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Abstract Mutation in B-Raf leads to gain of function in

melanoma and causes aggressive behavior for proliferation.

Most of the therapeutics are ineffective in this scenario.

However, regulation of this aggressive behavior by tar-

geting the key molecules would be viable strategy to

develop novel and effective therapeutics. In this report we

provide evidences that the resveratrol is potent to regulate

melanoma cell growth than other inducers of apoptosis.

Resveratrol inhibits pronounced cell proliferation in mel-

anoma than other tumor cell types. Cell cycle analysis

using flow cytometry shows that the treatment with

resveratrol results in S phase arrest. Resveratrol inhibits

microphthalmia-associated transcription factor (MITF) and

its dependent genes without interfering the MITF DNA

binding in vitro. Resveratrol-mediated cell death is pro-

tected in MITF overexpressed cells and it is aggravated in

MITF knocked down cells. These suggest the resveratrol-

mediated decrease in MITF is the possible cause of mela-

noma cell death. Though resveratrol-mediated downregu-

lation of NF-jB is responsible for cell apoptosis, but the

downregulation of MITF is the main reason for melanoma-

specific cell death. Thus, resveratrol can be effective

chemotherapeutic agent against rapid proliferative mela-

noma cells.
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Abbreviations

BAY BAY 11-7082

BrdU 5-Bromo-20-deoxyuridine
CE Cytoplasmic extract

GFP Green fluorescent protein

MITF Microphthalmia-associated transcription factor

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide

NE Nuclear extract

NF-jB Nuclear transcription factor kappa B

PARP Poly (ADP-ribose) polymerase

P3-25 5-(4-Methoxyarylimino)-2-N-(3,4-

dichlorophenyl)-3-oxo-1,2,4-thiadiazolidine

PI Propidium iodide

SEAP Secretory alkaline phosphatase

VEGF Vascular endothelial growth factor

Introduction

Considering ‘bench to bedside’ concept to design any

therapeutics, the mechanism of action is not carried out

properly in recent days. Even, chemotherapy becomes

ineffective whenever cells become resistant against these

drugs. Thus, understanding the mechanism of action would

be helpful in multiple ways - to design many drugs in

combination chemotherapy; low concentration of drugs

that give better results with less side-effects; to administer

alternative drugs for chemotherapy. Such drugs inhibit the

growth of a variety of cancer cells by utilizing diverse

mechanisms that include cell cycle arrest, induction of

apoptosis, disruption of microtubules, inhibition of
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angiogenesis, and/or increasing oxidative damage [1].

Molecules involve in the specific tumor growth would be

useful to target for better and specific therapy. Under-

standing the tumor-specific rate-limiting markers and

designing targeted therapy would be viable strategy in the

current therapeutic regime.

Melanoma is a form of skin cancer. Although its

occurrence is only 2 % of all skin cancers, it is responsible

for most of the skin cancer deaths. The survival rate is only

16 % at advanced stage of the disease [2]. Melanoma

develops from nevi, which are benign tumors. Mutations in

the molecules on Ras-Raf-MEK-ERK pathway are the

main reasons for the onset of melanoma [3]. Especially

somatic mutations in B-Raf are associated with 66 % of the

melanoma cases. Many of the mutations are in kinase

domain leading to its activation independent of signal from

Ras. V600EB-Raf accounts for 80 % of the B-Raf mutations

[4, 5]. The downstream molecules, like mitogen activated

protein kinases are often activated upon B-Raf mutation

and resulted gain of function for melanoma cell prolifera-

tion [6, 7]. Vemurafenib, known to inhibit the mutant form

of B-Raf, has shown to inhibit melanoma cell growth in

combination with alkylating agent, temozolomide [8].

Melanoma frequently develops resistance against vemu-

rafenib after intial responses [9, 10]. Micropthalmia asso-

ciated transcription factor (MITF), a basic helix-loop-helix

leucine zipper transcription factor is very important for

survival, proliferation and differentiation of melanocytes

[11]. It also controls cell cycle proliferative genes like

CDK2, CDK4, Cyclin D1 and anti apoptotic genes like

Bcl2 and melanoma inhibitor of apoptosis (ML-IAP)

[12–16]. Besides many proliferative and pro-survival

genes, MITF also regulates cell cycle inhibitors p21 and

p16 via interaction with Rb protein [17–19]. MITF is

activated by ERK2 through S73 phosphorylation followed

by its degradation via proteasome [20, 21]. Hyper activa-

tion of MITF in V600EB-Raf mutated melanoma leads to

differentiation and downregulation of it leads to apoptosis

[22].

Resveratrol (3,5,40-trihydroxystilbene), a naturally occur-

ring compound present in grapes and red wine. It has been

shown to exert chemopreventive effects against several can-

cers. It acts as antioxidant and inhibits tumor cell growth

[23, 24]. It also induces cell death via activation of p53 through

activationofERKandp38MAPK[25].Resveratrol isknown to

suppressNF-jB inducedbyvarious agents [26–28] and thereby

acts as anti-tumorigenic, anti-inflammatory, and ant-arthritic

agent.

In the current study, we report that resveratrol is a potent

antimitotic agent and inducer of apoptosis. We report here,

for the first time, that this polyphenol efficiently arrests

melanoma cells at S phase of the cell cycle and induces

apoptosis, thus inhibiting cell growth. Resveratrol is less

potent to induce cell death in other tumor cells and it

inhibits melanoma cells’ specific transcription factor,

MITF and its dependent genes and inhibits melanoma cell

proliferation. Resveratrol-mediated suppression of NF-jB
is insignificant for melanoma cell death. Thus, resveratrol

might be an efficient chemotherapeutic agent against

melanoma via suppression of MITF specifically.

Experimental procedures

Materials

Most of the chemicals, unless specified and antibodies

against MITF, BrdU, and tubulin were obtained from

Sigma Aldrich Chemicals (St Louis, MO, USA). Penicillin,

streptomycin, neomycin, RPMI 1640, DMEM medium,

fetal bovine serum (FBS), were obtained from Life Tech-

nologies (Grand Island, NY). DAPI was obtained from

Molecular Probes (Eugene, OR). Antibody against PARP

was obtained from Santa Cruz Biotechnology (Santa Cruz,

CA, USA). Antibody against cleaved caspase 3 and MITF

was purchased from Cell Signaling Technologies (Boston,

MA, USA). The gel shift NF-jB and MITF oligonu-

cleotides and all the primers (forward and reverse) for PCR

were synthesized.

Cell lines

The human cell lines used in this study were as follows:

A375 (melanoma), PC3 (prostate carcinoma), HT 29 (colon

cancer), and MDA MB-231 (breast carcinoma) were

obtained from American Type culture collection (Manas-

sas, VA, USA).

Cytotoxicity assay

Cytotoxicity was assayed by MTT [3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide] assay as described

previously [29]. Briefly, 5 9 103 cells/well of a 96 well

plate were treated with different agents and the cell via-

bility was determined by incubating the cells with the 20 ll
MTT dye (5 mg/ml in PBS) for 3 h at 37 �C. The cells

were incubated with 100 ll lysis buffer (20 % SDS in

50 % dimethylformamide) for 1 h at 37 �C, and the

absorbance was read at 570 nm.

Determination of cell viability using propidium

iodide (PI) exclusion flow cytometry

1 x 106 cells were given desired treatment, harvested after

trypsinization, washed once with PBS and suspended in

1 ml PBS. 2 ll of 2 mg/ml PI (4 lg/ml final) was added
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and incubated for 5 min. Immediately, cells were analyzed

for PI fluorescence on BD AccuriTM C6—Flow Cytometer.

DNA fragmentation assay

Cells were harvested after treatment by scraping, followed

by centrifugation at 5000 rpm for 5 min and washed with

PBS. The pellet was resuspended in 500 ll of lysis buffer
(10 mM Tris-HCI, pH 8.0, 10 mM NaCl, I0 mM EDTA,

1 % SDS) and kept for 2 min at room temperature. 20 ll of
RNase (20 mg/ml) was added and kept at 37 �C for 2 h.

20 ll of Proteinase K (20 mg/ml) was added and kept for

at 37 �C till the mixture became clear. Each 250 ll of

phenol/chloroform was added and centrifuged at

13000 rpm for 10 min. The supernatant was taken out.

100 ll of 3 M sodium acetate was added. 400 ll of iso-
propanol was added and kept at -20 �C for 15 min. Cen-

trifuged at 13000 rpm for 15 min. Supernatant was

discarded and 70 % ethanol was added and centrifuged at

13000 rpm for 15 min. Supernatant was discarded and

plate was kept for drying at room temperature. 50 ll of TE
was added and run on 1.5 % agarose gel [30].

Live and dead assay

The cytotoxicity was determined by the Live/Dead assay

(Molecular Probes, Eugene, OR) as described previously

[31]. Briefly, cells, after different treatments were stained

with ‘Live & Dead’ cell assay reagent (5 lM ethidium

homodimer, 5 lM calcein-AM). Red (as dead) and green

(as live) cells were analyzed under a fluorescence

microscope.

Cell cycle analysis

Cells (log phase culture) were treated with various con-

centrations of the resveratrol or vemurafenib. After treat-

ment, the cells were washed with PBS, trypsinized and

pelleted down. One more PBS wash was given and the

pellet was resuspended in PBS (100 ll). 70 % chilled

ethanol (900 ll) was added while vortexing and incubated

in -20 �C for 1–2 days. Spun the cells at 2500 rpm for

3 min at room temperature, ethanol was removed carefully

and gave a PBS wash. Resuspended the pellet in PBS

(50 ll). A solution containing propidium iodide (20 lg/
ml), Triton X-100 (0.1 %) and RNase A (0.2 mg/ml) was

added to the samples and inverted immediately. Samples

were incubated for 30 min at 37 �C in dark. Samples were

then analyzed in flow cytometer (FACS Calibur; Becton–

Dickinson, San Jose, CA) after gating (FL2-A/FL2-W) the

single nuclei population and data were analyzed using

FACS Diva software. For assaying BrdU positive S-phase

cells, cells were treated for 24 h, as indicated. BrdU

(10 lM) was added for 30 min. Cells were trypsinized,

harvested, fixed in 70 % ethanol for overnight, and washed

twice with PBS containing 1 % BSA. DNA was denatured

with 2 N HCl/0.5 % Triton X-100 for 30 min and acid was

neutralized with 0.1 M sodium tetraborate. Cells were

washed once with PBST [0.5 % Tween 20 (v/v) in phos-

phate buffered saline] with 1 % BSA and incubated in the

same with mouse anti-BrdU Ab for 30 min. Cells were

spun down and again incubated in PBST with goat anti-

mouse IgG tagged with Alexa Fluor-488. Cells were

washed in PBS and stained with 2 lM of Hoechst 33342

and samples were analyzed in flow cytometer (FACS

Calibur; Becton–Dickinson, San Jose, CA).

Annexin V-PE-7AAD assay

Cells were treated and assayed for cell death using Annexin

V-PE apoptosis detection kit (BD PharmingenTM),

according to manufacturer’s protocol.

Real time quantitative reverse transcriptase

(RT)-PCR

5 lg of total RNA, isolated by TRIzol method (Gibco

BRL, Grand Island, NY) was reverse transcribed into

cDNA using Superscript-III reverse transcriptase

(Lifetechnologies, Grand Island, NY), followed by the

amplification of the gene of interest using gene specific

primers for VEGF-A, cyclin D1, CDK2, MITF and

GAPDH. PCR was performed and amplified products were

separated by agarose gel electrophoresis (2 %) and visu-

alized by ethidium bromide staining for semi-quantitative

PCR [29] and qRT-PCR was done using SYBR green

based mastermix (Thermo Fisher Scientific, MA, USA).

The primer sequence and product sizes are as follows:

MITF: 103 bp {forward} 50-CCGTCTCTCACTGGATT
GGT-30,{reverse} 50-TACTTGGTGGGGTTTTCGAG-30,
Cyclin D1: 146 bp {forward}50-GGATGCTGGAGGTC
TGCGA-30,{reverse}50-AGAGGCCACGAACATGCAAG-30;
CDK2: 239 bp {forward}50-CGGATCTTTCGGACTCT
GGG-30,{reverse} 50-ACTGGCTTGGTCACATCCTG-30;
VEGF A: (344 bp) {forward}50-ATGAACTTTCTGCTGT
CTTGGGT-30,{reverse}50-TGGCCTTGGTGAGGTTTGAT
CC-30; Angiopoietin 1: (500 bp) {forward}50-GCCTACAC
TTTCATTCTTCCAGA-30, {reverese} {forward}50-TCT
TCCTTGTGTTTTCCTTCCAT-30; GAPDH: (192 bp) {for-

ward}50-ACCTGCCAAATATGATGAC-30, {reverse}50-TC
ATACCAGGAAATGAGCTT-30.

Lactate dehydrogenase (LDH) release assay

Necrosis of cells was assayed by measuring LDH, the

cytosolic marker, from treated cells’ supernatant. Culture
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supernatants were incubated with the substrate solution

(230 mM sodium pyruvate and 5 mM NADH in 0.1 M

phosphate buffer, pH 7.5) and rate of decrease in absor-

bance at 340 nm was measured.

PARP and caspase 3 cleavages

The PARP and caspase 3 cleavage was determined using

anti-PARP and caspase 3 (cleaved fragment) antibodies by

Western blot.

Transcription factors assay by electrophoretic

mobility shift assay (EMSA)

To determine NF-jB and MITF DNA binding activity,

EMSA were conducted essentially as described [32].

Briefly, 12 lg nuclear extract proteins were incubated with
32P end-labeled double-stranded NF-jB or MITF

oligonucleotides for 30 min at 37 �C, and the DNA–pro-

tein complex was separated from free oligonucleotide on

6.6 % native polyacrylamide gels. The oligos used for

EMSA were as follows: NF-jB: {forward} 50-TTGTTACA
AGGGACTTTCCGCTGGGGACTTTCCAGGGAGGCGT

GG–30, {reverse} 50–CCACGCCTCCCTGGAAAGTCCC
CAGCGGAAAGTCCCTTGTAACAA–30, MITF: {for-

ward} 50-CGCTGCACAGAGCATGTGACCCCAGAGGC
C–30, {reverse} 50–GGCCTCTGGGGTCACATGCTCTGT
GCAGCG–30.

MITF dependent reporter gene [secretory alkaline

phosphatase activity (SEAP)] assay

The promoter of tyrosinase (-200 to ?80), which is an

MITF dependent gene was cloned into pSEAP2-Basic

vector. The primers used were as follows: Tyr promoter

{forward} 50- GTAGGTACCACCATAAGAATTAAACT

ATT-30,{reverse}50- GCTCTCGAGTTCCTCTAGTCCT

CACAAGG-30. A375 cells were transfected with Tyr

promoter-SEAP plasmid (1 lg/well in a 24-well plate) or

vector control using lipofectamine 2000. Desired treat-

ments were given after 12 h of transfection for another

24 h. Culture-condition medium was collected and 25 ll
was analyzed for alkaline phosphatase activity using

4-methyl umbelliferyl phosphate as substrate, according to

CLONTECH protocol (Palo Alto, CA, USA).

NF-jB and MITF knock down experiments

A375 cells, stably knocking downRel A, a component of NF-

jB were generated using both scrambled and Rel A specific

shRNAs and lentiviral packaging system. Stable transfectants

were selected using 4 lg/ml puromycin. MITF shRNA was

generated by cloning double stranded oligonucleotides in

pGFP-V-RS plasmid, using BamHI and HindIII [33]. The

following oligonucleotides were ordered with overhangs:

First strand–50-GATCCGATCCAAACTGGAAGACATA
CGTGTGCTGTCCGTATGTCTTCCAGTTTGGATCTTT

TTA-30, complimentary strand–50-AGCTTAAAAAGA
TCCAAACTGGAAGACATACGGACAGCACACGTATG

TCTTCCAGTTTGGATCG-30. A375 cells were transfected

with both vector control and MITF shRNA vector using

Lipofectamine 2000 and media change was done after 12 h.

Cells were incubated for 48 h, before treating with resveratrol

for another 24 h.

Statistical analysis

Results were expressed as mean ± SEM of at least three

independent experiments. Statistical analyses of the samples

were done by unpaired student’s t test or one-way ANOVA

with Tukey’s multiple comparisons test, wherever applica-

ble. The p\ 0.05 was considered to be significant. All sta-

tistical analyses were done using Graphpad Prism 6.0.

Results

Several inhibitors, especially resveratrol were used in this

study do not show any cytolysis as determined by the

lactate dehydrogenase (LDH) assay.

Resveratrol potently induces melanoma cell death

In order to detect the role of several inhibitors in the

aggressive melanoma cell growth, A375 cells were incu-

bated with different concentrations of resveratrol, azadir-

achtin or thiadiazolidine derivative (P3-25) or 10 lM
vemurafenib for 72 h in triplicate. MTT assay was done to

determine the cell death. Resveratrol increased the cell death

than azadirachtin and P3-25 (Fig. 1a). The experiment was

repeated thrice, the data was plotted as mean percentage of

cell death ± SEMVemurafenib, a mutant B-Raf inhibitor is

considered for positive control to block melanoma cell

growth. Resveratrol increased cell death in a concentration-

dependent manner than azadirahtin or P3-25 as shown by the

increased number of dead cells as determined by Live and

Dead assay (Fig. 1b) or PI exclusion flow cytometry

(Fig. 1c). All these data suggest that resveratrol increased

melanoma cell death than azadirachtin or P3-25.

Resveratrol-mediated cell death is more rigorous

in melanoma cells

As cell signaling varies from cell type to cell type, we

incubated PC3, HT29, and MDA MB-231 cells along with
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A375 melanoma cells with different concentrations of

resveratrol for 72 h. A375 cells showed pronounced cell

death than PC3, HT29, or MDA MB-231 cells at any

concentrations of resveratrol as determined by MTT assay

(Fig. 2a). To determine the role of NF-jB, these cells were
treated with different concentrations of resveratrol, nuclear

extracts (NE) were prepared and gel shift assay was done.

Basal NF-jB activity is more in A375 cells and resveratrol

efficiently suppressed this activity (Fig. 2b). These data

further suggest that resveratrol induces prominent cell

death in melanoma cells.

Resveratrol increases melanoma cell apoptosis,

but not necrosis

To further confirm the mechanism of cell death, A375 cells

were incubated with different concentrations of resveratrol,

sorafenib (Raf inhibitor), vemurafenib (specific mutant

B-Raf inhibitor), doxorubicin and oleandrin (positive

controls for apoptosis) for 24 h, genomic DNA was iso-

lated, ran on 2 % agarose gel, and inter-nucleosomal DNA

fragmentation was observed. Resveratrol is potently

inducing DNA fragmentation, which is comparable to

doxorubicin (Fig. 3a). The caspase-dependent fragmenta-

tion of poly (ADP-ribose) polymerase (PARP) and the

amount of cleaved caspase-3 were increased upon resver-

atrol treated cells for 24 h than vemurafenib or sorafenib

(Fig. 3b). These data suggest that resveratrol is more potent

to induce apoptosis in melanoma cells than known inhibi-

tors of B-Raf at 24 h of treatment. Some of the small

molecules used to induce cell death via necrosis of cells.

However, the effect of resveratrol on melanoma cell death

is either due to programmmed cell death or necrosis was

determined by assaying the release of the LDH in the

culture supernatant in the treated cells. Even 200 lM of

resveratrol or 10 lM of vemurafenib or sorafenib did not

increase LDH release than 5 lM doxorubicin treated cells

(Fig. 3c). This result suggests that resveratrol does not

induce cell death via necrosis.

Resveratrol arrests melanoma cells at S phase

To understand the resveratrol-mediated cell death on

melanoma cells either by arresting any cell cycle phases,

Fig. 1 Effect of resveratrol on

cell death a A375 cells (5000/

well of 96-well plate in

triplicate) were cultured

overnight and incubated with

different concentrations of

resveratrol, azadirachtin or P3-

25 along with 10 lM of

vemurafenib for 72 h. MTT

assay was done and indicated in

percentage of cell death,

considering the untreated cells’

value as 0 % cell death. The

experiment was repeated at least

thrice and the data were plotted

as mean ± SEM.**P\ 0.01;

***P\ 0.001; ****P\ 0.0001

(one-way ANOVA and Tukey’s

multiple comparisons test).

b Cells were treated with

different concentrations of

resveratrol, azadirachtin or P3-

25 along with 10 lM of

vemurafenib or sorafenib for

24 h and live and dead assay

was done. c Cells were treated

similarly, along with 5 lM of

paclitaxel for cell death and

flow cytometry was done for PI

exclusion
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Fig. 2 Effect of resveratrol on

cell death in different cell types

a A375, PC3, HT29 and MDA

MB-231 cells were treated with

different concentrations of

resveratrol ranging from 0 to

200 lM for 72 h and MTT

assay was done. The percentage

of cell death ± SD was

indicated considering untreated

cells as 100 % viable. b All four

cell lines were treated with 0,

25, 50 and 100 lM of

resveratrol, nuclear extracts

were isolated and Gel shift

assay was done for NF-jB

Fig. 3 Activation of apoptosis but not necrosis by resveratrol in

melanoma a A375 cells were treated with 50, 100 and 200 lM of

resveratrol; 10 lM each of vemurafenib or sorafenib; 5 lM of

doxorubicin; or 100 ng/ml of oleandrin. Genomic DNA was islolated

and checked for fragmentation on a 2 % agarose gel. b Cells were

treated with resveratrol, venurafenib or sorafenib, lysates were

prepared and probed for apoptotic markers such as cleaved PARP

and cleaved caspase-3. c Supernatants were collected from treated

cells and LDH assay was done for observing cytolysis, considering

Triton X-100 treated cells as 100 %. Data, obtained from three

independent experiments were indicated in percentage of cytolysis as

mean ± SEM.****P\ 0.0001 (one-way ANOVA and Tukey’s

multiple comparisons test)

Apoptosis (2016) 21:928–940 933

123



cells were treated with different concentrations of resver-

atrol and 10 lM of vemurafenib for 24 h. Cell cycle phases

were analyzed in Flow cytometer. Almost 40 to 60 % cells

were stayed at S phase at 25 to 100 lM concentrations of

resveratrol. Vemurafenib did not show any increase in the

cell population at this phase as indicated in the bar diagram

for S phase population (Fig. 4a). The cell population those

were on sub G0/G1 phase are considered as apoptotic

population and indicated in percentage (Fig. 4b). Percent-

ages of both early (Q3) and late (Q2) phases of apoptosis

was increased by resveratrol, which was comparable to

paclitaxel (Fig. 4c). S-phase arrest of cell cycle was further

confirmed by BrdU flow cytometry. Almost 2-fold increase

in S-phase population upon treatment with 50 lM of

resveratrol (Fig. 4d1, d2), further suggests that it can

indeed arrests the cell cycle at S-phase.

Resveratrol inhibits DNA binding activity of MITF

As melanoma cells are more sensitive to resveratrol for

cell death, the factor s behind the melanoma-specific cell

death are determined. The transcription factor MITF is

known for melanoma progression. To detect the role of

resveratrol, the MITF DNA binding was determined.

Resveratrol, but not the azadirachtin, P3-25 or vemu-

rafenib inhibited MITF DNA binding activity as detected

from nuclear extracts (NE) from treated cells (Fig. 5a)

and MITF dependent SEAP activity (Fig. 5d). The MITF

DNA binding activity was inhibited by resveratrol in a

dose-dependent manner as determined from the whole cell

extracts (WCE) (Fig. 5b) and MITF dependent SEAP

activity (Fig. 5e). In fact vemurafenib is activating MITF

dependent SEAP activity. Resveratrol did not interfere

MITF DNA binding as determined from the NE, treated

with different concentrations of resveratrol in vitro

(Fig. 5c). This result suggests that resveratrol inhibits the

MITF DNA binding activity in the cells, but does not

interact with the DNA binding site. Resveratrol-mediated

decrease in MITF DNA binding required 24 h pretreat-

ment of it as determined from the DNA binding activity

of resveratrol-treated cells’ NE from different times

(Fig. 5f). MITF inhibition of resveratrol is prominent in

Fig. 4 Effect of resveratrol on cell cycle a A375 ells were treated

with 25, 50 and 100 lM of resveratrol or 10 lM of vemurafenib for

24 h, stained with PI and cell cycle analysis was done using flow

cytometry. Percentage of S-phase population was plotted for showing

S-phase cell cycle arrest. b Percentage of Sub G0/G1 population was

plotted for showing apoptotic population. Data indicated as mean cell

population in percentage ± SEM.*P\0.05; ****P\0.0001 (one-

way ANOVA and Tukey’s multiple comparisons test). c Cells were

treated similarly, stained with annexin V-PE and 7-AAD and flow

cytometry was done. 5 lM of paclitaxel was used as positive control.

d1 Cells were treated with 50 lM of resveratrol for 24 h, labelled

with BrdU and stained with anti-BrdU Ab tagged with Alexa Fluor

488 and Hoechst 33342 and analyzed using flow cytometry. d2 The

cell population for the same experiment were indicated in percentage
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Fig. 5 Effect of resveratrol on the activity of MITF transcription

factor a A375 ells were treated with 50 and 100 lM of resveratrol or

azadirachtin, 50 and 100 nM of P3-25, or 10 lM of vemurafenib for

24 h, nuclear extracts (NE) were isolated and EMSA was done for

MITF DNA binding. b Cells were treated with different concentra-

tions of resveratrol or 10 lM of vemurafenib for 24 h, whole cell

extracts (WCE) were prepared and EMSA was done for MITF. c NE
were isolated from untreated cells, incubated with different concen-

trations of resveratrol in an in vitro binding reaction and EMSA was

done for MITF. d A375 cells were transfected with Tyr promoter—

SEAP vector, treated with resveratrol, azadirachtin, P3-25 or vemu-

rafenib for 24 h, SEAP assay was done for culture-conditioned

medium and plotted as fold change over control. e The transfected

cells were incubated with different concentrations of resveratrol for

24 h and SEAP assayed. Data were obtained from at least three

independent experiments and plotted as mean ± SEM.*P\ 0.05;

**P\ 0.01; ****P\ 0.0001 (one-way ANOVA and Tukey’s mul-

tiple comparisons test). f A375 cells were treated with 100 lM of

resveratrol for different time intervals, NE and cytoplasmic extracts

(CE) were prepared and MITF DNA binding was assayed by EMSA.

g MDA MB-231, A375, HT29 and PC3 cells were treated with

different concentrations of resveratrol for 24 h. MITF DNA binding

was assayed from NE
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A375 melanoma, compared to other cell types, as it is

melanocytic transcription factor (Fig. 5g).

Resveratrol inhibits amount of MITF and its

dependent genes

Resveratrol-mediated downregulation of MITF was further

confirmed by determining the amount of it by Western blot.

Resveratrol, but not azadirachtin or P3-25 decreased the

amount of MITF (Fig. 6a). Resveratrol treatment led to

decrease in the amount of MITF at 24 h as determined by

Western blot (Fig. 6b) and 50 lM concentration of it

showed almost complete inhibition (Fig. 6c). Resveratrol

inhibited the expression of cyclin D1, CDK2 and MITF in a

dose-dependent manner as determined by the qRT-PCR

(Fig. 6d1–d3). All these data suggest that resveratrol

inhibits MITF DNA binding and its dependent gene

expression.

Inhibition of MITF, but not NF-jB is the reason

for resveratrol-mediated cell death

As resveratrol has shown to inhibit NF-jB, the important

transcription factor for cell proliferation it is important to

understand its role in melanoma cell death mediated by

resveratrol. The basal activity of NF-jB and MITF was

inhibited by resveratrol in A375 melanoma cells. These

amounts were partially reduced upon treatment of sub-

optimal concentration of IKK complex inhibitor, BAY

(Fig. 7a). MDA MB-231, a non-melanoma cell line did

not show high basal amount of NF-jB or MITF. BAY

treatment did not show sufficient cell death in A375

cells, but resveratrol showed almost 60 % cell death

alone or in combination of BAY as determined by MTT

assay (Fig. 7c) or the cleavages of caspase 3 or PARP

(Fig. 7b). In non-melanoma cell line MDA MB-231,

resveratrol enhances partial cell death only. P3-25, which

was shown to inhibit NF-jB [34] is showing similar cell

death in both melanoma and non-melanoma, where as

resveratrol is showing significantly more cell death in

melanoma only (Fig. 7d). Knocking down of Rel A, a

component of NF-jB did not show any increase in cell

death upon resveratrol treatment (Fig. 7e). The knock

down of Rel A was determined from stable knock down

cells using shRNA of Rel A by Western blot (Fig. 7f).

These data suggest that inhibition of NF-jB does not

have prominent role on resveratrol mediated melanoma

cell death.

Fig. 6 Effect of resveratrol on expression of MITF and its dependent

genes a A375 cells were treated with 50 and 100 lM of resveratrol or

azadirachtin, 50 and 100 nM of P3-25, or 10 lM of vemurafenib for

24 h. Whole cell extracts (WCE) were prepared and amount of MITF

was detected by Western blot. Same blot was reprobed for tubulin.

b Cells were treated with 100 lM resveratrol for different times and

MITF expression was determined by Western blot from WCE. c Cells

were treated with different concentrations of resveratrol for 24 h and

MITF expression was measured by Western blot. d1, d2 and d3 A375

cells were treated with 100 lM of resveratrol for 24 h, total RNA was

isolated and qRT-PCR was done for cyclin D1 (d1), CDK2 (d2), and
MITF (d3). Data were plotted in fold ± SEM.**P\ 0.01;

***P\ 0.001; ****P\ 0.0001 (unpaired Student’s t-test)
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MITF overexpression inhibits and knock

down aggravates resveratrol-induced cell death

To determine the role of MITF on resveratrol-mediated

melanoma cell death, cells were transfected with Vector-

GFP and MITF-GFP constructs. Cells were treated with

resveratrol followed by incubation with PI. The cells either

GFP positive or non-GFP showed fragmented nuclei in

Vector-GFP transfected cells. GFP positive cells showed

intact nuclei upon treatment with resveratrol in MITF-GFP

transfected cells (Fig. 8a). MITF overexpression which was

determinedWestern blot (Fig. 8c) decreased the cleavage of

PARP upon resveratrol treatment (Fig. 8b). MITF knock

down which was determined by Western blot in MITF

shRNA transfected cells (Fig. 8e) increased cleavage of

PARP and resveratrol treatment further enhanced this

cleavage (Fig. 8d). These data suggest thatMITF transfected

cells were protected from resveratrolmediated cell death and

knocked down cells were more sensitive.

Discussion

Out of all dermatological cancers, melanoma accounts for

4 % but 80 % death is due to this [35]. It poses an

aggressiveness i.e. the 86 % patents survive less than

Fig. 7 Effect of NF-jB inhibitors on resveratrol-mediated downreg-

ulation of NF-jB, MITF, and cell death a A375 and MDA-MB-231

cells were treated with 100 lM of resveratrol, 5 lM BAY, or in

combination for 24 h, nuclear extracts were prepared and EMSA was

done for NF-jB and MITF. b Cells were treated in the same way,

whole cell lysates were prepared and western blotting was done for

both cleaved caspase-3 and PARP, which were then reprobed for

tubulin. c Both cell types were treated as mentioned above and MTT

was done and cell death was indicated in mean

percentage ± SEMd Both cell types were treated with 100 lM of

resveratrol or 100.nM of P3-25, MTT assay was done and cell death

was plotted in mean percentage ± SEM.****P\ 0.0001 (one-way

ANOVA and Tukey’s multiple comparisons test). e A375 cells stably

over expressing scrambled and Rel A shRNA were treated with

100 lM of resveratrol for 24 h, lysates were prepared and probed for

PARP, Rel A and GAPDH. f Successful knock down of Rel A was

shown by Western blot
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5 years. Thus, coining novel therapeutics to cut the life line

of melanoma is always valuable. We have tested few

inhibitors that basically induce cell death in this study to

regulate the aggressive melanoma cell progression. Aza-

dirachtin and thiadiazolidine derivative, P3-25 are known

to induce cell death in several tumor cells [32, 34–39].

Resveratrol, a polyphenol is known to induce cell death in

many tumors and currently used as ant-arthritic and car-

dioprotective agent [40–43]. Upon treatment of these

inhibitors, resveratrol is the most potent inducer of mela-

noma cell death. Though all these inhibitors inhibited NF-

jB, but the melanoma cell death is independent of this NF-

jB inhibition. Resveratrol-mediated cell death is more in

melanoma cells than other cell types, like breast, prostate,

or colon cancer cells. This prompts us to look for the

molecular basis of resveratrol action in melanoma.

As B-Raf is important upstream kinase which regulates

melanoma proliferation, we have checked the effect of

resveratrol on B-Raf action. Though, B-Raf is mutated in

most of the melanoma and mutant form leads to gain of

function in terms of cell proliferation [6, 7], we have used

inhibitors of both wild type and mutant form of B-Raf to

look the melanoma cell proliferation. Vemurafenib, a

mutant B-Raf inhibitor had some role in cell death at 72 h

of treatment, but 24 h treatment did not show prominent

cell death as determined by multiple assays. Sorafenib, a

general Raf kinase inhibitor did not show much cell death

even at 72 h of treatment. Inhibition of NF-jB either by P3-

25, having double-edged sword effect to inhibit it [32] or

azadirachtin, inhibits cytokine and growth factor receptors

to block NF-jB has not much effect to block melanoma

cell growth. Though, resveratrol inhibited basal activity of

NF-jB, but the inhibition of this factor is not mattered

much for melanoma cell death.

Melanoma cell proliferation depends upon the activation

of transcription factor MITF and its dependent genes like

cyclin D1 and CDK2. We have found that resveratrol

specifically inhibited MITF DNA binding activity, but not

by azadirachtin, P3-25 or vemurafenib. As the transcription

factor protein remains in the nucleus, the nuclear protein

when incubated with resveratrol the MITF DNA binding

activity was not altered. These data suggest that being a

small molecule resveratrol does not interfere in the DNA

binding activity. Resveratrol not only decreases the DNA

binding activity of MITF in the nuclear extracts, but also in

the whole cell extract protein. As this is not interacted with

the DNA binding site, the decrease in the amount of MITF

was observed as determined by Western blot and qRT-

PCR. These data suggest that resveratrol is exerting its

effect by decreasing the expression of MITF.

Chemoprevention is considered a promising strategy in

the field of cancer therapy and suppressing or reversing the

Fig. 8 Effect of MITF on resveratrol-induced cell death a A375 cells

were transfected with both EGFP vector control and EGFP-MITF for

6 h followed by culture for 12 h. Cells were then treated with 50 lM
of resveratrol for 24 h and stained with PI. Images were taken using

fluorescent microscope. b Both vector control and MITF over

expressed cells were treated with 100 lM of resveratrol for 24 h

and PARP cleavage was analysed using Western blot. c Over

expression of EGFP-MITF was shown using anti-MITF antibody.

d A375 cells were transiently transfected with shRNA of control and

MITF, treated with 100 lM of resveratrol, lysates were prepared and

probed for PARP, MITF and GAPDH. e Knock down of MITF was

shown by Western blot from the lysates
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process of tumor formation has gained much attention

[44, 45]. Classic cytotoxic agents, known to act on the cell

cycle, continue to underline first line treatments in oncol-

ogy. Therefore, novel targeted therapeutics, especially,

these modulating the cell cycle checkpoint have emerged

as an attractive candidate for new cancer therapies [46]. As

cyclins and CDKs are involved in cell cycle regulation and

considering the progressive melanoma cells behavior we

have looked into the effect of resveratrol on cell cycle

regulation. Flow cytometric analysis of DNA content

showed a dose-dependent block in the S phase and an

increase in the sub G0/G1 (apoptotic) cell population. At

50 lM concentration almost 66 % of the live population

was arrested in the S phase, though there are several reports

suggesting the resveratrol-mediated arrest of cell cycle at

G1- and S-phases in various tumor cell types [47, 48].

Several NF-jB-dependent genes, expressed in cells regu-

late the cell cycle and cell death. Inhibition of NF-jB did

not show much cell death in melanoma cells. NF-jB
inhibition did not show any additive cell death in mela-

noma cells upon resveratrol treatment. Partial cell death

was observed in non-melanoma cells upon NF-jB inhibi-

tion. These data suggest that resveratrol-mediated inhibi-

tion of NF-jB does not interfere in melanoma cell death

significantly. Resveratrol increased cell death in EGFP

positive vector transfected cells, but not in MITF-EGFP

transfected cells further suggested that MITF is the major

determinant for resveratrol-mediated melanoma cell death.

Overall, our data suggest that resveratrol-mediated down-

regulation of MITF, but not NF-jB is the main reason of

melanoma cell death.
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