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the EGFR signaling pathway
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Abstract

Melanoma is a malignant tumor with aggressive behavior. Vemurafenib, a BRAF

inhibitor, is clinically used in melanoma, but resistance to melanoma cytotoxic thera-

pies is associated with BRAF mutations. Curcumin can effectively inhibit numerous

types of cancers. However, there are no reports regarding the correlation between

curcumin and vemurafenib-resistant melanoma cells. In this study, vemurafenib-

resistant A375.S2 (A375.S2/VR) cells were established, and the functional mechanism

of the epidermal growth factor receptor (EGFR), serine–threonine kinase (AKT), and

the extracellular signal-regulated kinase (ERK) signaling induced by curcumin was

investigated in A375.S2/VR cells in vitro. Our results indicated that A375.S2/VR cells

had a higher IC50 concentration of vemurafenib than the parental A375.S2 cells.

Moreover, curcumin reduced the viability and confluence of A375.S2/VR cells. Cur-

cumin triggered apoptosis via reactive oxygen species (ROS) production, disruption of

mitochondrial membrane potential (ΔΨm), and intrinsic signaling (caspase-9/-

3-dependent) pathways in A375.S2/VR cells. Curcumin-induced apoptosis was also

mediated by the EGFR signaling pathway. Combination treatment with curcumin and

gefitinib (an EGFR inhibitor) synergistically potentiated the inhibitory effect of cell

viability in A375.S2/VR cells. The present study provides new insights into the
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therapy of vemurafenib-resistant melanoma and suggests that curcumin might be an

encouraging therapeutic candidate for its drug-resistant treatment.
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1 | INTRODUCTION

Cutaneous melanoma is a malignant tumor with aggressive behavior.

Although the incidence is comparatively low in the Asian population,

it has been increasing in recent years.1 There are four main histologi-

cal subtypes of cutaneous melanoma: superficial spreading melanoma,

nodular melanoma, lentigo malignant melanoma, and acral lentiginous

melanoma.2 Ultraviolet and skin pigmentation are thought to play

major roles in the development of cutaneous melanoma.2,3

Surgical wide excision of the tumor, including the surrounding tis-

sue, is the primary treatment strategy for early stage and localized

melanoma.4 Furthermore, sentinel lymph node biopsy should be per-

formed in patients whose tumor is ulcerated or the depth of the

tumor is greater than 0.8 mm.4,5 As cancer cells invade lymph nodes,

their prognosis is dramatically reduced.6 The response rate to tradi-

tional chemotherapy is very poor.6,7 Recently, the response rates and

overall survival in patients with BRAF-mutant advanced melanoma

have been greatly improved by BRAF inhibitors, including

vemurafenib, dabrafenib, and encorafenib.8 However, serious adverse

effects, including cutaneous squamous cell carcinoma, left ventricular

dysfunction, and ocular events, have attenuated this kind of therapy.

Furthermore, drug resistance is easily developed, especially in Asian

population.8,9 There is an unmet need for effective therapy in patients

with progressive melanoma, especially those resistant to BRAF

inhibitors.

Chemical compounds or substances derived from natural prod-

ucts have become a significant source of therapeutic candidates for

cancer patients.10 Curcumin has been broadly used in traditional Chi-

nese medicine for centuries in Asia and is derived from Curcuma longa

plant.11 Curcumin has been reported to have several pharmacological

functions, including anti-inflammatory, antibacterial, antidepressant,

antioxidant, antidiabetic, antiviral, and anticancer properties.11–13 Cur-

cumin has been reported to effectively inhibit numerous types of can-

cer cell growth through various signaling pathways, including inducing

autophagy, apoptosis, and cell cycle arrest.14 Currently, curcumin has

been shown in clinical trials in patients with pancreatic cancer, multi-

ple myeloma, colon cancer, and head and neck cancer.11,14

To date, several studies have reported that curcumin inhibits the

growth of human melanoma.12,13,15–17 However, to the best of our

knowledge, there are no reports regarding the correlation between

curcumin and vemurafenib-resistant melanoma cells. The present

study is to investigate curcumin-triggered cell growth inhibition and

apoptotic death in human malignant melanoma vemurafenib-resistant

A375.S2 cells (A375.S2/VR) in vitro. Based on our results, the induc-

tion of apoptotic death in A375.S2/VR cells caused by curcumin was

mediated through epidermal growth factor receptor (EGFR)-mediated

and mitochondria-dependent signaling pathways.

2 | MATERIAL AND METHODS

2.1 | Chemicals and reagents

Curcumin, 40 ,6-diamidino-2-phenylindole (DAPI), dimethyl sulfoxide

(DMSO), propidium iodide (PI), vemurafenib (VPC-13566), thiazolyl

blue tetrazolium bromide (MTT), gefitinib, Z-VAD-FMK, Z-DEVD-

FMK, Z-LEHD-FMK, and in situ cell death detection kit, fluorescein

were purchased from Merck KGaA (Darmstadt, Germany). CellTracker

Green CMFDA Dye, CM-H2DCFDA, fetal bovine serum (FBS), JC-1,

L-glutamine, minimum essential medium (MEM), penicillin, streptomy-

cin, and trypsin–EDTA were obtained from Thermo Fisher Scientific

(Waltham, MA, USA). The Annexin V-FITC Apoptosis Detection Kit

was purchased from Strong Biotech Corporation (Taipei, Taiwan).

FAM-fluorochrome-labeled inhibitor of caspases assay (FLICA)

Caspases-3/7 Assay Kit and FAM-FLICA Caspase-9 Assay Kit were

purchased from ImmunoChemistry Technologies, LLC (Bloomington,

MN, USA). All primary antibodies and goat anti-rabbit or anti-mouse

immunoglobulin G secondary antibodies conjugated with horseradish

peroxidase (HRP) were purchased from GeneTex International Corpo-

ration (Hsinchu, Taiwan).

2.2 | Cell line and cell culture

The human malignant melanoma A375.S2 cell line was obtained from

the Bioresource Collection and Research Center, Food Industry

Research and Development Institute (Hsinchu, Taiwan). Cells were

cultured in 75-cm2 tissue culture flasks in MEM supplemented with

2 mM L-glutamine, 10% FBS, 100 U/ml penicillin, and 100 μg/ml

streptomycin at 37�C with 5% CO2.
18 Vemurafenib-resistant A375.S2

cells were established according to the protocol shown in Figure 1A.

Parental A375.S2 cells were exposed to an initial concentration of

vemurafenib (0.1 μM), and surviving cells were cultured to 90% con-

fluence for four passages (3 weeks). Surviving cells were exposed to

vemurafenib (0.5 μM) for four passages (3 weeks) before further

1, 2.5, and 5 μM vemurafenib treatment for four passages (3 weeks).

Finally, surviving cells were exposed to 5 μM vemurafenib, as previ-

ously described.19 Surviving resistant vemurafenib-resistant A375.S2

cells were named A375.S2/VR cells, which were cultured in MEM

(2 mM L-glutamine, 10% FBS, 100 U/ml penicillin, and 100 μg/ml
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streptomycin) plus 5 μM vemurafenib for the subsequent all

experiments.

2.3 | Cell viability assay

Parental A375.S2 cells or A375.S2/VR cells (1 � 104 cells/well) were

seeded into 96-well plates and treated with or without curcumin (1, 5,

10, 25, and 50 μM) or in the presence or absence of 10 μM Z-VAD-

FMK (a pan-caspase inhibitor), 10 μM Z-DEVD-FMK (a caspase-3

inhibitor), 10 μM Z-LEHD-FMK (a caspase-9 inhibitor) or 20 μM

gefitinib (an EGFR tyrosine kinase inhibitor) incubation, respectively,

at 37�C for 24 h with 5% CO2. Cell viability was assessed using the

MTT assay, as previously described.20–22

2.4 | Cell confluence assay

A375.S2/VR cells (1 � 104 cells/well) into a 96-well plate were incu-

bated with or without 12.5 μM curcumin for 24 h at 37�C. Cells were

visualized and photographed via the IncuCyte S3 ZOOM System

instrument (High-Throughput Imaging System Analysis, Essen BioSci-

ence, MI, USA) to conduct the cell confluence assay, as previously

described.23

2.5 | Three-dimensional (3D)-spheroid cell death
assay

A375.S2/VR cells (5 � 103 cells/total) were stained with 10 μM Cel-

lTracker Green CMFDA Dye and seeded into 96-well Tantti

SpherTantrix plates (GHP140696-10, Tantti, Taoyuan, Taiwan) for

3 days following the manufacturer's instructions.24,25 A375.S2/VR

cells were treated with 1 μg/ml PI and then treated with or without

12.5 μM curcumin for 24 h and 48 h at 37�C. The IncuCyte S3 ZOOM

System instrument (High-Throughput Imaging System Analysis) was

used to conduct the PI staining of the cell death assay, as previously

described.26

2.6 | Annexin V/PI/DAPI apoptosis assay

A375.S2/VR cells (1 � 104 cells/well) were treated with or without

12.5 μM curcumin for 1, 2, 3, 4, 5, 6, 9, and 12 h. The cells were then sta-

ined with Annexin V-FITC/PI (Annexin V-FITC Apoptosis Detection Kit)

and 1 μg/ml DAPI before being seeded into 96-well plates (CellCarrier-

96, TC, Black and Optically Clear Bottom, PerkinElmer, Waltham, MA,

USA). High-content imaging system analysis (Molecular Devices

ImageXpress Micro Confocal, San Jose, CA, USA) was used to conduct

the Annexin V/PI/DAPI apoptosis assay, as previously described.27

2.7 | Cell cycle and apoptosis analysis

A375.S2/VR cells were seeded (1 � 105 cells/well) into 48-well plates

and treated with or without 12.5 μM curcumin for 6, 12, and 24 h at

37�C with 5% CO2. Cells were collected and thoroughly resuspended

in 250 μl Solution 10 (lysis buffer) supplemented with PI (10 μg/ml).

Cells were then incubated at 37�C for 5 min, and 250 μl Solution

11 (stabilization buffer) was added to proceed further step. After that,

the cells were analyzed to engage the NucleoCounter NC-3000

Advanced Image Cytometer (ChemoMetec A/S, Allerod, Denmark)

using NucleoView NC-3000 software (version 1.4) (ChemoMetec A/S).

Cellular fluorescence was quantified and DNA content histograms in

different cell cycle stages were displayed, as previously described.23,27

2.8 | Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining

A375.S2/VR cells (1 � 106 cells/well) into 6-well plates were exposed

to 12.5 μM curcumin for 24 h at 37�C with 5% CO2. An in situ cell

F IGURE 1 Establishment of
vemurafenib-resistant A375.S2 cells
(A375.S2/VR cells) and comparison of cell
viability between parental A375.S2
human melanoma cells and A375.S2/VR
cells. (A) Flowchart of A375.S2/VR cell
establishment after vemurafenib
treatment. (B) The cells were incubated
with vemurafenib (0, 1, 5, 10, 25, and

50 μM) for 24 h. The viability of both cells
was detected by an thiazolyl blue
tetrazolium bromide (MTT) assay. Each
point represents the mean ± SD of three
experiments; ***p < .001 versus control
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death detection kit, fluorescein was used according to the manufac-

turer's protocol. TUNEL-positive cells were analyzed using a

NucleoCounter NC-3000 imaging cytometer using the built-in TUNEL

assay program. The cell suspension (30 μl cell suspension) was imme-

diately loaded into a 2-chamber slide (NC-Slide A2) (ChemoMetec

A/S) for analysis according to the manufacturer's protocol. All samples

were analyzed using NucleoView NC-3000 software (version 1.4), as

previously described.26,28

2.9 | Intracellular reactive oxygen species (ROS)
and mitochondrial membrane potential (ΔΨm) assays
by imaging cytometry

A375.S2/VR cells were seeded (1 � 106 cells/well) into 6-well

plates and treated with or without 12.5 μM curcumin for 12 h at

37�C with 5% CO2. Cells were individually incubated with 5 μM

CM-H2DCFDA (a general oxidative stress indicator) and 10 μg/ml

JC-1 (a mitochondrial membrane potential probe) for 30 min and

then trypsinized. The 30 μl cell suspension was immediately loaded

into a 2-chamber slide (NC-Slide A2) for analysis using the

NucleoCounter NC-3000 Advanced Image Cytometer according to

the manufacturer's protocol. All samples were analyzed using

NucleoView NC-3000 software (version 1.4), as previously

described.27,29,30

2.10 | Caspase-9 and caspase-3 activities assay

A375.S2/VR cells (1 � 106 cells/well) into 6-well plates were treated

with or without 12.5 μM curcumin for 6, 12, and 24 h at 37�C. The

cells were harvested and re-suspended with diluted the FLICA

reagent and Hoechst 33342, according to the manufacturer's proto-

col (FAM-FLICA Caspases-3/7 Assay Kit and FAM-FLICA Caspase-9

Assay Kit) for 1 h at 37�C. After washing, cells were resuspended in

100 μl apoptosis wash buffer supplemented with PI. The 30 μl cell

suspension was immediately loaded into a 2-chamber slide (NC-Slide

A2) for analysis on the NucleoCounter NC-3000 Advanced Image

Cytometer using the built-in caspase assay program, as previously

described.26,27

2.11 | Western blot

A375.S2/VR cells were seeded (1 � 107 cells/total) into 75-T flasks

and treated with or without 12.5 μM curcumin for 12 h at 37�C with

5% CO2. Whole cell lysates were prepared and lysed in Trident RIPA

Lysis Buffer (GeneTex). The protein content of the supernatant was

measured using a Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA,

USA), and approximately 40 μg of total protein lysate was separated

on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-

resis (PAGE) gels for 1 h and subsequently electrotransferred onto an

Immobilon-P Transfer Membrane (Merck Millipore), as described pre-

viously.28,31 Membranes were blocked with 5% non-fat dry milk in 1�
TBS-T (20 mM Tris–HCl, pH 7.6, 137 mM NaCl, and 0.1% Tween-20)

for 1 h at room temperature and immunoblotted with the primary

antibodies against EGFR (phospho Tyr1068) (cat. No. GTX00975),

EGFR (cat. No. GTX628888), AKT (phospho Ser473) (cat.

No. GTX50128), AKT (cat. No. GTX128415), ERK1 (phospho Tyr204)/

ERK2 (phospho Tyr187) (cat. No. GTX50275), ERK1/2 (cat.

No. GTX134462) at a dilution of 1:500, and β-Actin (cat.

No. GTX109638) at a dilution of 1:3000 at 4�C overnight. The blots

were then probed with appropriate HRP-conjugated secondary anti-

bodies for 1 h at room temperature and developed using chemilumi-

nescence using Immobilon Western Chemiluminescent HRP Substrate

(Merck Millipore), as described previously.31–33 Quantitative analysis

of each blot was performed to quantify the intensity of the band sig-

nal using the National Institutes of Health (NIH) ImageJ program ver-

sion 1.8.0_172.

2.12 | Statistical analysis

Data are expressed as mean ± standard deviation (SD). Statistical ana-

lyses were performed using one-way analysis of variance (ANOVA)

followed by Dunnett's post hoc test using SPSS software (version

16.0) (SPSS, Chicago, IL, USA). Statistically significant differences

among the means were set at ***p < .001 or ###p < .001.

3 | RESULTS

3.1 | Effects of viability on A375.S2 melanoma
parental cells and A375.S2/VR cells with vemurafenib
treatment

A drug-resistant cell line was established by modifying the conditions

of cancer patients by chemotherapy (Figure 1A), and drug-resistant

cell lines displayed between two- and eight-fold resistance compared

to their parental cell line. The anti-proliferative effects of vemurafenib

on A375.S2 melanoma parental cells and vemurafenib-resistant A375.

S2 melanoma cells (A375.S2/VR) were detected by the MTT assay.

The results demonstrated that cell viability was significantly inhibited

by vemurafenib at 1–50 μM in a concentration-dependent manner

(Figure 1B, top panel). However, vemurafenib at 1–5 μM had insignifi-

cant effects on newly established A375.S2/VR cells. The results rev-

ealed that the newly established A375.S2/VR cells had a decreased

sensitivity to vemurafenib compared to the A375.S2 parental cells.

We further determined the half-maximal inhibitory concentration

(IC50) values of vemurafenib in A375.S2 melanoma parental cells and

A375.S2/VR cells. The A375.S2 parental cells were with a low IC50

value (9.43 ± 5.54 μM), but A375.S2/VR cells were with a higher IC50

value (43.69 ± 3.65 μM) (Figure 1B, bottom panel). Our results sug-

gest that the sensitivity of A375.S2/VR cells to vemurafenib is
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markedly reduced following long-term vemurafenib treatment with

gradually increasing concentrations.

3.2 | Effects of curcumin on viability or confluence
of A375.S2 parental cells and A375.S2/VR cells

Both of the cells were treated with curcumin (6.25, 12.5, 25, and

50 μM) for 24 h. The MTT assay showed that curcumin significantly

decreased cell viability in A375.S2 parental cells (Figure 2A) and

A375.S2/VR cells (Figure 2B) in a concentration-dependent manner.

The IC50 values for curcumin in A375.S2 parental cells and A375.S2/

VR cells were approximately 13.57 ± 3.27 μM and 12.29 ± 2.06 μM,

respectively. Real-time image analysis of A375.S2/VR cells using the

IncuCyte S3 Kinetic Live Cell Imaging System demonstrated that cur-

cumin obviously reduced cell confluence in a time-dependent manner

(Figure 3). A dynamic time-point video also can be seen in Video S1.

3.3 | Effects of curcumin on 3D-spheroid cell
death in A375.S2/VR cells

A375.S2/VR 3D-spheroid cells were treated with or without 12.5 μM

curcumin for 24 h and 48 h. PI staining assay and IncuCyte S3 Kinetic

Live Cell Imaging System showed that curcumin significantly induced

cell death after 24 h and 48 h of treatments (Figure 4). Our data rev-

ealed that curcumin showed cytotoxicity against A375.S2/VR cells via

a 3D-spheroid model.

3.4 | Effects of curcumin on early stage of
apoptotic cell death in A375.S2/VR cells

To detect early apoptotic death in A375.S2/VR cells by curcumin, cell

apoptosis was assessed by performing Annexin V/PI/DAPI triple

staining through confocal imaging in 12.5 μM curcumin-treated A375.

S2/VR cells. Confocal image analysis results demonstrated that the

number of early stage apoptotic cells (Annexin V+/PI�) (green fluores-

cence) increased from 1 h to 6 h in curcumin-treated cells (Figure 5).

In addition, the number of late stage apoptotic cells (Annexin V+/PI+)

(red fluorescence) were increased in 9 h and 12 h curcumin-treated

cells (Figure 5). Our results further indicated that A375.S2/VR cell

apoptosis was induced by curcumin treatment.

3.5 | Effects of curcumin on cell cycle progression
and apoptosis in A375.S2/VR cells

To confirm whether curcumin affects cell cycle progression and apo-

ptosis, A375.S2/VR cells were administered with or without 12.5 μM

curcumin for 6, 12, and 24 h. The percentage of cells in sub-G1 (apo-

ptosis), G0/G1, S, and G2/M phases was analyzed by NucleoCounter

NC-3000 imaging cytometry using the 2-step cell cycle assay program

(Figure 6A). Our data showed that curcumin increased the cell popula-

tion in the sub-G1 phase and decreased the G0/G1, S, and G2/M

phases in A375.S2/VR cells (Figure 6B).

3.6 | Effects of curcumin on DNA fragmentation,
ROS production, and mitochondrial membrane
potential (ΔΨm) levels in A375.S2/VR cells

We examined DNA fragmentation in curcumin-treated A375.S2/VR

cells. Our results from TUNEL staining showed that 12.5 μM curcumin

increased TUNEL-positive cells after 24-h treatment, indicating that

more cells displayed DNA fragmentation (Figure 7A). Our study

focused on whether curcumin stimulates ROS production and ΔΨm

levels. We demonstrated that ROS production was markedly elevated

after the cells were treated with 12.5 μM curcumin at 12-h treatment

(Figure 7B). To confirm whether the mitochondrial microenvironment

included curcumin-induced cell apoptosis, the level of ΔΨm was mea-

sured. A375.S2/VR cells exhibited a decrease in ΔΨm after 12 h of

curcumin treatment (Figure 7C).

3.7 | Effects of curcumin on caspase-9 and
caspase-3 activities in A375.S2/VR cells

To investigate whether the apoptosis induced by curcumin was medi-

ated through caspase activation, caspase-9 and caspase-3 activities

were detected after curcumin exposure for 6, 12, and 24 h. Treatment

with curcumin significantly and time-dependently stimulated the

F IGURE 2 Effects of curcumin on the
viability of A375.S2 parental and A375.
S2/VR cells. Both of the cells were
individually treated with curcumin (6.25,
12.5, 25, and 50 μM) for 24 h. Cell
viability of (A) A375.S2 parental cells, and
(B) A375.S2/VR cells was determined via
an MTT assay. Each point represents the
mean ± SD of three experiments;
***p < .001 versus control
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activities of both caspases-9 and caspase-3 (Figure 8A and B, respec-

tively). In addition, specific caspase inhibitors (Z-VAD-FMK, Z-DEVD-

FMK, and Z-LEHD-FMK) were applied to confirm caspase-9/caspase-

3-mediated apoptosis by curcumin. Our results demonstrated that

these 3 caspase inhibitors can significantly abolish curcumin-reduced

cell viability by up to about 75%–80% (Figure 8C). Our data demon-

strated that curcumin induced apoptosis, and the activation of

caspase-9 and caspase-3 were involved in apoptotic cell death in

A375.S2/VR cells.

3.8 | Curcumin-induced apoptosis is mediated by
EGFR signaling pathway in A375.S2/VR cells

Many signaling cascades have been reported to be involved in

curcumin-induced apoptosis.34–36 The mechanisms of drug resistance

include alterations of the tumor microenvironment and reactivation of

the EGFR, PI3K (phosphoinositide 3-kinase)/protein kinase B (AKT),

and mitogen-activated protein kinase (MAPK) pathways.37–39 Our

results showed that curcumin decreased the protein phosphorylation

levels of EGFR, AKT, and ERK, without affecting its protein level

(Figure 9A,B). Furthermore, gefitinib is an EGFR targeting inhibitor.40

We further explored the anti-melanoma effects of curcumin combined

with gefitinib on A375.S2/VR cells. The cells were cultured with

12.5 μM curcumin plus 20 μM gefitinib for 24 h. Our result demon-

strated that combination treatment (curcumin plus gefitinib) synergis-

tically potentiated the inhibitory effect on cell viability (Figure 9C).

These data suggest a role for the EGFR signaling pathway in

curcumin-induced apoptosis in A375.S2/VR cells.

4 | DISCUSSION

Curcumin is a natural compound that has been reported to inhibit sev-

eral types of cancers, including pancreatic, prostate, breast, colorectal,

leukemia, multiple myeloma, lung cancers, and melanoma.10,11

Because of the poor prognosis of patients with advanced melanoma,

melanoma easily develops chemotherapy and targeted therapy resis-

tance.41 There is an unmet need to find an effective therapy for these

patients. To the best of our knowledge, this is the first study to report

that curcumin effectively inhibited vemurafenib-resistant melanoma

cells.

Curcumin has been reported to inhibit cancer cell growth via

diverse signaling pathways, including apoptosis, cell cycle arrest, and

autophagy.14,39,42,43 Liao et al. reported that curcumin induced apo-

ptosis in human melanoma A375 cells through the reactive oxygen

F IGURE 3 Effects of curcumin on
the confluence of A375.S2/VR cells. The
cells were seeded and treated with
12.5 μM curcumin for 24 h. Cell images
were recorded and photographed at 0, 3,
6, 9, 12, 15, 18, 21, and 24 h. A cell
confluence assay of A375.S2/VR cells
was performed using an IncuCyte S3
ZOOM System instrument

F IGURE 4 Effects of curcumin on A375.S2/VR cells in a 3D-
spheroid cell death assay. The cells were seeded for 3 d before
incubation with 12.5 μM curcumin for 24 h and 48 h. A375.S2/VR
cells were stained with CellTracker Green (10 μM) before treatment
with propidium iodide (PI) (1 μg/ml) to detect cell death using an
IncuCyte S3 ZOOM System instrument
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species-dependent hypoxia-inducible factor-1α (HIF-1α) signaling

pathway.13 Curcumin was found to inhibit A375 cell growth by induc-

ing apoptosis and arresting the cell cycle.12,13,15–17 Moreover, cur-

cumin can release cytochrome c from the mitochondria to the cytosol,

which is induced by mitochondria membrane potential disruption;

curcumin-induced inhibition of cell proliferation and cell cycle arrest

can be reversed by N-acetyl-l-cysteine.13 The results of the present

study showed that curcumin induced A375.S2/VR cell apoptosis

F IGURE 5 Effects of curcumin on A375.S2/
VR cell apoptosis. The cells were exposed to
12.5 μM curcumin for 1, 2, 3, 4, 5, 6, 9, and 12 h.
A375.S2/VR cells were then stained with Annexin
V-FITC/PI before treatment with 40 ,6-diamidino-
2-phenylindole (DAPI) (1 μg/ml) to detect
apoptosis in A375.S2/VR cells using Molecular
Devices ImageXpress Micro Confocal

F IGURE 6 Effects of curcumin on
A375.S2/VR cell cycle analysis. The cells
were treated with 12.5 μM curcumin for
6, 12, and 24 h. Cells were stained and
determined. (A) Representative images of
the cell cycle distribution, as determined
using NucleoCounter NC-3000 imaging
cytometry. (B) Quantification of
G0/G1, S, G2/M phase, and sub-G1
population of % of cell phase population.
Each experiment was performed in
triplicate

CHIU ET AL. 7



F IGURE 7 Effects of curcumin on
A375.S2/VR cells in terminal
deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining, reactive
oxygen species (ROS) production, and loss
of mitochondrial membrane potential
(ΔΨm). The cells were incubated with
12.5 μM curcumin for indicated periods of
time. Representative profile of TUNEL-

FITC fluorescence intensity (A, Left) was
prepared. The cells were incubated with
CM-H2DCFDA and JC-1 by imaging
cytometry. Representative profile of
fluorescence intensity of ROS production
(B, Left) and loss of ΔΨm (C, Left) were
performed. All quantitative data were
shown (Right 3 panels). Each point
represents the mean ± SD of three
experiments; ***p < .001 versus control.
###p < .001 versus curcumin only
treatment

F IGURE 8 Effects of curcumin on
caspase-9 and caspase-3 activities as well
as viability after preincubation with
specific caspases inhibitors in A375.S2/VR
cells. The cells were exposed to 12.5 μM
curcumin for 6, 12, and 24 h in the
presence or absence of 10 μM Z-VAD-
FMK (a pan-caspase inhibitor), 10 μM Z-
DEVD-FMK (a caspase-3 inhibitor), or
10 μM Z-LEHD-FMK (a caspase-9
inhibitor) for 1 h pretreatment. The
fluorochrome-labeled inhibitor of caspases
assay (FLICA) method was applied using

the FAM-FLICA Assay Kits, and the
stained cells were detected via imaging
cytometry. Quantitative analysis of the
(A) caspase-9 and (B) caspase-3 activities
was performed. (C) After treatment, cell
viability was estimated using the MTT
assay. Each point represents the mean
± SD of three experiments; ***p < .001
versus control
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(Figures 5, 6, and 7A), ROS production (Figure 7B), and mitochondrial

downstream signaling pathway (Figure 7C). Caspase-3 and -9 were

increased in a time-dependent manner caused by curcumin (Figure 8).

Patients with advanced melanoma generally have a poor progno-

sis.21 Active mutated BRAF kinase has been reported to occur in more

than 40% of patients with melanoma.44 In recent years, the overall

survival has been improved by both inhibitors of BRAF and MEK, such

as vemurafenib, dabrafenib, trametinib, cobimetinib, and binimetinib.8

However, drug resistance generally developed in 1 year, which is the

main obstacle for successful treatment.45 The mechanisms of drug

resistance include alterations of the tumor microenvironment and

reactivation of the EGFR, PI3K (phosphoinositide 3-kinase)/protein

kinase B (AKT) pathway, and the MAPK pathway.37–39,42 BRAFV600E

mutation is intrinsically resistant to BRAF inhibitors due to feedback

activation of the EGFR in colorectal cancer.46,47 Combination with a

BRAF inhibitor and an EGFR inhibitor can block reactivation of MAPK

signaling in BRAF-mutant colorectal cancer cells, leading to signifi-

cantly improve therapeutic efficacy.47 The clinical evidence suggests

that the mRNA levels of EGFR were improved in BRAFV600E mela-

noma patients and strongly induced EGFR protein post-resistance.

Additionally, the increased EGFR protein and mRNA levels express in

vemurafenib-resistant A375 melanoma cells. Two major downstream

signaling pathways (RAS/MEK/ERK and PI3K/AKT) contribute to

EGFR signaling.48 Su et al. generated and characterized a melanoma

cell line that was resistant to vemurafenib treatment, suggesting that

reactivation of the RAS/RAF/MAPK and AKT pathway by upstream

signaling activation may be a critical mechanism for melanoma acquir-

ing resistance to vemurafenib.49 Mologni et al. subsequently reported

that the pan-RAF inhibitor sorafenib effectively synergizes with

vemurafenib to block resistant cells.50 Dratkiewicz et al. reported the

increased levels of EGFR, MET, and selected markers of cancer stem

cells in vemurafenib-resistant melanoma cell lines.51 Treatment with

pairs of inhibitors against EGFR and MET induced a synergistic cyto-

toxic effect and inhibited invasiveness. EGFR, downstream signaling

RAS/BRAF/MAPK, and PI3K/AKT could regulate resistance to the

BRAF inhibitor (vemurafenib).51 Novel therapies need to be devel-

oped to combat resistance to BRAF inhibitors.

Curcumin has been thought to be one of the most encouraging

natural compounds to exhibit anti-EGFR activity.52 Starok et al.

reported that curcumin inhibits the receptor of kinase

autophosphorylation by not only directly but also partially inhibiting

the EGFR intracellular domain, but also affects the cell membrane

environment of EGFR.52 Oliveira et al. reported that curcumin ana-

logue DM-1 has substantial anti-proliferation activity in SKMEL-19,

SKMEL-28, SKMEL-29, and A375 melanoma cells. DM-1 also showed

growth inhibitory potential for four types vemurafenib-resistant mela-

noma cell lines (SKMEL-19R, SKMEL-28R, SKMEL-29R, and

A375R).53 Moreover, DM-1 significantly reduced the colony forma-

tion and cell migration by matrix metalloproteinase-1 (MMP-1),

MMP-2 and MMP-9 inhibition, endothelial cell formation, and cell

F IGURE 9 Effects of curcumin on EGFR, AKT, and ERK signaling in A375.S2/VR cells. The cells were seeded and treated with 12.5 μM
curcumin for 12 h. The cells were harvested, and a whole cell lysate was prepared and lysed. (A) The protein levels of p-EGFR, EGFR, p-AKT, AKT,
p-ERK, and ERK were determined using western blotting analysis. All blots were normalized to β-actin to ensure the same loading.
(B) Quantitative data of the blots are shown via NIH ImageJ program, and each point represents the mean ± SD of two separate experiments.
(C) The cells were cultured with 12.5 μM curcumin combined with 20 μM gefitinib (an EGFR inhibitor) for 24 h. The synergistic effect of viability
was determined via the MTT assay, and each point represents the mean ± SD of three separate experiments; ***p < .001 versus control.
###p < .001 versus curcumin only treatment
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cycle arrest in BRAF-resistant melanomas.54 However, there are no

reports regarding the correlation between curcumin and EGFR in mel-

anoma cells. In the present study, the results of western blotting rev-

ealed that the EGFR and AKT/ERK kinase signaling pathway was

downregulated after treatment with curcumin in A375.S2/VR cells

(Figure 9). The preclinical study demonstrated that curcumin reduces

the incidence of BRAF mutant colorectal cancer.55 Qin et al. showed

that curcumin analogs based oximes exhibited strong anti-melanoma

activity by inhibiting BRAFV600E and EGFR kinase activities via in vitro

kinase activity assay.56 However, there is no evidence regarding the

effects of curcumin on cell models and animal experiments in A375.

S2/VR cells and the involvement of cell growth in BRAFV600E kinase

activity. Importantly, our results showed that gefitinib and curcumin

synergistically reduced cell viability in A375.S2/VR cells (Figure 9C).

The application of combination therapy (an EGFR inhibitor and cur-

cumin) may be a promising therapeutic candidate in BRAF-resistant

melanomas.

5 | CONCLUSIONS

Our results revealed that curcumin suppresses tumor proliferation

and induces apoptosis by arresting the cell cycle cascade, producing

ROS, and decreasing mitochondrial membrane potential (ΔΨm); fur-

thermore, EGFR signaling pathway was downregulated by curcumin

in vemurafenib-resistant A375.S2 cells (A375.S2/VR cells). The pre-

sent study sheds new light on the therapy of vemurafenib-resistant

melanoma that curcumin may be an encouraging therapeutic

candidate.
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