; Sigma‑Aldrich; Merck KGaA) assay, following a previ‑
ously described method with minor modifications (18). In brief, 
150 µl of DPPH solution (100 µM), dissolved in 100% ethanol, was 
added to each well of a 96‑well plate, followed by the addition of 
50 µl of the half‑maximal inhibitory concentration (IC50) of ORT, 
DTIC, or the ORT/DTIC combination. For the control group, 
50 µl of 14.04 M dimethyl sulfoxide and/or 1 M HCl was added 
instead of drugs. The absorbance of the reaction mixture was 
measured at 520 nm, using a microplate reader (BioTek EL800), 
after incubation for 10 min. The DPPH radical scavenging activity 
was calculated as follows: DPPH radical scavenging activity 
(%) = [(1‑(A/B)] x100, where A and B are the absorbance values 
of the treatment and control groups, respectively.

Measurement of cytokine concentrations. In brief, RAW264.7 
cells were treated with lipopolysaccharide (LPS; Sigma‑Aldrich; 
Merck KGaA) to induce cytokine expression. Next, the cells 
were immediately treated with the IC50 of ORT, DTIC, or the 
ORT/DTIC combination for 48 h. The culture medium was 
collected to examine interleukin (IL)‑6 (DY406; R&D Systems) 
and tumor necrosis factor (TNF)‑α (DY410; R&D Systems) 
levels using enzyme‑linked immunosorbent assay kits 
(R&D Systems) according to the manufacturer's instructions.

Wound healing assay. Cell migration was analyzed using the 
CytoSelect 24‑well wound healing assay (Cell Biolabs). First, 

square blocks were inserted into each well of a 24‑well plate. 
WM‑266‑4 cells (5x105 cells/well) were seeded in 24‑well 
plates, and the cells were cultured for 24 h. The cells were 
washed twice with PBS (pH 7.4) and treated with the IC50 of 
ORT, DTIC, or the ORT/DTIC combination. After 24 h, cell 
migration to the wound area was comparatively analyzed 
using a microscope (CK40; Olympus).

Cell cycle analysis. In brief, WM‑266‑4 cells seeded onto 
100‑mm cell culture plates were treated with the IC50 of ORT, 
DTIC, or the ORT/DTIC combination for 24 h. The cells were 
harvested and fixed with 70% (w/v) ethanol at 20˚C for at least 
4 h. The fixed cells were washed thrice with PBS and treated 
with a propidium iodide (PI; Sigma‑Aldrich; Merck KGaA) 
solution (50  µg/ml PI, 0.1  mg/ml RNase [Sigma‑Aldrich; 
Merck KGaA], and 0.1% Triton X‑100 [v/v; Sigma‑Aldrich; 
Merck KGaA] in PBS). Then, the treated cells were incubated 
at 25˚C for 30 min in the dark and analyzed using a flow 
cytometer (FACSCalibur Cell Analyzer; BD Biosciences). The 
data were analyzed using the ModFit Lt software (version 4.0; 
Verity Software House, ME, USA).

Analysis of apoptosis. After seeding onto 100‑mm cell culture 
plates, WM‑266‑4 cells were treated with the IC50 of ORT, 
DTIC, or the ORT/DTIC combination for 48 h and then trans‑
ferred into a conical tube. The cells were then washed thrice 
with PBS and suspended in 200 µl of Annexin V binding buffer, 
a component of the apoptosis detection kit (BD Biosciences). 
The cells were incubated with 5 µl PI and 5 µl fluorescein 
isothiocyanate‑conjugated Annexin V for 20 min at room 
temperature in the dark. Apoptosis was measured using a flow 
cytometer (FACSCalibur Cell Analyzer). The fluorescence 
intensities of PI and Annexin V‑FITC were analyzed at exci‑
tation/emission wavelengths of 488/617 nm and 488/530 nm, 
respectively.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from untreated WM‑266‑4 cells and 
WM 266‑4 cells treated with the IC50 of ORT, DTIC, or the 
ORT/DTIC combination, using the TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). Complementary DNA (cDNA) 
was synthesized from total RNA using a first‑strand synthesis 
kit (GeneAll). The cDNA concentration was determined 
using a NanoDrop spectrophotometer (Coliri LB 915; JC Bio). 
qRT‑PCR was performed using CFX Connect Real‑Time PCR 
(Bio‑Rad) and BrightGreen  2X qPCR MasterMix (ABM, 
Vancouver, Canada), with 50  amplification cycles. In the 
present study, the expression levels of NOTCH2, NOTCH3, 
MYC, CCND1, BAX, CASP3 and CASP9 were comparatively 
analyzed among different treatment groups. The primers 
used in the qRT‑PCR analysis are listed in  Table  I. The 
expression levels of target genes were normalized to those of 
GAPDH (19‑24). Relative gene expression levels were calcu‑
lated using the 2‑ΔΔCt method (25).

Western blotting. Proteins were extracted from WM‑266‑4 
cells treated with the IC50 of ORT, DTIC, or the ORT/DTIC 
combination, using the M‑PER mammalian protein extraction 
reagent (Thermo Fisher Scientific, Inc.). Protein concentration 
was determined using a bicinchoninic acid protein assay kit 
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(Thermo Fisher Scientific, Inc.). For each group, 25 µg of 
total protein was subjected to sodium dodecyl sulfate‑poly‑
acrylamide gel electrophoresis using a 10‑12% gel. Next, the 
resolved proteins were transferred onto polyvinylidene fluo‑
ride membranes (0.45 µm; EMD Millipore). The membranes 
were blocked with 5% skim milk or 5%  bovine serum 
albumin and incubated overnight at 4˚C with anti‑β‑actin, 
anti‑BAX, anti‑CASP3, anti‑CASP9, anti‑MYC, anti‑CCND1, 
anti‑NOTCH2 and anti‑NOTCH3 antibodies diluted 
1,000‑fold (Cell Signaling Technology). Then, the membranes 
were probed with secondary antibodies, diluted 1,000‑fold, 
for 2 h at room temperature. The antigen‑antibody complexes 
were visualized using enhanced chemiluminescence western 
blotting detection reagents (Thermo Fisher Scientific, Inc.). 
ChemiDoc XRS (Bio‑Rad) and the Image Lab software 
(version 4.1; Bio‑Rad) were used to analyze the blot images.

Statistical analysis. All results of the present study were 
analyzed using analysis of variance at a 5% significance level. 
Data were treated by one‑way ANOVA and Tukey's honestly 
significant difference test (Tukey's HSD test). ANOVA was 
performed using SPSS version  20.0 (IBM  Corp.). In the 
present study, all experiments were performed at least thrice.

Results

The dose‑dependent effects of ORT, DTIC, and the ORT/DTIC 
combination on cell viability are shown in Fig. 1. ORT and 
DTIC decreased cell viability in a dose‑dependent manner. 
Compared with that of the control cells, the percentage 
viability of cells treated with 50, 80, 110, 140 and 170 µM 
ORT was approximately 92.9, 77.9, 60.6, 48.7 and 34.2%, 
respectively. Compared with that of the control cells, the 
percentage viability of cells treated with 0.5, 1, 1.5, 2 and 
2.5 mM DTIC was approximately 73.6, 53.0, 37.6, 30.9 and 
25.6%, respectively. The IC50 values of ORT and DTIC were 
approximately 140 µM and 1 mM, respectively. The cells were 
co‑treated with 70 µM ORT and various DTIC concentra‑
tions (0.25‑1.0 mM) (Fig. 1C). The percentage viability of 
cells co‑treated with 0.25, 0.50, 0.75 and 1.0 mM DTIC was 
52.9, 48.0, 41.4 and 34.6%, respectively, when compared with 
that of the control cells. This indicated that DTIC decreased 
cell viability in a dose‑dependent manner. In particular, the 

viability of cells co‑treated with 70 µM ORT and 0.25 mM 
DTIC was 52.9%. Thus, the IC50 of the ORT/DTIC combina‑
tion was approximately two‑fold lower than that of ORT and 
four‑fold lower than that of DTIC.

Flow cytometry was performed to examine the effects 
of ORT, DTIC, and the ORT/DTIC combination on the 
cell cycle  (Fig.  2). The proportion of WM‑266‑4 cells 
arrested in the S  phase was examined in the different 
treatment groups  (Fig.  2A). The analysis revealed that 
the cell proportions arrested at the S phase in the control, 
ORT‑treated, DTIC‑treated, and co‑treatment groups were 
17.00±0.74, 45.93±0.65, 26.13±0.87 and 60.22±3.58%, 
respectively (Fig. 2B). This suggested that ORT and DTIC 
synergistically induced cell cycle arrest following co‑admin‑
istration.

Next, flow cytometry with Annexin V/PI double staining 
was employed to assess apoptosis in WM‑266‑4 cells. 
Apoptotic cells were classified as follows: early apoptotic cells 
(Annexin V+/PI‑) and late apoptotic cells (Annexin V+/PI+). 
The pattern of apoptosis varied between the control and treat‑
ment groups (Fig. 3A). The proportion of cells exhibiting total 
apoptosis (early apoptosis plus late apoptosis) in the control, 
ORT‑treated, DTIC‑treated, and co‑treatment groups was 
5.94±0.03, 15.06±1.34, 10.77±1.00 and 23.94±3.98%, respec‑
tively (Fig. 3B). Compared with that in the control group, the 
proportion of apoptotic cells was increased in the ORT‑ and 
DTIC‑treated groups. Additionally, the proportion of apop‑
totic cells was further increased in the co‑treatment groups 
when compared with that in the ORT‑ and DTIC‑treated 
groups, indicating that ORT and DTIC synergistically induced 
apoptosis in WM‑266‑4 cells.

Next, the mRNA expression levels of genes related to the cell 
cycle and apoptosis were measured using qRT‑PCR (Fig. 4). 
Among genes associated with the S phase, the relative mRNA 
expression levels of NOTCH2, NOTCH3, and CCND1 varied 
in the ORT‑treated group when compared with those in the 
control group. The expression levels of NOTCH2, NOTCH3, 
and CCND1 were markedly higher in the DTIC‑treated group 
than in the control group. However, the expression levels of 
these genes in the co‑treatment group were similar to those 
observed in the control group (Fig. 4). The expression pattern 
of MYC markedly differed from that of the three genes. 
Compared with that in the control group, the expression of 

Table I. Primer sequences used for reverse transcription-quantitative PCR.

Gene	 Forward primer (5'-3')	 Reverse primer (5'-3')

NOTCH2	 CGTTTAGTCAGGAATATGCGG	 GGACACATTTATGTACCCAGAG
NOTCH3	 GCTTCTCAGGTCCTCGCTGT	 GGCACAGTGACAGGTGAAGG
MYC	 CCAGCAGCGACTCTGAGG	 CCAAGACGTTGTGTGTTC
CCND1	 CGATGCCAACCTCCTCAACGA	 TCGCAGACCTCCAGCATCCA
BAX	 GGATGCGTCCACCAAGAAG	 GCCTTGAGCACCAGTTTGC
CASP3	 ATGGTTTGAGCCTGAGCAGA	 GGCAGCATCATCCACACATAC
CASP9	 GCAGGCTCTGGATCTCGGC	 GCTGCTTGCCTGTTAGTTCGC
GAPDH	 CGGAGTCAACGGATTTGGTCGTAT	 AGCCTTCTCCATGGTGGTGAAGAC

CCND1, cyclin D1; CASP, caspase.
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MYC was increased in the ORT‑treated group. However, 
MYC expression in the DTIC‑treated and co‑treatment groups 
was approximately seven‑fold higher than that in the control 
group (Fig. 4). On analyzing the expression levels of CASP3 
and CASP9 (apoptosis‑related genes), no specific pattern was 
observed. Compared with those in the control group, BAX 
expression levels were markedly decreased in the ORT‑treated, 
DTIC‑treated, and co‑treatment groups, with the lowest levels 
observed in the co‑treatment group. Compared with those 
in the control group, the expression levels of CASP3 were 
markedly reduced in the ORT‑treated group and considerably 
elevated in the DTIC‑treated group. The expression levels of 
CASP3 in the co‑treatment groups were similar to those in the 
control group; however, the expression levels of CASP9 were 
upregulated by approximately 2.5‑fold in the co‑treatment 
group as compared to those in the control group (Fig. 4).

The effects of ORT, DTIC, and the ORT/DTIC combina‑
tion on the expression levels of NOTCH2, NOTCH3, and BAX 
were examined using western blotting. Compared with those in 
the control, ORT‑treated, and DTIC‑treated groups, the expres‑
sion levels of NOTCH2, NOTCH3, and BAX were markedly 
reduced in the co‑treatment group (Fig. 5A and B). The expres‑
sion level of CCND1 was markedly higher in the co‑treatment 
group than in the ORT‑ and DTIC‑treated groups. Furthermore, 
the expression level of MYC in the ORT‑treated, DTIC‑treated, 

and co‑treatment groups was higher than that in the control 
group. Compared with that in the DTIC‑treated group, the 
expression level of MYC was increased in the ORT‑treated 
and co‑treatment groups. In the ORT‑treated, DTIC‑treated, 
and co‑treatment groups, the expression levels of CASP3 and 
CASP9 were higher than those in the control group.

Discussion

In the present study, the WST‑1 assay was used to examine 
the effects of ORT, DTIC, or the ORT/DTIC combination on 
WM‑266‑4 melanoma cell viability. This assay enables the 
measurement of intact cell viability. The IC50 of the ORT, 
DTIC, or ORT/DTIC combination was estimated using the 
WST‑1 assay. The viability of WM‑266‑4 cells decreased to 
50% following treatment with 140 µM ORT, 1 mM DTIC, or 
the 70 µM ORT/0.25 mM DTIC combination (Fig. 1). This 
indicated that the concentration of DTIC, an anticancer drug, 
required to suppress the proliferation of WM‑266‑4 cells 
by 50% decreased from 1 mM to 0.25 mM in the presence 
of 70 µM ORT. The cytotoxicity of ORT, an antioxidant, is 
reportedly lower than that of DTIC (26). Moreover, ORT is 
not cytotoxic in normal cells, such as human keratinocyte 
and mouse melanocyte cells, at relatively high concentra‑
tions (27,28).

Figure 1. Dose‑dependent effects of ORT and DTIC on cell viability. WM‑266‑4 cells were treated with (A) 50‑170 µM ORT, (B) 0.5‑2.5 mM DTIC and 
(C) a combination of 70 µM ORT and 0.25‑1.0 mM DTIC. A dose‑dependent decrease in cell viability was observed in the treatment groups. Half‑maximal 
inhibitory concentration values were based on relative cell survival. Values followed by the same small letter are not significantly different (P<0.05). ORT, oxy‑
resveratrol; DTIC, dacarbazine; Con, control.
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The DPPH radical scavenging activity assay is widely 
utilized to measure the antioxidant potential of chemicals (29). 
ORT, a stilbenoid and aglycone of mulberroside A, has four 
hydroxyl groups on the benzene ring. The structural charac‑
teristics of ORT indicate that it is a potent antioxidant. ORT 
is frequently employed to alleviate oxidative stress, which is a 
common cause of cellular dysfunction, injury, and death (30). 
As shown in Fig. S1, the antioxidant capacities of ORT and 
DTIC were approximately 12.55±0.003 and 1.26±0.005%, 
respectively, thus indicating the potent antioxidant capacity of 
ORT. The antioxidant capacity of ORT (12.55±0.003%) was 
lower than that of the ORT/DTIC combination (16.18±0.01%). 
This suggests that the ORT/DTIC combination exhibited 
synergistic antioxidant activities.

IL‑6, which is involved in T  cell differentiation and 
proliferation, mediates various functions, including vital 

pro‑inflammatory functions in response to infection or 
injury. However, excessive production of IL‑6 contributes 
to chronic inflammation, which leads to various diseases, 
including chronic arthritis and osteoporosis (31‑33). TNF‑α 
plays an important role in the innate immune response 
against LPS (34). Reportedly, ORT mitigates the LPS‑induced 
increase in TNF‑α levels (35). The effects of ORT and DTIC 
on the production of IL‑6 and TNF‑α were evaluated by 
treating RAW264.7 cells with the IC50 of ORT, DTIC, or the 
ORT/DTIC combination. As shown in Fig. S2A, the lowest 
IL‑6 concentration was observed following ORT treatment 
(0.33±0.08  ng/ml). Treatment with DTIC increased IL‑6 
concentration (3.76±0.71  ng/ml). However, co‑treatment 
with ORT and DTIC decreased the concentration of IL‑6 to 
0.69±0.06 ng/ml, which was marginally higher than that in 
the ORT‑treated group (Fig. S2A). These results demonstrate 

Figure 2. Cell cycle analyses of the Con (untreated), ORT‑treated, DTIC‑treated and ORT+DTIC co‑treatment groups. (A) Histograms of flow cytometric data. 
(B) Proportion of WM‑266‑4 cells arrested at the S phase. Values followed by the same small letter are not significantly different (P<0.05). ORT, oxyresvera‑
trol; DTIC, dacarbazine; Con, control.
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that ORT suppresses the DTIC‑induced increase in IL‑6 
levels, indicating that the ORT/DTIC combination exerts a 
synergistic inhibitory effect on IL‑6 production. As shown 
in Fig. S2B, the concentration of TNF‑α in the ORT‑ and 
DTIC‑treated groups was lower than that in the control 
group. The concentration of TNF‑α was the lowest in the 
co‑treatment group. These findings indicate that co‑treatment 
with ORT and DTIC can synergistically mitigate LPS‑induced 
IL‑6 and TNF‑α production. Previous studies have revealed 
that TNF‑α and IL‑6 are involved in the mitogen‑activated 
protein kinase  (MAPK) pathway. Thus, co‑treatment with 
ORT and DTIC may modulate the MAPK pathway (36). The 
levels of IL‑6 and TNF‑α were downregulated in RAW264.7 
cells, suggesting that the combination of ORT and DTIC could 
exert synergistic effects in vitro and in vivo, which might allow 
the coexistence of cancer and immune cells.

The analysis of cell cycle arrest is an important tool for exam‑
ining the effects of chemicals on the cell cycle (37). DTIC has 

been reported to induce S phase cell cycle arrest (38). As shown 
in Fig. 2, the proportion of cells arrested during the S phase 
was higher in the co‑treatment group (60.22±3.58%) than in the 
ORT‑treated (45.93±0.65%) and DTIC‑treated groups (26.13 ± 
0.87 %). Thus, the proportion of cells arrested in the S phase 
in the co‑treatment group was two‑fold higher than that in the 
DTIC‑treated group (Fig. 2). S phase arrest correlates with 
the expression of various proteins. For example, upregulated 
expression of CCND1 is associated with S phase arrest (39). 
Another study has reported that MYC overexpression promotes 
S phase arrest (40). Additionally, the downregulated expres‑
sion of NOTCH2 and NOTCH3 and upregulated expression of 
CCND1 and MYC reportedly reduce cell migration ability (41). 
As shown in Fig. 5, western blotting revealed that the expression 
of NOTCH2 and NOTCH3 was downregulated in the co‑treat‑
ment group. Additionally, the expression levels of CCND1 and 
MYC were higher in the co‑treatment group than in the control 
group. The expression level of MYC in the ORT‑treated group 

Figure 3. Flow cytometric analyses of apoptosis in the Con (untreated), ORT‑treated, DTIC‑treated and ORT+DTIC co‑treatment groups. (A) WM‑266‑4 
cells were stained with Annexin V/PI and analyzed by flow cytometry. (B) Percentage of apoptotic cells, including early apoptotic (Annexin V+/PI‑) and late 
apoptotic cells (Annexin V+/PI+). Values followed by the same small letter are not significantly different (P<0.05). ORT, oxyresveratrol; DTIC, dacarbazine; 
Con, control; PI, propidium iodide.
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was similar to that in the co‑treatment group, indicating that 
ORT promoted cell cycle arrest at the S phase by upregulating 
MYC expression. The expression level of BAX was lower in the 
co‑treatment group than in the ORT‑ and DTIC‑treated groups. 
However, the expression levels of CASP3 and CASP9 did not 

markedly differ among the three treatment groups. Compared 
with those in the control group, the protein expression levels 
of CASP3 and CASP9 were increased in the three treatment 
groups. The qRT‑PCR results were consistent with western blot‑
ting results in some cases, while varying in others (Fig. 4).

Figure 4. mRNA expression levels of seven genes in the Con (untreated), ORT‑treated, DTIC‑treated and ORT+DTIC co‑treatment groups. The relative mRNA 
expression levels of NOTCH2, NOTCH3, MYC, CCND1, BAX, CASP9 and CASP3 were analyzed using reverse transcription‑quantitative PCR. Values followed 
by the same small letter are not significantly different (P<0.05). ORT, oxyresveratrol; DTIC, dacarbazine; Con, control; CCND1, cyclin D1; CASP, caspase.
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As shown in Fig. S3, cell migration ability seemed lower 
in the co‑treatment group than in the ORT‑ and DTIC‑treated 
groups. Although the results in Fig. S3 alone could not say 
that the co‑treatment has an inhibitory effect on cell migra‑
tion, since no quantification was performed, these results were 
consistent with the decreased expression of NOTCH2 and 
NOTCH3 in the co‑treatment group (Fig. 5). These findings 
suggest that the combination of ORT and DTIC synergistically 
promotes S phase arrest by regulating the expression levels of 
NOTCH2, NOTCH3, CCND1, and MYC.

ORT reportedly promotes apoptosis by upregulating the 
expression of CASP3 and CASP9  (42). Additionally, ORT 
induces autophagy by upregulating the expression levels of LC3 
I and LC3 II, which are involved in the autophagy pathway (42). 
As shown in Fig. 3, the proportion of cells exhibiting apoptosis 
was markedly higher in the co‑treatment group (23.94±3.98%) 
than in the ORT‑treated (15.06±1.34%) and DTIC‑treated 
groups (10.77±1.00%), thus implying that the combination 
of ORT and DTIC synergistically promoted apoptosis in 
WM‑266‑4 cells. Previous studies have revealed that decreased 

Figure 5. Protein expression levels of seven genes in the Con (untreated), ORT‑treated, DTIC‑treated and ORT+DTIC co‑treatment groups. (A) Protein expres‑
sion was analyzed using western blotting. (B) Protein expression levels of NOTCH2, NOTCH3, MYC, CCND1, BAX, CASP9 and CASP3 were normalized 
with those of β‑actin. Values followed by the same small letter are not significantly different (P<0.05). ORT, oxyresveratrol; DTIC, dacarbazine; Con, control; 
CCND1, cyclin D1; CASP, caspase.
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BAX expression and increased CASP3 and CASP9 expression 
can be correlated with apoptosis (26). The expression levels 
of BAX, CASP3, and CASP9, especially in the co‑treatment 
group (Fig. 5), were consistent with the proportion of cells 
exhibiting apoptosis (Fig. 3). Therefore, the results presented 
in Fig. 5 may support the effects of ORT/DTIC co‑treatment. 
The expression levels of CASP3 and CASP9 were higher in 
the co‑treatment group than in the control group. However, 
co‑treatment with ORT and DTIC did not synergistically 
upregulate the expression levels of CASP3 and CASP9, as 
observed following individual treatments. Thus, although 
treatment with ORT and DTIC enhanced CASP3 and CASP9 
expression, co‑treatment did not demonstrate this effect, 
indicating that co‑treatment failed to demonstrate synergistic 
effects in terms of CASP3/9 expression. The cleaved forms of 
CASP3/9 were often employed to show the variation in expres‑
sion of CASP3/9 but we had a difficulty in the detection of 
cleaved forms of CASP3/9 due to the lack of experiences to 
deal with the expressed proteins. We planned to study further 
the detailed signaling pathway including the cleaved forms of 
CASP3/9 for co‑treatment with ORT and DTIC.

Herein, based on the observed results, we propose a possible 
mechanism underlying synergistic proliferation‑inhibitory 
effects of the ORT/DTIC combination against WM‑266‑4 cells. 
The ORT/DTIC combination induced S phase arrest and apop‑
tosis (Fig. 6). The treatment combination decreased the levels 
of NOTCH2 and NOTCH3 and consequently upregulated the 
expression levels of MYC and CCND1, which has been previ‑
ously reported (41). Thus, the treatment combination promoted 

cell cycle arrest at the S  phase and downregulated BAX 
expression in the mitochondria. The upregulated expression 
of CASP3 and CASP9 may promote apoptosis. This proposed 
mechanism is supported by results observed in a previous study 
demonstrating that the downregulated BAX expression results 
in the concomitant upregulation of CASP3 and CASP9 expres‑
sion  (26). The mechanism proposed in this study suggests 
that co‑treatment with ORT and DTIC promotes apoptosis 
in WM‑266‑4 cells. Additionally, this co‑treatment strategy 
enables the administration of lower DTIC concentrations in the 
presence of ORT, which exhibits low cytotoxicity (43,44).

In conclusion, the findings of present study suggest that the 
synergistic proliferation‑inhibitory effects of the ORT/DTIC 
combination against WM‑266‑4 cells can be attributed to 
the NOTCH signaling pathway and its downstream signaling 
pathways (CCND1 and MYC), as well as the BAX signaling 
pathway (CASP3 and CASP9). The dose of DTIC, a known 
cancer drug, can be reduced when co‑administered with anti‑
oxidants, such as ORT, an antioxidant with low cytotoxicity.
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