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Althoughmanyhumanmelanomasexpress thedeath receptorsTRAIL-R2/DR5orTRAIL-R1/DR4
oncell surface, theyoftenexhibit resistance toexogenousTRAIL.Oneof themaincontributors to
TRAIL-resistance of melanoma cells is upregulation of transcription factors STAT3 and NF-κB
that control the expression of antiapoptotic genes, including cFLIP andBcl-xL. On theother hand,
the JNK-cJun pathway is involved in the negative regulation of cFLIP (a caspase-8 inhibitor)
expression. Our observations indicated that resveratrol, a polyphenolic phytoalexin, decreased
STAT3 and NF-κB activation, while activating JNK-cJun that finally suppressed expression of
cFLIP and Bcl-xL proteins and increased sensitivity to exogenous TRAIL in DR5-positive
melanomas. Interestingly, resveratrol did not increase surface expression of DR5 in human
melanomas, while γ-irradiation or sodium arsenite treatment substantially upregulated DR5
expression. Hence, an initial increase in DR5 surface expression (either by γ-irradiation or
arsenite), and subsequent downregulation of antiapoptotic cFLIP and Bcl-xL (by resveratrol),
appear to constitute an efficient approach to reactivate apoptotic death pathways in TRAIL-
resistant human melanomas. In spite of partial suppression of mitochondrial function
and the mitochondrial death pathway, melanoma cells still retain the potential to undergo the
DR5-mediated, caspase-8-dependent death pathway that could be accelerated by either an
increase inDR5 surface expressionor suppression of cFLIP. Taken together, these results suggest
that resveratrol, in combination with TRAIL, may have a significant efficacy in the treatment of
humanmelanomas.
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Introduction
Cell death by apoptosis regulates numerous physiological and
pathological processes in the human body and its deficiency is
implicated in tumor development. The inability of advanced
cancer cells to undergo apoptosis may be based on inactiva-
tion of proapoptotic genes, due to mutations or epigenetic
regulatory mechanisms that suppress death signaling path-
ways [1,2]. As a result, both the extrinsic death receptor-
mediated signaling pathway (Fas- or TRAIL-R1/R2-mediated)
and the intrinsic mitochondrial death pathway could be
partially or completely suppressed in cancer cells [3].

Melanoma, the most aggressive form of skin cancer, is
known to be highly resistant to radio- and chemotherapeutic
treatment. In the USA an estimated 60,000 new cases will be
diagnosed, and 8100 deaths will occur in 2007 (ACS). Numer-
ous observations indicate that the incidence of melanoma has
significantly increased over the last ten years in the USA and
worldwide. However, only limited therapies for metastatic
stage of the disease are currently available. Various attempts
have beenmade to restore high levels of apoptosis in response
to treatment for this type of cancer [4–6]. One of the key
contributors to radio- and chemoresistance of human mela-
nomas is upregulation of transcription factors STAT3 and NF-
κB, which control expression of numerous antiapoptotic genes
in cancer cells, including cFLIP, cIAP, XIAP, Bcl-xL, Survivin, as
well as suppressing proapoptotic genes [7–10]. On the other
hand, via activation of cJun, JNK is involved in the negative
regulation of cFLIP (an inhibitor of caspase-8) expression
[11,12] and, via activation of E3 ubiquitin-protein ligase Itch,
in acceleration of proteasome-dependent cFLIP degradation
[13]. Taken together, these data suggest that agents that
simultaneously downregulate NF-κB and STAT3 activities,
while upregulating JNK-cJun activity, might increase sensitiv-
ity to TRAIL- or Fas-mediated apoptosis. Our recent observa-
tions indicated that sodium arsenite [11] was a useful
candidate for mediating these effects in melanomas.

In the present studywe have used resveratrol (trans-3, 4′, 5-
trihydroxystilbene) [14], as a non-toxic alternative to sodium
arsenite treatment, which was previously demonstrated to be
a powerful promoter of apoptosis in melanomas [15]. Resver-
atrol (RSV)waspreviously shown to suppress JAK2-STAT3, Src-
STAT3 and IKK-NF-κB activation and to induce apoptosis in
some cancer cell lines [16–18]. We have demonstrated that, as
with sodium arsenite, RSV suppressed expression of anti-
apoptotic cFLIP protein in human melanomas and dramati-
cally increased sensitivity to exogenous TRAIL in TRAIL-R2/
DR5-positive melanomas. Interestingly, RSV did not increase
the surface expression of DR5, whereas sodium arsenite
treatment or γ-irradiation of melanoma cells substantially
upregulated DR5 expression. We present evidence showing
that sequential treatment ofmelanomacellswithγ-irradiation
and then RSV, initially upregulated DR5 surface levels [19], and
subsequently downregulated antiapoptotic cFLIP, Bcl-xL and
survivin levels. Under conditions of pronounced deficiency of
mitochondrial function in some human melanomas, RSV
treatment may still activate the extrinsic TRAIL-R-mediated
death pathway, thereby increasing sensitivity to TRAIL and
restoring apoptotic signaling in melanomas.
Methods

Materials

Sodium arsenite, cycloheximide and resveratrol were obtain-
ed from Sigma (St. Louis, MO). Human soluble Fas Ligand
(recombinant) and soluble Killer-TRAIL (recombinant) were
purchased from Alexis (San Diego, CA). JNK inhibitor SP600125
and IKK-NF-κB inhibitor BAY 11-7082 were obtained from Bio-
mol (Plymouth Meeting, PA); MEK inhibitor U0126, MAPK p38
inhibitor SB203580, caspase inhibitors zVAD-fmk, Ac-IETD-
CHO (an inhibitor of caspase-8 and caspase-6) and Ac-LEHD-
CHO (an inhibitor of caspase-9) were purchased from Calbio-
chem (La Jolla, CA).

Cell lines

Human melanoma cell lines LU1205 (also known as 1205lu),
WM9,WM35, andWM793 [20], as well as OM431, FEMX, HHMSX,
LOXandnormal human lung fibroblasts TIG-3weremaintained
in a DMEMmedium supplementedwith 10% fetal bovine serum
(FBS), L-glutamine and antibiotics. Normal humanmelanocytes
were maintained in TICVA medium.

Irradiation procedures

To determine sensitivity to γ-rays, the plates with melanoma
cells were exposed to radiation from a Gammacell 40 137Cs
irradiator (dose rate, 0.82 Gy/min) at Columbia University. 6 to
24 h after irradiation, cells were analyzed by the flow
cytometry or underwent additional treatments.

FACS analysis of TRAIL and TRAIL-R2/DR5 levels

Surface levels of TRAIL and TRAIL-R2/DR5 on human mela-
nomas were determined by staining with the PE-conjugated
anti-human-TRAIL or anti-human DR5 mAb (R&D System,
Minneapolis, MN and eBioscience, San Diego, CA) and sub-
sequent flow cytometry. PE-conjugated nonspecific mouse
IgG1 was used as an immunoglobulin isotype control. A FACS
Calibur flow cytometer (BectonDickinson,Mountain View, CA)
combined with the CellQuest program was used to perform
flow cytometric analysis. All experiments were independently
repeated 3–5 times.

Transfection and luciferase assay

The NF-κB luciferase reporter containing two κB binding sites,
Jun2-Luc reporter and empty vector tk-Luc [21], STAT-Luc re-
porter containing three repeats of GAS sites from the Ly6A/E
promoter were used to determine NF-κB, AP-1 and STAT tran-
sactivation, respectively. Additional reporter constructs used
included: 1.5 kb TRAIL-promoter-Luc [22], 1 kb cFLIP-promo-
ter-Luc [23,24] and p53RE-Luc [25]. Transient transfection of
different reporter constructs (1 μg) together with pCMV-βgal
(0.25 μg) into 5×105 melanoma cells was performed using Li-
pofectamine (Life Technologies-Invitrogen). Proteins were
prepared for β-Gal and luciferase analysis 16 h after transfec-
tion. Luciferase activity was determined using the Luciferase
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assay system (Promega, Madison, WI) and was normalized
based on β-galactosidase levels. Since RSV was known to
partially inhibit enzymatic activity of firefly luciferase [26], a
ratio of the specific luciferase reporter activity to luciferase
activity driven by the empty tk-Luc vector in the mock control
culture was finally determined.

In some experiments, melanoma cells were transfected
with reporter constructs together with a dominant-negative
form of cJun/TAM67 in the presence of pCMV-βGal (ratio
1:3:0.25). Sixteen to 24 h after transfection, luciferase activity
was determined. Expression construct pCMV4-cFLIP was
received from Dr. M. E. Peter (University of Chicago, IL) and
was used for overexpression of cFLIP in melanoma lines.

cFLIP suppression by RNAi

The pSUPER retro RNA interference (RNAi) system (Oligoen-
gine, Seattle, WA), which has been utilized for the production
of small RNAi transcripts used to suppress cFLIP expression.
Two variants of RNAi of 19 nucleotides each were designed to
target human cFLIPwere expressed using vector pSUPER.retro.
puro (pSR-puro). RNAi cFLIP-92 (UGUGGUUCCACCUAAUGUC)
was the most efficient in the corresponding mRNA targeting.

Apoptosis studies

Cells were exposed to soluble TRAIL (50 ng/ml) alone or in
combination with cycloheximide (2 μg/mL), TRAIL in combina-
tion with resveratrol (25–100 μM). Apoptosis was then assessed
by quantifying the percentage of hypodiploid nuclei undergoing
DNA fragmentation 16 h–48 h after treatment. Flow cytometric
analysis was performed on a FACS Calibur flow cytometer.

Clonogenic survival assay

Cells (500/well) were placed in triplicate on 6-well plates 16 h
before treatment. For analysis of clonogenic survival of mela-
noma cells after treatment (24 h) with TRAIL, RSV or their
combination, colonies were stained with crystal violet sol-
ution 12 days after treatment. The percentage of colony-
forming efficiency (in relation to values of untreated control
cells) was calculated.

Western blot analysis

Total cell lysates (50 μg protein) were resolved on 10% SDS-
PAGE, and processed according to standard protocols. The
antibodies (Abs) used for Western blotting included: mono-
clonal anti-β-Actin (Sigma),monoclonal anti-FLIP (NF6) (Axxo-
ra, San Diego, CA), monoclonal anti-XIAP (BD Biosciences, San
Jose, CA), monoclonal anti-p21-WAF1 (Cell Signaling Beverly,
MA); monoclonal anti-Dynamin-2 (Upstate, Lake Placid, NY);
polyclonal Abs to TRAIL (human), TRAIL-R1/DR4 and TRAIL-
R2/DR5 (Axxora, San Diego, CA); polyclonal Abs against:
phospho-STAT3 (Tyr705) and STAT3; phospho-c-Jun (Ser73)
and c-Jun; phospho-SAPK/JNK (Thr183/Tyr185) and JNK; phos-
pho-p44/p42 MAP kinase (Thr202/Tyr204) and p44/p42 MAP
kinase; phospho-p38 MAP kinase (Thr180/Tyr182) and p38 MAP
kinase; phospho-FOXO3A (Ser318/321) and FOXO3A; BAX, phos-
pho-p53 (Ser20) andp53; Bid (Cell Signaling, Beverly,MA). Optimal
dilutionsof primaryAbswere 1:1000 to 1:5000. The secondaryAbs
anti-mouse or anti-rabbit) were conjugated to horseradish
peroxidase (dilution 1:5000 to 1:10,000); signals were detected
using the ECL system (Amersham, Piscataway, NJ).

EMSA

Electrophoretic mobility shift assay (EMSA) was performed for
the detection of NF-κB DNA-binding activity as previously
described, using the labeled double-strand oligonucleotide
AGCTTGGGGACTTTCCAGCCG. (Binding site is underlined).
Ubiquitous NF-Y DNA-binding activity was used as an internal
control [15].

Immunofluorescence

Immunofluorescence was performed as described previously
[27]. Cells were grown on glass coverslips in growth medium,
fixed (PBS, 4% paraformaldehyde for 10 min), permeabilized
(PBS, 0.5% Triton X-100 for 5 min) and stained with antibodies
to pyruvate dehydrogenase (Binding Site, United Kingdom).
Secondary antibodies were obtained from Jackson ImmunoR-
esearch. Nuclear staining was done with propidium iodide
(PharMingen). Images were captured using a laser confocal
microscope (Nikon).
Results

Sensitivity of melanoma cell lines to resveratrol

Human melanocytes, normal human fibroblasts and most
metastatic human melanoma cell lines are relatively resistant
to RSV-induced apoptotic stimuli (at RSV doses of 25–100 μM),
demonstrating only amodest S/G2 arrest in the cell cycle (Fig. 1A
and data not shown). The rare example of amoderate sensitivity
to RSV was LOX human metastatic melanoma cells, which dev-
eloped average levels of apoptosis 24 h after treatment (Fig. 1A).
A clonogenic survival assay confirmed death in over 40% of LOX
cells 12days after treatmentwith 100μMRSV. In contrast, LU1205
metastatic melanoma cells were more resistant to RSV (Fig. 1B).
Both LOX and LU1205 melanoma cells express on their surface
FAS, TRAIL-R2/DR5 andTNF-R1 (Fig. 1C anddata not shown). RSV
treatment did not change surface expression of DR5 and FAS
death receptors (datanot shown), but induced surface expression
of endogenous TRAIL in LOX cells (Fig. 1C). RSV-induced death of
LOX cells could be blocked by the addition of an inhibitory anti-
body to TRAIL, but not to FasL (5 μg/ml) in the culture medium
(Fig. 1D). In contrast, inhibition of TNFα, whichwas constitutively
produced bymanymelanoma cell lines and induced basal NF-κB
activity, accelerated RSV-induced apoptosis in both LOX and
LU1205 lines (Fig. 1D), linking protection against RSV/TRAIL
apoptotic signaling with high basal levels of NF-κB activity.
Hence, endogenously produced TRAIL after translocation to cell
surface, via paracrine action, induced a receptor-mediated death
signaling cascade in TRAIL-R-positive LOX cells, ultimately re-
sulting in suicide of subpopulation of these cells (Fig. 1A).

There are at least two possible mechanisms that could
account for the sensitivity of LOX cells to RSV: i) down-
regulation of STAT3- and NF-κB-dependent transcription, which



Fig. 1 – Effects of resveratrol (RSV) on induction of apoptosis in melanocytes and melanomas. (A) Cells were stained by PI
16–24 h after treatment. Apoptosis (Ap) levels were determined as the percentage of cells with hypodiploid content of DNA in
the pre-G0/G1 region using flow cytometry. % Cells at the distinct phases of the cell cycle is indicated. Results of typical
experiments (one of three) are presented. (B) Clonogenic survival assay of LU1205 and LOX cells 12 days after indicated
treatment. Error bars represent mean±S.D. from three independent experiments. (C) Surface expression of TRAIL-R2/DR5 and
TRAIL in LU1205 and LOX cells was determined by immunostainig using PE-labeled mAbs and the FACS analysis. (D) RSV
induced TRAIL-mediated apoptosis in LOX melanoma cells. Introduction of anti-TRAIL (5 μg/ml), but not anti-FasL inhibitory
antibodies suppressed RSV-induced apoptosis in LOX and LU1205 cells, while anti-TNF mAb (5 μg/ml) accelerated apoptosis.
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regulate numerous survival functions in the cell (Fig. 2A); ii)
upregulation of TRAIL promoter activity and increased surface
expression of endogenous TRAIL (but not TRAIL-R) induced by
RSV in a dose-dependent manner (Figs. 2A and 1C). In general,
changes in nuclear NF-κB DNA-binding activity and NF-κB-
dependent reporter activity were relatively modest after RSV
(50 μM) treatment in this cell line (Figs. 2A and B). An additional
suppression of NF-κB activity by pharmacological inhibitor Bay
11-7082 (5 μM) upregulated RSV-induced apoptotic levels and
decreasedclonogenic survival of LOXmelanomacells (Figs. 2B–D).

Signaling pathways affected by RSV in LU1205melanoma cells

Effects of RSV on gene transcription directed by AP-1, NF-κB
and STAT3 and on TRAIL-, cFLIP-promoter activities were
relatively similar in both LOX and LU1205 melanoma cells
(Figs. 2A and 3D). In order to determine biochemical back-
ground of RSV-induced changes in the cell cycle and RSV-
induced decrease in cancer cell survival, we evaluated its
effects on the main signaling pathways, the correspondent
transcription factors, proapoptotic and antiapoptotic proteins
in LU1205 cells (Figs. 3A–C). Pronounced downregulation of
NF-κB DNA-binding activity 6 h after RSV treatment was
determined by EMSA in the nuclear fraction of LU1205 cells
(Fig. 3A). Levels of the active form of STAT3, phospho-STAT3
(Tyr705), were substantially decreased 6 h after treatment of
LU1205 cells with RSV. Simultaneously, a decrease in phos-
pho-FOXO3A (Ser318/321) levels was also detected (Fig. 3A).
AKT-dependent phosphorylation of FOXO3A is known to
induce its nuclear export and functional inactivation [28].
Partial suppression of this process by RSV should enhance the
proapoptotic function of FOXO3A.
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In contrast, RSV treatment upregulated levels of active
forms of MAP kinases, phospho-ERK1/2 (Thr202/Tyr204),
phospho-p38 (Thr180/Tyr182) and phospho-JNK-1/2 (Thr183/
Tyr185). This was followed by an increase in phospho-cJun
(Ser73) levels, with a maximum phosphorylation observed
for RSV at 25 μM in LU1205 cells. There was also a strong
increase in phospho-ATF2 (Thr71) levels and a modest
increase in phospho-CREB (Ser133) levels after RSV treatment
at 25-100 μM (Fig. 3A). Additionally, upregulation of phospho-
p53 (Ser20) level, and increased expression of its target, p21-
WAF, was also detected after RSV treatment of LU1205 cells
(Fig. 3B) that was well correlated with a general increase of
p53-dependent transcription after RSV treatment (Fig. 3D).
Furthermore, p53-dependent BAX protein level [29] increased
also after RSV treatment. On the other hand, pronounced
downregulation of cyclin D1 level was caused by RSV (Fig. 3B).
Negative regulation of cFLIP promoter activity by RSV was
accompanied by a rapid decrease of cFLIP protein levels due
to protein degradation, which could increase sensitivity to
TRAIL-mediated apoptotic signaling. Downregulation of pro-
cessed forms of cFLIP-L, FLIP-p43, FLIP-p32 and cFLIP-S (p25)
was observed 6 h after treatment in LU1205 cells (Fig. 3B).
Protein levels of anti-apoptotic Bcl-xL and survivin were also
Fig. 2 – Modulation of RSV-induced apoptosis in LOX human me
AP-1/cJun- and STAT-dependent luciferase reporter activities, TR
used were: 2xNF-κB-Luc, Jun2-Luc, 3xLy6A/E-Luc (STAT-depend
control vector with tk-promoter. Luciferase reporter activity was
construct was cotransfected at a ratio of 1/4. A ratio of the specific
empty tk-Luc vector in the mock control culture is indicated. Erro
experiments. (B) Effects of RSV (50 μM) and Bay11–7082 (5 μM) o
determined by EMSA. Positions of DNA-binding complexes and
pharmacological inhibitor of NF-κB (Bay 11–7082, 5 μM), on apopt
Error bars represent mean±S.D. from three independent experim
substantially decreased 16 h after RSV treatment (Fig. 3C).
Since expression of cyclin D1, Bcl-xL and Survivin required
positive transcriptional control of STAT3 [30,31], the observed
changes in these levels were expected. In contrast, levels of
anti-apoptotic protein XIAP did not notably decrease after RSV
treatment in LU1205.

In order to determine a role of elevated activation of the
MAPK pathways (MEK-ERK, MKK6-p38-ATF2, MKK4/7-JNK-
cJun) by RSV treatment in LU1205 cells, we used specific
pharmacological inhibitors: U0126 (10 μM) for MEK-ERK,
SB203580 (10 μM) for p38 and SP600125 (20 μM) for JNK.
Inhibition of RSV-induced MEK-ERK or p38 MAPK activation
substantially accelerated apoptotic response of LU1205 cells,
while inhibition of JNK activity did not cause pronounced
changes in apoptotic levels induced by RSV (Fig. 3E). It ob-
viously demonstrated prosurvival function of ERK1/2 and,
especially, MAPK p38 activation following RSV treatment of
LU1205 melanoma cells. JNK activation by RSV in LU1205 cells
appears to play dual proapoptotic and prosurvival role and
suppression of JNK does not notably change the life-death
balance in RSV-treated LU1205 melanoma cells.

Regulation of the main signaling pathways by RSV human
LU1205 melanoma cells resulted in strong downregulation of
lanoma cells. (A) Effects of RSV (25-100 μM; 6 h) on NF-κB-,
AIL and FLIP promoter activities. The reporter constructs
ent), 1.5 kb TRAILpr-Luc, 1 kb cFLIPpr-Luc and tk-Luc, as the
normalized based on β-gal activity; β-gal expression
luciferase reporter activity to luciferase activity driven by the
r bars represent mean±S.D. from three independent
n basal nuclear NF-κB DNA binding activity in LOX cells
free labeled probe (FP) are indicated. (C, D) Effects of
osis and clonogenic survival of LOX cells after RSV treatment.
ents.



Fig. 3 – Effects of resveratrol (RSV) on cellular proteins controlling cell survival and apoptosis in LU1205 humanmelanoma cells.
(A, B) Effects of RSV on basal nuclear NF-κB and NF-Y activities in SW1 and LU1205 cells determined by EMSA 6 h after
treatment. Positions of DNA-binding complexes are indicated. Free labeled probes are not shown. Western blot analysis was
performed for detection of total and phospho-protein levels of STAT3, AKT, FOXO-3A, ERK1/2, JNK1/2, cJun, p38MAPK, ATF2,
CREB, TRAIL, TRAIL-R2/DR5, cFLIP, P-(Ser20) p53, total p53, p21-WAF, BAX, Bcl-xL and of Cyclin D1 6 h after treatment with
indicated concentrations of RSV. (C) Western blot analysis of Bcl-xL, survivin, XIAP and β-actin levels in LU1205 cells 16 h after
treatment with RSV. (D) Effects of RSV (25–100 μM; 6 h) on AP-1/cJun-, NF-κB-, STAT- and p53-dependent luciferase reporter
activities, TRAIL and FLIP promoter activities. The reporter constructs used were: Jun2-Luc, 2xNF-κB-Luc, 3xLy6A/E-Luc
(STAT-dependent), p53RE-Luc, 1.5 kb TRAILpr-Luc, 1 kb cFLIPpr-Luc and tk-Luc, as the control vector with tk-promoter.
Luciferase reporter activity was normalized based on β-gal activity; β-gal expression construct was cotransfected at a ratio of
1/4. A ratio of the specific luciferase reporter activity to luciferase activity driven by the empty tk-Luc vector in the mock control
culture is indicated. Error bars represent mean±S.D. from three independent experiments. (E) Effects of pharmacological
inhibitors of MEK-ERK (U0126, 10 μM), p38 MAPK (SB203580, 10 μM) and JNK (SP600125, 10 μM) on RSV-induced apoptosis in
LU1205 cells. Error bars represent mean±S.D. from three independent experiments.
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antiapoptotic protein levels that could sensitize these cells to
TRAIL-mediated apoptosis. On the other hand, direct RSV-
dependent induction of cell killing additionally required an
efficient surface expression of endogenous TRAIL. In contrast to
LOX cells, RSV did not notably induce surface expression of
endogenous TRAIL in LU1205 cells, in spite of high levels of
intracellularTRAIL (Fig. 3B), demonstrating apossibledeficiency
in TRAIL protein translocation from the intracellular pools to
cell surface. Consequently, RSV treatment did not initiate pro-
nounced TRAIL-mediated suicide of these melanoma cells.
Cell death in human melanomas induced by either
recombinant TRAIL or combination of TRAIL and RSV

TRAIL-mediated cell death can be induced in TRAIL-R-positive
cancer cells either via stimulation of expression and translo-
cation of endogenous death ligand to cell surface with sub-
sequent paracrine action (as we observed for RSV stimulation
of LOX cells) or by exogenous TRAIL secreted by natural
immunocompetent cells, or finally by pharmacological recom-
binant TRAIL. In all cases, surface levels of death receptors in
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cancer cells are critical factors regulating initiation of death
signaling in cancer cells. Normal human melanocytes and
many human melanomas exhibit TRAIL-Receptor-2/DR5 on
their surface (Fig. 4A). TRAIL-R1/DR4 could also be detected on
cell surface of somehumanmelanomas, however, at relatively
low levels [11,32]. For early radial growth phase (RGP) WM35
melanoma, levels of surface expression of DR5 are quite
similar to melanocytes. In vertical growth phase (VGP)
melanoma WM793, and in some metastatic melanomas
(LU1205, WM9 and LOX), surface expression of DR5 is higher
than in melanocytes (Fig. 4A). In contrast, both FEMX (Fig. 4A)
and HHMSX (data not shown) metastatic melanomas consist
of two cell subpopulations with low (18 MFI) and negligible
levels of DR5 on the cell surface. Finally, metastatic OM431
melanoma cells appear to have lost expression of DR5 on their
surface almost completely (Fig. 4A).

In general, most humanmelanomas are relatively resistant
to apoptosis induced by TRAIL alone. Furthermore, there was
no simple linear correlation between surface levels of DR5 and
Fig. 4 – Surface expression of TRAIL-R2/DR5 and TRAIL-induced
TRAIL-R2/DR5 levels in human melanocytes and melanoma cell l
analysis. MFI (medium fluorescence intensity) and % positive ce
analysis of caspase-8, caspase-3 and PARP cleavage 8 h after apo
(5 μM) and their combinations were used for treatment of LU120
TRAIL-induced up-regulation of NF-κB p65-p50 DNA-binding act
30 min before TRAIL (50 ng/ml). EMSA was performed with nucle
NF-Y-binding labeled probes. Positions of DNA-binding complex
sensitivity to TRAIL in human melanomas. Effects of TRAIL (50 n
apoptosis of human melanocytes, melanomas and the normal hu
Error bars represent mean±S.D. from three independent experim
apoptotic response to recombinant TRAIL (50 ng/ml) for the
melanoma lines tested, including LOX and LU1205 cells
(Figs. 4A, D). Evidently, additional components may be involv-
ed in regulating the death signaling pathway. Indeed, TRAIL in
the presence of an inhibitor of protein synthesis, cyclohex-
imide (CHX, 2 μg/ml), induced caspase-8/caspase-3 activation,
leading to PARP cleavage (Fig. 4B), anddramatically accelerated
TRAIL-mediated apoptotic signaling that in this case was
proportional to death receptor surface expression levels
(Figs. 4A and D). Caspase activation and death signaling was
suppressed by the universal inhibitor of caspases, zVAD-fmk.
Enhancing effects of CHX on TRAIL-induced death signaling
were probably due to translational suppression of short-lived
protein inhibitors of apoptosis, including cFLIP [33,34].

Apart fromprotein synthesis inhibitors, RSVwaspreviously
implicated in sensitization to TRAIL-mediated apoptosis in
different cancer cell lines [16,17,35]. Based on its effects on
signaling pathways and expression of anti-apoptotic proteins
(Fig. 3), RSV dramatically increased sensitivity of DR5-positive
apoptosis in human melanomas. (A) Surface expression of
ines was determined using PE-labeled mAb to DR5 and FACS
lls are indicated; ns — nonspecific staining. (B) Western blot
ptotic stimulation. TRAIL (50 ng/ml), RSV (50 μM), zVAD-fmk
5 human melanoma cells. (C) RSV (50 μM) suppressed
ivity in LOX melanoma cells. RSV was added into the media
ar extracts of control and treated cells using NF-κB- and
es are indicated. (D) Resveratrol (RSV) dramatically increased
g/ml), RSV (50 μM), CHX (2 μg/ml) and their combinations on
man fibroblasts TIG-3 were determined 48 h after treatment.
ents.
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metastatic melanomas, including LU1205 and LOX, to exogen-
ous recombinant TRAIL that was revealed by an enhanced
level of activation of the death signaling cascade after
Fig. 5 – Synergistic interaction of TRAIL and RSV for induction of a
role of cFLIP in resistance to TRAIL. (A) Effects of TRAIL (50 ng/ml)
of LU1205 and LOX humanmelanoma cells. Cells were stained by
percentage of cells with hypodiploid content of DNA in the pre-G
experiments (one of four) are presented. (B) Clonogenic survival
treatment. Error bars represent mean±S.D. from three independ
specific RNAi. Protein levels of cFLIP andβ-actinwere determined
the empty vector (puro) and FLIP-RNAi expression construct. (D)
TAM67-transfected LU1205 cells and cFLIP-RNAi transfected LU12
or their combination. Apoptosis levels were determined as the p
pre-G0/G1 region using flow cytometry. Error bars represent mea
melanoma cellswere transfected by the empty vector or cFLIP exp
were determined in GFP-positive cells 48 h after indicated treatm
combined treatment (Fig. 4B). We observed that the death
signaling pathwaywas highly active after either TRAIL+CHXor
TRAIL+RSV stimulation of the DR5 receptor. As early as 6-8 h
poptosis in humanmetastaticmelanomas LU1205 and LOX. A
, RSV (25 μM and 50 μM) and their combinations on apoptosis
PI 48 h after treatment. Apoptosis levels were determined as
0/G1 region using flow cytometry. Results of typical
assay of LU1205 and LOX cells 12 days after indicated
ent experiments. (C) Suppression of cFLIP expression by
byWestern blot analysis of LU1205 cells stably transfected by
Apoptosis levels 48 h after treatment of control (puro),
05 cells with indicated stimuli: TRAIL (50 ng/ml), RSV (50 μM)
ercentage of cells with hypodiploid content of DNA in the
n±S.D. from three independent experiments. (E, F) LOX
ression construct in the presence of pEF-GFP. Apoptotic levels
ent using PI staining and the flow cytometry.
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after treatment, protein processing of caspase-8, caspase-3
and cleavage of PARP, the classical target of caspase-3, were
easily detectable. RSV (50 μM) by itself demonstrated low to
moderate caspase activation in LU1205 cells (Fig. 4B). Determi-
nation of nuclear NF-κB DNA-binding activity by EMSA
revealed again modest negative effects of RSV on the basal
levels of nuclear NF-κB in LU1205 and LOX melanoma cells,
while a negative effect of RSV on TRAIL-induced nuclear NF-κB
p65-p50 activities was more pronounced (Fig. 4C and data not
shown). Importantly, RSV suppressed initial survival signals
induced by TRAIL via NF-κB activation and shifted the life-
death balance to favor TRAIL-R2-mediated death signaling.

The levels of TRAIL+RSV induced apoptotic death in
human melanomas were determined 48 h after treatment.
Combined treatment of DR5-positive metastatic melanomas,
LU1205 and LOX, with exogenous TRAIL (50 ng/ml) and RSV
(25–50 μM) resulted in an effective induction of apoptosis,
which wasmore pronounced in LOX cells with higher levels of
DR5 surface expression (Fig. 4D). WM9 cells displayed elevated
sensitivity to TRAIL alone and did not require any additional
stimulation. On the other hand, OM431melanoma cells, which
were deficient in surface DR5 expression (Fig. 4A) but
possessed modest DR4 surface levels [11], exhibited TRAIL+
RSV mediated apoptosis at low levels (data not shown). FEMX
and HHMSX metastatic melanoma cells (Fig. 4D) also weakly
responded to combined treatment of TRAIL+RSV. Although
TIG-3 (DR5-positive normal human lung fibroblasts) modestly
responded to TRAIL alone, neither CHX nor RSV increased
TRAIL-induced apoptotic levels in these cells. Melanocytes
also developed only low levels of apoptosis after combined
treatment (Fig. 4D). This remarkable feature of normal human
cells allowed select TRAIL+RSV combination for specific
targeting of TRAIL-R-positive cancer cells.

As we observed in the present study, RSV treatment notably
inducedendogenousTRAIL surface expression in LOX, but not in
LU1205 cells, and consequently initiated moderate TRAIL-
mediated apoptosis in LOX cells (Fig. 1). However, a combination
of exogenous recombinant TRAIL and RSV induced pronounced
apoptosis in both cell lines, which still was notably higher for
LOXcells, probablydue tohigherDR5surfaceexpression in these
cells (Fig. 5A). A clonogenic survival assay also demonstrated
very low survival of LOX cells when compared to LU1205 cells
12 days after combined treatment of TRAIL and RSV (Fig. 5B).

Effects of modulation of cFLIP protein levels on TRAIL-induced
apoptosis

Activation of the JNK-cJun pathway is involved in downreg-
ulation of cFLIP expression [11,13], which has been described
as one of the main negative regulators of the extrinsic apop-
totic pathway. Since inhibition of JNK activity modulates
numerous cell functions besides cFLIP regulation, we used
direct cFLIP suppression by specific RNAi to determine a role of
cFLIP in TRAIL+RSV induced apoptosis. Suppression of cFLIP
by specific RNAi (Fig. 5C) increased the levels of TRAIL-induced
apoptosis, but did not additionally affect TRAIL+RSV induced
apoptosis, suggesting that RSV and FLIP-RNAi affected the
same target (Fig. 5D). In contrast, TAM67, a dominant negative
cJun expression construct, substantially upregulated cFLIP
expression and protein levels [11]. LU1205 melanoma cells
with increased levels of cFLIP after transfecion with TAM67
were also more resistant to TRAIL+RSV induced apoptosis
(Fig. 5D). Mass cultures of both LU1205 and LOX cells trans-
fected with the cFLIP expression construct demonstrated up-
regulation of cFLIP expression and decreased levels of TRAIL+
RSV induced apoptosis (Figs. 6E, F and data not shown). Taken
together, these data further demonstrated a role for cJun-
dependent negative regulation of cFLIP expression, including
RSV-induced downregulation of cFLIP, for the sensitization
and upregulation of TRAIL-induced cell death in human
melanomas.

Increasing DR5 surface expression in metastatic melanoma
cells enhances TRAIL and RSV induced apoptosis

We attempted to further increase DR5 surface expression in
LU1205 cells in order to achieve effective killing of these
metastatic melanoma cells. We have recently described several
approaches to increase surface expression of DR5 in LU1205
human melanoma, including the use of sodium arsenite treat-
ment and γ-irradiation [11,19]. Treatment of LU1205 melanoma
cells by RSV (50 μM) alone had onlyminor effects on surface DR5
levels, while sodium arsenite in combination with RSV demon-
strated some additive effect, compared to sodium arsenite alone
(Fig. 6A). However, a combination of sodium arsenite and NS398
(50 μM), a COX-2 inhibitor, had the most pronounced effects on
up-regulating DR5 surface levels in LU1205 melanoma cells (Fig.
6B). The effect of sodium arsenite+NS398 on DR5 surface
expression was dependent on the upregulation of intracellular
protein levels of both DR5 and dynamin-2, an adaptor protein
critically involved in death receptor translocation from the Golgi
to the cell surface [19,36] (Fig. 6C).

Finally, an initial treatment of LU1205 cells with arsenite+
NS398 or with γ-irradiation (2.5–5 Gy) and subsequent treat-
ment with TRAIL+RSV caused strong upregulation of LU1205
cell death (Fig. 6D). Taken together, these results confirmed a
role of elevated DR5 surface expression to further accelerate
TRAIL+RSV induced apoptosis in LU1205 melanoma cells.

Upregulation of TRAIL-mediated apoptosis in highly resistant
HHMSX metastatic melanoma cells using the extrinsic
receptor-mediated pathway

HHMSXmetastaticmelanomacellswerehighly resistant to the
death-receptor-mediated apoptosis. Mitochondrial phenotype
of these cells was evaluated using immunostaining. In normal
human fibroblasts and melanoma WM9 cells the mitochon-
drial staining consistently displayed a characteristic elongated
morphology was mainly perinuclear (Fig. 7A and data not
shown). In contrast, the mitochondrial staining of HHMSX
melanoma cells differed significantly from cell to cell and had
an inconsistent and variable morphology, indicating probably
an alteration of mitochondrial function in these cells (Fig. 7A).
Intracellular levels of BID-p22 and its cleaved form BID-p15
proteins, which were critically important for the transmission
of caspase-8-mediated signaling to mitochondria, were sub-
stantially decreased in HHMSX cells, further demonstrating a
low efficiency of the mitochondrial pathway (Fig. 7B).

Specific inhibitors of caspases also indicated that HHMSX
melanoma cells have a dysfunctional mitochondrial death



Fig. 6 – Upregulation of TRAIL and RSV induced apoptosis in LU1205 melanoma cells. (A) Combined effects of sodium arsenite
(As, 5 μM) and resveratrol (RSV, 50 μM) on DR5 surface expression in LU1205 cells. RSV was added into cell media 1 h after
sodium arsenite. Cells were stained 6 h after treatment with PE-labeled anti-human DR5 mAb and analyzed by the flow
cytometry; MFI was indicated (B) Combined effects of sodium arsenite (As, 5μM) andNS398 (50μM) on DR5 surface expression.
(C) Western blot analysis of total protein levels of DR5 and dynamin-2 6 h after indicated treatment of LU1205 cells.
(D) Acceleration of TRAIL-mediated apoptosis in LU1205 cells after pretreatment with sodium arsenite (5 μM)+NS398 (50 μM)
for 16 h, or after γ-irradiation (2.5–5 Gy). TRAIL (50 ng/ml), RSV (50 μM) and CHX (2 μg/ml) were added 16 h after an initial
treatment and remained in the media for the next 32 h. Error bars represent mean±S.D. from three independent experiments.
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pathway. Indeed, TRAIL+RSV induced apoptosis in several
human melanomas was suppressed by Ac-DEVD-CHO, a cas-
pase-3 inhibitor, and zVAD-fmk, a universal inhibitor of cas-
pases. Ac-IETD-CHO (5 μM), a caspase-8 inhibitor, and Ac-LEHD-
CHO (5 μM), a caspase-9 inhibitor, provided some protection
against TRAIL-mediated apoptosis in WM9 and LU1205 cells. In
contrast, Ac-LEHD-CHO was not effective in HHMSX cells,
revealing a deficiency in their mitochondrial pathway (Fig. 7C).
Thesedatacorrelatedwellwith the involvementofbothcaspase-
8 and caspase-9 mediated apoptotic pathways in response to
TRAIL inWM9 and LU1205melanoma cell lines. However, it also
indicated that apoptotic death of melanoma cells, such as
HHMSX, with their suppressed mitochondrial pathway, could
be independent of caspase-9 activity.

We attempted to increase the levels of TRAIL-mediated
apoptosis in highly resistant HHMSX melanoma cells via



Fig. 7 – HHMSXmelanoma cells have dysfunctional mitochondrial apoptotic pathway, but undergo TRAIL-mediated apoptosis.
(A) Mitochondrial morphology of melanoma cell lines. WM9 and HHMSX metastatic melanomas were stained with
anti-Pyruvate dehydrogenase (PDH— green) to visualizemitochondria, and propidium iodide (PI— red) to observe the nucleus.
The mitochondrial and nuclear staining of HHMSX cells was aberrant, indicative of a highly transformed cell line. (B) Western
blot analysis of BID (p22 and p15) levels in control and TRAIL+RSV treated melanoma cells. (C) Induction of apoptosis in
melanoma lines 48 h after indicated treatment. TRAIL (50 ng/ml) and RSV (50 μM) were used. Caspase inhibitors: IETD, LEHD,
DEVD and zVAD (20 μM) have been added to themedia 30min before TRAIL+RSV. Cells were stained by PI 48 h after treatment.
Apoptosis levels were determined as the percentage of cells with hypodiploid content of DNA in the pre-G0/G1 region using
flow cytometry. Error bars represent mean±S.D. from three independent experiments. (D) Upregulation of surface DR5 levels in
HHMSX cells followingγ-irradiation (16 h) or sequential treatment with irradiation and RSV (16 h after γ-irradiation for the next
16 h) andwas determined by immunostaining with PE-labeled anti-human DRmAb using the flow cytometry; MFI is indicated.
(E) Acceleration of apoptosis in HHMSX cells with increased levels of DR5. Cell were not treated or γ-irradiated at 5 Gy; 16 h after
irradiation TRAIL (50 ng/ml), RSV (50 μM) or TRAIL+RSV were added and remained in the media for an additional 32 h. Cell
cycle-apoptosis analysis was performed using PI staining DNA and the FACS analysis. Results of a typical experiment are
indicated.
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theextrinsicTRAIL-R2-mediatedpathway. Pretreatmentwithγ-
irradiation significantly upregulated DR5 surface levels in
HHMSX cells (Fig. 7D). The sequential treatment of HHMSX
cells by γ-irradiation, and 16 h after irradiation with TRAIL
(50ng/ml)+RSV (50 μM)causeda substantial increase in levels of
TRAIL-mediated apoptosis (Fig. 7E). Clonogenic survival assay
further demonstrated that combined treatment with TRAIL and
RSV of HHMSX melanoma cells was especially efficient follow-
ing γ-irradiation, while normal human fibroblasts TIG-3 were
affected substantially less under these conditions (data not
shown).

Hence, we observed an efficient TRAIL/DR5/caspase-8/cas-
pase-3-mediated death signaling in the presence of RSV, in
melanomas harboring defects inmitochondrial death pathway,
demonstrating a possibility for the upregulation of apoptotic
signaling in these cancer cells via the extrinsic pathway.
Discussion

Numerous investigations over the last two decades have att-
empted to restore apoptotic signaling pathways in cancer cells.
Understanding the role of NF-κB, STAT3 and AP1 in general
regulation of cell survival, via transcriptional control of genes
withpro-survival andpro-apoptotic functions,wasan important
goal of these investigations [7,37,38]. The discovery of TRAIL and
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detailed analysis of TRAIL-R1/R2-mediated death signaling in
normal and cancer cells led to the theory that TRAIL-R-mediated
pathwaymight be effective for the induction of apoptosis [39,40].
One important advantage of TRAIL, compared to TNFα and FasL,
is its relatively low toxicity in vivo [41]. The safety and efficacy of
soluble TRAIL and anti-TRAIL-R1/R2 agonistic mAbs combined
with chemotherapy are currently undergoing evaluation in
several clinical trials [41]. Unfortunately, sensitivity to TRAIL is
not a universal feature of cancer cells. Most melanomas do not
respond to apoptotic stimulation induced by TRAIL alone and
require cotreatment with an additional sensitizing agent [42].

The internal strategy of genetic and epigenetic regulation
duringprogressionof cancer, basedonDarwinian selection, is to
suppress death signaling at all levels, including down-regu-
lation of transcription of death receptor genes, inhibition of
receptor's modification, suppression of translocation of death
receptors to the cell surface, elevatedmutagenesis in the death
domains, the dramatic STAT3/NF-κB-dependent upregulation
of expressionof apoptotic inhibitors andupregulationof surface
expressionof decoy receptors,DcR1andDcR2 [43–45]. Investiga-
tionofnatural andpharmacological inhibitors of STAT3andNF-
κB represents a significant and novel tactics in the struggle
against cancer. In this respect, correlation of anticancer activity
of RSV and its capacity to suppress the activation of STAT3 and
NF-κB has provided insights into the regulation of apoptosis in
cancer cells [9,34,16,46]. Jang et al. [47] have demonstrated the
abilities of RSV to inhibit carcinogenesis at multiple stages, and
the systemic administration of RSVwas shown to inhibit tumor
progression in different mouse cancer models [14].

The results of the present study highlighted a significance
of RSV-induced p53-p21WAF activation and RSV-induced
downregulation of cyclin D1 levels for RSV-induced cell cycle
arrest in LU1205 (Figs. 1 and 3). However, RSV has many addi-
tional targets within the cell, including general modulators of
transcription Sirtuins (class III histon deacetylases) [48,49],
transcription factors NF-κB and STAT3 [16,17] and many
enzymes of general cell metabolism [46]. RSV treatment of
several melanoma lines induced a relatively modest decrease
in the high basal NF-κB activity and NF-κB-dependent trans-
cription in these cells, while downregulation of STAT3 levels
and STAT3-dependent transcription was more pronounced
(Figs. 2 and 3). The well known control of Bcl-xL, Survivin, TRAIL
and Fas genes by STAT3 certainly demonstrated its integral
role as a regulator of apoptosis in melanomas [9]. An addi-
tional important target of RSV in melanoma cells was the
activation of the JNK-cJun pathway, which was involved in
regulating the expression and turnover of cFLIP [11,13] and the
upregulation of sensitivity to TRAIL. Interestingly, that strong
activation of MAPK p38-ATF2 by RSV in melanoma cells was
involved in the regulation of cell survival that was strongly
decreased after specific inhibition of this pathway (Fig. 3).

The results of our study demonstrated that RSV rarely
initiates notable upregulation of endogenous TRAIL expres-
sion on the cell surface or TRAIL-mediated cell suicide in
human melanomas, as most melanomas tested were rela-
tively resistant to either RSV or recombinant TRAIL alone.
Importantly, the combined treatment with RSV and TRAIL had
a profound synergistic effect on the induction of apoptosis in
certain metastatic melanomas. In addition, pretreatment of
melanoma cells by either γ-irradiation or sodium arsenite
(especially in combination with COX-2 inhibitor) that upregu-
lates DR5 surface levels [19] and subsequent treatment with
TRAIL+RSV has promising therapeutic potential, as evidenced
by the induction of apoptosis in the most resistant melanoma
lines. A role of COX-2 inhibitors in transcriptional upregula-
tion of dynamin-2 expression, which was important for death
receptor translocation, was described previously [50].

We should highlight that an alternative approach, which
used γ-irradiation and RSV treatment was effective only for
killing early stage human melanomas (such as WM35 and
WM793) and had only modest improvement in metastatic
melanomas (such as LOX). In contrast, this approach was very
effective for mouse SW1 metastatic melanoma cells, where
TRAIL was actively translocated to cell surface after RSV treat-
ment (unpublished obsevations). Mechanisms that control
TRAIL translocation from the intracellular pools to the cell
surface [51] are currently unknown and are the subject of con-
tinuing investigation. Monoubiquitination was shown to play
an important role in the protein translocation of Fas Ligand [52].
However, protein modifications of TRAIL linked with its
intracellular trafficking are still incompletely investigated.

Many cancer cells, including melanoma cells, have mito-
chondrial respiration defects and suppressed mitochondrial
function [53]. We observed a similar situation in some
metastatic melanomas investigated in our study. Despite in-
herent mitochondrial deficiencies, we demonstrated in the
present study that the extrinsic DR5-mediated death pathway
could still be upregulated in metastatic melanoma cells, using
pretreatment with γ-irradiation that was followed by com-
bined treatment of TRAIL and RSV. This finding provides a
potentially important rational approach to more efficacious
melanoma treatment.
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