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Arsenic is a well established human carcinogen and is
associated with a variety of cancers including those of
the skin. Paradoxically, arsenic has also been used, amid
at low doses, in the treatment of leukemia for over a
century. Here we demonstrate that low to moderate con-
centrations of arsenite (2–10 �M) that has little or no
effect on normal melanocytes may induce apoptosis of
human melanomas including highly metastatic ones de-
spite their low surface Fas levels. The two prerequisites
that dictate apoptotic response of melanomas upon ar-
senite treatment are low nuclear NF-�B activity and an
endogenous expression of tumor necrosis factor �. Un-
der these conditions, melanoma cells acquired sensitiv-
ity to tumor necrosis factor �-mediated killing. On the
other hand, signaling pathways including those of phos-
phatidylinositol 3-kinase-AKT, MEK-ERK, and JNK play
a protective role against arsenite-induced oxidative
stress and apoptosis in melanoma cells. Suppression of
these pathways dramatically accelerates arsenite-in-
duced apoptosis. Taken together, these data could pro-
vide potential approaches to sensitize melanomas to the
cytotoxic effects of arsenite through modulating the sig-
naling pathways.

Arsenical compounds are environmental toxins with multi-
ple effects in animal and human populations. Chronic low
levels of exposure to arsenite (0.5–5 �M) may result in the
induction of skin, lung, bladder, and kidney cancer (1). Envi-
ronmental arsenic contamination is a serious problem in some
regions of the world. For example, almost 50 million people are
at risk in Bangladesh where both chronic and acute arsenic
poisoning as well as increased cancer incidence have been
reported previously (2). Higher doses of arsenite (�5 �M) pro-
duce highly damaging effects in different tissues because of its
induction of apoptosis and necrosis. Such dose-dependent ef-
fects in a tissue-specific manner have enabled arsenic to be
used for the treatment of certain types of cancer including
acute promyelocytic leukemia and multiple myelomas through
the induction of programmed cell death (3–5). There are two
important biochemical aspects of arsenite-mediated effects in
the cell. (i) Arsenite acts as a sulfhydryl reagent that binds to
the free thiol (�SH) group of enzymes and inhibits their func-

tions (6). (ii) Arsenite induces production of reactive oxygen
species at high levels with subsequent development of oxida-
tive stress, which affects multiple targets in the cell (2, 7, 8).
The most prominent target of enzymatic inhibition by arsenite
is I�B kinase � (IKK�)1 (9–11). This results in the suppression
of NF-�B transcription factor activation followed by the dra-
matic change in the anti-apoptotic functions of the cells (12–
14). Simultaneously, as a consequence of oxidative stress,
stress-induced kinase pathways (MKK6-MAPK p38, MKK4/7-
JNK, and MEK-ERK1/2) up-regulate the AP-1 (Jun-Fos, Jun-
ATF2) transcription factors and induce AP-1-dependent gene
expression (15–18). The third family of the master transcrip-
tion regulators that is also involved in regulation via oxidative
stress is the STAT family (19, 20). Arsenic compounds may
suppress STAT3 activation and dramatically change growth
and survival of multiple myeloma cells (21).

Many therapeutic approaches including �-irradiation and
chemotherapeutic drug treatment have been proposed to reac-
tivate apoptosis in cancer cells. Human malignant melanomas,
an often deadly form of skin cancer due to the lack of effective
treatment options, possess numerous genetic and epigenetic
mechanisms that suppress apoptosis, which allows tumor sur-
vival after treatment (22–24). In this study, we elucidated
pro-apoptotic activities induced by arsenite in human melano-
mas and demonstrated that arsenite-mediated NF-�B inhibi-
tion and simultaneous endogenous expression of death receptor
ligand TNF� (25) sensitize melanoma cells to undergo TNF�-
mediated apoptosis.

EXPERIMENTAL PROCEDURES

Materials—Sodium arsenite was obtained from Sigma. Pharmacolog-
ical inhibitors LY294002, PD98059, SB203580, and U0126 were ob-
tained from Calbiochem, and SP600125 was purchased from Biomol
(Plymouth Meeting, PA). Caspase inhibitors Z-VAD-fmk, Ac-IETD-
CHO (an inhibitor of caspase-8 and caspase-6), and Ac-LEHD-CHO (an
inhibitor of caspase-9) were purchased from Calbiochem. Precast SDS-
polyacrylamide gels were purchased from Bio-Rad (Hercules, CA).

Cell Lines—Human melanoma cell lines WM35, SBcl2, LU1205 (also
known as 1205lu), WM9, WM793 (26–29), and OM431, mouse mela-
noma cell line SW1 (30), and normal human fibroblast TIG-3 were
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maintained in DMEM supplemented with 10% fetal bovine serum,
L-glutamine, and antibiotics. FEMX, HHMSX, and LOX human mela-
noma lines (31) were maintained in RPMI 1640 medium supplemented
with 10% fetal bovine serum and antibiotics. Normal human melano-
cytes were maintained in TICVA medium.

Transfection and Luciferase Assay—The luciferase reporter gene con-
taining three GAF DNA-binding sequence elements from the Ly6E gene
was described previously (32). The NF-�B luciferase reporter contain-
ing two �B binding sites, Jun2-Luc reporter and vector thymidine
kinase-Luc (33), were used for determination of NF-�B and AP-1 trans-
activation. Additional reporter constructs used were as follows: �1.7 kb
of FASpr-Luc (34); �453 kb of FASLpr-Luc (35); �615 TNFpr-Luc; and
its mutated variants (36), �1.6 kb of TRAILpr-Luc (37). Transient
transfection of different reporter constructs (0.5 �g) together with ex-
pression vectors (0.5 �g) and pCMV-�-galactosidase (0.25 �g) into 5 �
105 melanoma cells was performed using Lipofectamine (Invitrogen).
Proteins were prepared for �-galactosidase and luciferase analysis 16 h
after transfection. Luciferase activity was determined using the lucif-
erase assay system (Promega, Madison, WI) and was normalized based
on �-galactosidase levels. Expression vectors encoding IKK�S178E/
S181E (activator of NF-�B pathway) (38) and super-repressor HA-
I�B��N (39) were used as indicated.

Treatment and Apoptosis Studies—Cells were exposed to arsenite
(1–50 �M) in the medium for 6–48 h. Specific inhibitors of PI3K-AKT
LY294002 (50 �M), of MEK-ERK PD98059 (50 �M) or U0126 (5 �M), of
JNK SP600125 (10–20 �M), and of MAPK p38 SB203580 (5–10 �M)
were used with or without 5–10 �M arsenite. Inhibitors were added to
media 30 min before arsenite treatment. Antibodies against TNF� (BD
Biosciences), FasL and TRAIL (Alexis, San Diego, CA), were added (1–5
�g/ml) 1 h before arsenite treatment. Apoptosis was assessed by quan-
tifying the percentage of hypodiploid nuclei undergoing DNA fragmen-
tation (40) or by quantifying the percentage of Annexin V-FITC-positive
cells (BD Biosciences). Flow-cytometric analysis was performed on a
FACSCalibur flow cytometer (BD Biosciences) using the CellQuest
program.

Resistance to Treatment—Cells (400/well) were placed in triplicate on
6-well plates 12 h before treatment. For analysis of clonogenic survival
of melanoma cells after treatment (16 h) with arsenite alone or in the
combinations with the specific inhibitors of signaling pathways, colo-
nies were stained with crystal violet solution 10 days after treatment.
The percentage of colony-forming efficiency (in relation to values of
untreated control cells) was calculated.

Western Blot Analysis—Cell lysates (50–100 �g of protein) were
resolved on 10% SDS-PAGE and processed according to standard pro-
tocols. The antibodies used were polyclonal anti-phospho-c-Jun (Ser73),
anti-c-Jun, anti-phospho-p44/42 MAPK (Thr202/Tyr204), anti-p44/42
MAPK, anti-phospho-AKT (Ser473), anti-AKT, anti-phospho-p38 MAPK
(Thr180/Tyr182), anti-p38 MAPK, anti-poly(ADP-ribose) polymerase
(Cell Signaling, Beverly, MA), and monoclonal anti-�-actin (Sigma)
(optimal dilutions of Abs were 1:1000–1:10,000). The secondary Abs
(anti-rabbit or anti-mouse) were conjugated to horseradish peroxidase
(dilution 1:5000–1:10,000). Signals were detected using the ECL sys-
tem (Amersham Biosciences).

Electrophoretic Mobility Shift Assay (EMSA)—EMSA was performed
for detection of NF-�B and AP-1 binding activity as described previ-
ously (41) using labeled double-strand oligonucleotides 5�-AGCTTGGG-
GACTTTCCAGCCG-3� and 5�-AGCTTGATGAGTCAGCCG-3�, respec-
tively (binding sites are underlined).

RESULTS

Role of NF-�B in Arsenite-induced Apoptosis of Human Mel-
anomas—The first step of our study was to find out how arsen-
ite treatment affects apoptosis of human melanomas. We used
low to moderate doses of arsenite (2–10 �M) that were success-
fully applied for treatment of acute promyelocytic leukemia
and multiple myelomas through induction of programmed cell
death (3–5). It should be noted that high doses of arsenite
(100–200 �M) may induce different signaling pathways (42).
Cell cycle-apoptosis studies as well as routine morphological
examinations revealed that melanocytes and early-phase (ra-
dial growth) melanomas WM35 and sBcl2 were resistant to
arsenite (5–10 �M)-induced apoptosis (Fig. 1A). We used sev-
eral additional lines of human melanomas at different phases
of cancer development to further elucidate the effects of arsen-
ite on induction of apoptosis. Melanoma cell lines responded

differently to arsenite (10 �M) treatment. WM793 and FEMX
cells developed apoptosis after 24 h of exposure, whereas other
lines were relatively resistant to treatment (Fig. 1A).

A correlation was observed between the relatively low basal
levels of NF-�B (p65-p50) DNA binding/trans-acting activities
in WM793 and FEMX cells (Fig. 1, C and D) and the strong
apoptotic response following arsenite treatment (Fig. 1A).
Transcription factor NF-�B controls expression of many genes
with survival and anti-apoptotic functions (43). Moderate to
high basal levels of nuclear NF-�B DNA binding activity were
found in several melanomas (Fig. 1, B and C). Pretreatment of
DNA-binding reactions with specific antibodies to the NF-�B
subunits allowed the identification of two major bands, the
classical p65-p50 and p50-p50 NF-�B complexes (Fig. 1B). The
other NF-�B combinations were present in the nuclear frac-
tions at substantially lower levels. Furthermore, arsenite treat-
ment for 6 h additionally caused a substantial decrease in the
nuclear NF-�B DNA binding activity determined by EMSA for
WM9, LU1205, FEMX, and WM793 cells (Fig. 1, B and C) and
the corresponding decrease in trans-activation of the NF-�B-
dependent promoter activities (Fig. 1D). In contrast, all of the
melanoma cell lines examined have moderate to high basal
levels of the AP-1-dependent activity (Jun2-Luc), which could
be additionally increased after arsenite treatment (Fig. 1E).

To determine whether NF-�B (p65-p50) activation restores
cell resistance to arsenite treatment, we used immortalized
normal human TIG-3 fibroblasts with high efficiency of trans-
fection and WM793 melanoma cells. Both cell lines have low
basal NF-�B (p65-p50) activity. Transfection of permanently
active IKK�S178E/S181E (canonical activator of the NF-�B
pathway) (38) in TIG-3 cells results in strong activation of
NF-�B (p65-p50) (Fig. 2, A and C). In contrast, transfection and
expression of super-repressor I�B��N (Fig. 2B) (39) caused
suppression of basal NF-�B activity (Fig. 2C). TIG-3 cells trans-
fected with NF-�B activator, IKK�S178E/S181E, possess in-
creased resistance to arsenite treatment compared with the
control cells (Fig. 2D), whereas NF-�B inhibitor, I�B��N, up-
regulated arsenite-induced apoptosis in TIG-3 cells (Fig. 2D).
Similarly, levels of arsenite-induced apoptosis were down-reg-
ulated in WM793 melanoma cells following transfection of per-
manently active IKK�S178E/S181E (Fig. 2, E, G, and F),
whereas I�B��N up-regulated arsenite-induced apoptosis in
these cells (Fig. 2, F–H). LU1205 metastatic melanoma with
high basal levels of NF-�B activity was relatively resistant to
arsenite-induced apoptosis at low or moderate concentrations
of arsenite (Figs. 1A and 2F). Additionally, LU1205/I�B��N
cells, which were stably transfected with super-repressor
I�B��N (39) and demonstrated permanent down-regulation of
nuclear NF-�B activity and sensitivity to TNF-mediated killing
(44), were used. These cells possess a remarkably increased
apoptotic response 24 h after arsenite treatment from 1 to 33%
of apoptotic cells (data not shown) because of an acquired
sensitivity to TNF-mediated killing. Hence, as a result of the
suppression of basal NF-�B activity, both fibroblasts and mel-
anoma cells can acquire increased sensitivity to arsenite-in-
duced apoptosis, whereas reactivation of NF-�B may reduce
levels of arsenite-induced apoptosis.

Arsenite Induces TNF�-mediated Apoptosis in WM793 Early
Melanoma Cells—Early melanoma WM793 cells demonstrated
notable induction of Jun2-Luc, TNF�-, and TRAIL-promoter
activities (but not FasL-promoter activity), which are parallel
to the inhibition of NF-�B-dependent DNA binding and pro-
moter activity (Fig. 3A) following arsenite (5 �M) treatment.
Up-regulation of endogenous TNF� expression and suppres-
sion of NF-�B activity by arsenite created a canonical case for
induction of TNF�-mediated apoptosis (12, 45). Indeed, these
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cells possess dose-dependent sensitivity to arsenite 24 and 48 h
after treatment by developing apoptosis (Fig. 3B). Introduction
of anti-TNF�-inhibitory Ab (5 �g/ml) but not anti-FasL or
anti-TRAIL Abs into cell cultures partially suppressed arsen-

ite-induced apoptosis in WM793 cells (Fig. 3C). Advanced apo-
ptosis of WM793 cells (determined by counting cells with hyp-
odiploid nuclear DNA levels) was also blocked by Z-VAD-fmk
(Fig. 3C) that illustrated an involvement of caspases, typical

FIG. 1. Differential response of human melanomas to arsenite treatment: a correlation with NF-�B activity. A, apoptotic response of
melanocytes (Melano) and indicated melanoma cell lines after 10 �M arsenite treatment. Cell cycle-apoptosis analysis was performed with PI
staining and FACS analysis of cells 24 h after arsenite treatment. Results of four independent experiments are presented. B, NF-�B binding
activity of nuclear fraction of WM9 melanoma cells. DNA-binding reactions were pretreated with 0.5 �l of indicated antisera to different NF-�B
subunits. Basal and arsenite-affected levels (lane 2) (10 �M arsenite, 12 h) of nuclear NF-�B DNA binding activity were determined by EMSA. Two
main NF-�B complexes, the upper band p65-p50 and the lower band p50-p50, are indicated. FP, free labeled oligonucleotide probe. C, basal and
arsenite-affected levels of nuclear NF-�B DNA binding activity were determined by EMSA in indicated melanoma lines 6 h after treatment with
5 or 10 �M arsenite. Two main NF-�B complexes, the upper band p65-p50 and the lower band p50-p50, are indicated. D and E, melanoma cells were
transiently transfected with NF-�B-Luc or Jun2-Luc (0.5 �g) reporter in the presence of �-galactosidase (0.25 �g). 16 h after transfection, cells were
not treated or treated with 2 and 10 �M arsenite for 6 h. Normalized Luc activity is indicated. Error bars represent mean � S.D. from four
independent experiments.
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features of this process. Both Ac-IETD-CHO (an inhibitor of
caspase-8 and caspase-6) and Ac-LEHD-CHO (an inhibitor of
caspase-9) partially suppressed arsenite-induced apoptosis, in-
dicating that both death receptor/caspase-8-mediated apoptotic

cascade and mitochondrial caspase-9-dependent pathway oper-
ate during arsenite-induced apoptosis in WM793 melanoma
cells (Fig. 3C). The combination of two caspase inhibitors had
the same negative effect on apoptosis as Ac-IETD-CHO alone,

FIG. 2. Effect of modulation of nuclear NF-�B activities on arsenite-induced apoptosis. A, nuclear NF-�B DNA binding activities of
human TIG-3 cells transfected with the empty vector or IKK� expression construct. FP, free oligonucleotide probe. B, Western blot analysis of
HA-I�B��N levels after transfection and expression in TIG-3 cells. Anti-HA Ab was used. C, TIG-3 cells were transiently transfected with
NF-�B-Luc reporter construct (0.5 �g) and indicated expression vector (0.5 �g) in the presence of 0.25 �g of pCMV-�-galactosidase. 18 h after
transfection, cells were treated with 5 �M arsenite for 6 h. The normalized ratio of luciferase activity to �-galactosidase is shown. D, levels of
apoptosis in transfected TIG-3 cells following arsenite treatment were detected with PI staining and FACS analysis. E, nuclear NF-�B DNA
binding activities of WM793 melanoma cells transfected with the empty vector or IKK� expression construct. F, Western blot analysis of
HA-I�B��N levels after transfection and expression in WM793 cells. Anti-HA Ab was used. G, WM793 cells were transiently transfected with
NF-�B-Luc reporter construct (0.5 �g) and indicated expression vector (0.5 �g) in the presence of 0.25 �g of pCMV-�-galactosidase. 18 h after
transfection, cells were treated with 5 �M arsenite for 6 h. The normalized ratio of luciferase activity to �-galactosidase is shown. H, levels of
apoptosis in transfected WM793 cells following arsenite treatment were detected with PI staining and FACS analysis. Error bars represent
mean � S.D. from four independent experiments.
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indicating that caspase-8 and caspase-9 function in parallel.
Beside NF-�B pathway, two other cell signaling pathways,

Ras-Raf-MEK-ERK and PI3K-AKT, play critical roles in the
general regulation of cell survival. Furthermore, MKK3/6-
MAPK p38-ATF2 and MKK4/7-JNK-c-Jun signaling pathways
may perform either pro-apoptotic or anti-apoptotic functions
depending of cell type, nature, and intensity of signaling (12,
46). A characteristic feature of arsenite treatment (5 �M) is
up-regulation of ERK1/2 activities in WM793 cells, which was
suppressed by MEK inhibitor PD98059 (50 �M) (Fig. 4A). By
contrast, no arsenite-induced AKT activation was observed in
WM793 cells. Co-treatment of WM793 cells with arsenite and
an inhibitor of PI3K-AKT, LY294002 (50 �M), additionally de-
creased low basal phospho-AKT levels (Fig. 4A). Total MAPK
p38 and phospho-p38 levels were up-regulated after arsenite
treatment (Fig. 4A). The 5–10 �M SB203580 (p38-ATF2 inhib-
itor) did not affect p38 phosphorylation but suppressed ATF2

phosphorylation/activation and Jun2-Luc reporter activity
(data not shown). Well known activation of MKK7-JNK by
arsenite treatment (15, 18) was observed in WM793 cells mon-
itoring phosphorylation of c-Jun, the main target of JNK.
An inhibitor of JNK, SP600125, partially suppressed c-Jun
phosphorylation (Fig. 4A).

We evaluated the early apoptotic commitment of WM793
cells using Annexin V-FITC staining and FACS analysis (Fig.
4B). Notable levels of early apoptosis were detected after 6 h of
5 �M arsenite treatment. The percentage of late apoptotic cells
(FITC� PI�) increased after 12 h of treatment. In the presence
of LY294002 or PD98059, development of apoptosis and sec-
ondary necrosis was also accelerated. Effects of SP600125 (not
shown) and SB203580 on the early stages of arsenite-induced
apoptosis were not well pronounced. By contrast, Z-VAD-fmk, a
universal caspase inhibitor, effectively suppressed the progress
of apoptosis (Fig. 4B). Finally, 24 h after treatment, we ob-

FIG. 3. Arsenite treatment induces
TNF�-mediated apoptosis in WM793
human melanoma. A, WM793 cells
were transiently transfected with indi-
cated Luc reporter constructs (0.5 �g) in
the presence of 0.25 �g of pCMV-�-galac-
tosidase. 18 h after transfection, cells
were treated with 5 or 10 �M arsenite for
6 h. The normalized ratio of luciferase
activity to �-galactosidase is shown. B,
dose-dependent induction of apoptosis in
WM793 cells by arsenite. Apoptosis anal-
ysis was performed with PI staining and
FACS analysis of cells 24 and 48 h after
treatment. C, apoptotic analysis of
WM793 cells, which were treated with 5
�M arsenite in the presence of nonspecific
IgG, inhibitory anti-TNF�, anti-FasL, or
anti-TRAIL Abs (5 �g/ml). FACS analysis
was performed with cells stained with PI.
A percentage of apoptotic cells 24 h after
treatment is indicated. Effects of caspase
inhibitors on arsenite-induced apoptosis
are as follows: arsenite (5 �M); arsenite
(10 �M); Z-VAD-fmk (50 �M); Ac-IETD-
CHO (50 �M); and Ac-LEHD-CHO (50 �M).
As, arsenite. Error bars represent mean �
S.D. from four independent experiments.
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FIG. 4. Inhibition of the main survival pathways up-regulates arsenite-induced apoptosis in WM793 melanoma cells. A, Western blot
analysis of phospho-ERK, phospho-AKT, phospho-p38, and phospho-c-Jun levels following arsenite (5 �M) treatment. B, effects of LY294002 (50
�M) (LY), PD98059 (50 �M) (PD), and SB203580 (10 �M) (SB) on arsenite (5 �M)-induced apoptosis of WM793 cells. Levels of apoptosis were
determined by Annexin V-FITC � PI staining and FACS analysis 12 h after treatment. Z-VAD-fmk (50 �M) was used for suppression of apoptosis.
C, effects of LY294002 (50 �M), PD98059 (50 �M), U0126 (5 �M), SB203580 (10 �M), and SP600125 (20 �M) (SP) on arsenite (5 �M)-induced apoptosis
of WM793 cells. Levels of apoptosis were determined with PI staining and FACS analysis of cells 24 h after treatment. Results are based on four
independent experiments. As, arsenite.
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served dramatic accelerating effects of LY294002 or PD98059
on arsenite-induced apoptosis in WM793 cells, whereas
SP600125 (inhibitor of JNK) and SB203580 (inhibitor of MAPK
p38) were less effective (Fig. 4C). U0126 (5 �M), an additional
MEK1/2 inhibitor, was also very effective in the up-regulation
of arsenite-induced apoptosis (Fig. 4C). These data convinc-
ingly demonstrated a protective role of the basal PI3K-AKT
and inducible MEK-ERK activities against the development of
arsenite-induced TNF�-mediated apoptosis of early melanoma
WM793.

Arsenite Induces TNF�-mediated Apoptosis in FEMX Meta-
static Melanoma Cells—The common features of metastatic
FEMX cells and early melanoma WM793 cells are low basal
NF-�B activity (see Fig. 1C) and endogenous expression of
TNF� (44, 47). Arsenite (5 �M) treatment up-regulated AP-1
DNA binding activity, AP-1-dependent (Jun2-Luc) reporter ac-
tivity, and c-Jun phosphorylation, which was suppressed by 10
�M SP600125 (JNK inhibitor) (Fig. 5, A, B, and D). Up-regula-
tion of TNFpr-Luc activity in FEMX cells after arsenite treat-
ment could be suppressed by 5–10 �M SB203580 (Fig. 5D) via
inhibition of MAPK p38-ATF2, a critical regulator of TNF�

expression (48). The effect of 10–20 �M SP600125 on the TNF�

promoter activity was less pronounced (Fig. 5A). Up-regulation
of TNF� expression took place in the context of substantial
down-regulation of NF-�B activities by arsenite (see Fig. 1, C
and D) that accelerated arsenite-induced apoptosis of FEMX
cells. Furthermore, arsenite treatment (3 h) substantially up-
regulated ERK activity, slightly increased AKT activity, and
had modest positive effects on phospho-p38 levels in FEMX
cells (Fig. 5C). Despite arsenite-induced activation of survival
pathways, metastatic FEMX cells developed a rapid apoptotic
response to arsenite, which was detected with Annexin V-FITC
plus PI staining (Fig. 5E) or with cell cycle-apoptosis analysis
(Fig. 6A).

However, the number of apoptotic and secondary necrotic
FEMX cells was substantially increased by the combined treat-
ment of arsenite with LY294002 or with PD98059/U0126,
which indicates some protective role of PI3K-AKT and MEK-
ERK in arsenite-induced cell death (Figs. 5E and 6A). Com-
bined treatment of FEMX cells with arsenite and SP600125
also caused a moderate acceleration of apoptosis, whereas
SB203850 slightly suppressed apoptosis (Fig. 6A), probably via
suppression of TNF� expression (Fig. 5D). A difference be-
tween FEMX and WM793 cells was linked with distinct effects
of suppression of MAPK p38 on arsenite-induced apoptosis of
these cells: modest positive effects for WM793 cells (see Fig.
4C) and slight negative effects for FEMX cells (Fig. 6A). Inhib-
itory anti-TNF� monoclonal Ab partially suppressed arsenite-
induced as well as (arsenite � PD98059 or arsenite � U0126)-
induced apoptosis of FEMX cells (Fig. 6B), demonstrating a
role of TNF�-mediated signaling in arsenite-induced apoptosis
of human metastatic melanoma cells. Arsenite, either alone or
in the combination with PD98059 (Fig. 6C) or with LY294002
(not shown), induced cleavage of poly(ADP-ribose) polymerase,
a characteristic feature of caspase-3-mediated apoptosis. A uni-
versal inhibitor of caspases Z-VAD-fmk suppressed arsenite-
induced apoptosis in FEMX cells. Both Ac-IETD-CHO (an in-
hibitor of caspase-8) and Ac-LEHD-CHO (an inhibitor of
caspase-9) partially suppressed apoptosis in FEMX cells, indi-
cating the role of caspase-8 and caspase-9 in the mediation of
arsenite-induced apoptosis (Fig. 6D) as was observed in
WM793 early melanoma cells (Fig. 3C). Interestingly, the com-
bination of both caspase inhibitors was more effective for sup-
pression of arsenite-induced apoptosis of FEMX cells than each
individual inhibitor. The results obtained demonstrated that
arsenite may be a very effective pro-apoptotic agent for some

aggressive melanomas, especially when additional inhibition of
survival pathways is performed.

Modulation of Survival Pathways in LU1205 Cells—Meta-
static melanoma LU1205, which is resistant against arsenite-
induced apoptosis, was previously generated from the arsenite-
sensitive vertical growth phase melanoma, WM793 (29). There
are several important differences between these melanoma
lines including basal levels of NF-�B activity that are up-
regulated in LU1205 cells (see Fig. 1, C and D) and are involved
in the protection against arsenite-induced killing. LU1205 cells
are also characterized by modest levels of basal ERK activity
because of the presence of braf-activating mutation T1796A
(47, 49). LU1205 cells have high basal levels of nuclear AP-1
(Fig. 7A). As expected, 10–20 �M SP600125 (JNK inhibitor)
partially suppressed basal and arsenite-induced levels of AP-1
activity and c-Jun phosphorylation (Fig. 7, A and B). Treatment
with 10–20 �M SP600125 alone induced dramatic changes in
the cell cycle (G2/M arrest) of LU1205 cells (data not shown).
When SP600125 was combined with arsenite, they started to
increase apoptotic levels 18–48 h after treatment (Fig. 7D).

Arsenite treatment did not up-regulate MAPK p38 activity,
which was already present at high basal levels in LU1205 cells
(Fig. 7C), and SB203580 (p38-ATF2 inhibitor) did not affect
arsenite-induced apoptosis (Fig. 7D). In contrast, arsenite no-
tably activated AKT and ERK1/2 in LU1205 cells (Fig. 7C).
However, LY2940029 (inhibitor of PI3K-AKT) or PD98059
(MEK inhibitor) separately were not effective for the rapid
up-regulation of arsenite-induced apoptosis in LU1205 cells.
The simultaneous suppression of two survival pathways, PI3K-
AKT and MEK-ERK, by the combination of 50 �M LY294002
and 50 �M PD98059 induced TRAIL-dependent apoptosis in
LU1205 cells 48 h after treatment (47). Arsenite co-treatment
substantially accelerated LY294002�PD98059-induced apo-
ptosis that was easily detectable by cell cycle-apoptosis analy-
sis 18–48 h after treatment (Fig. 7D). U0126 (5 �M), an addi-
tional MEK1/2 inhibitor, was also very effective in blocking
arsenite-induced ERK activation (Fig. 7C) and, in the combi-
nation with LY294002, in up-regulation of arsenite-induced
apoptosis (Fig. 7D). We also assessed clonogenic survival of
LU1205 cells following treatment with indicated inhibitors
with or without arsenite. As expected, LY294002�PD98059 or
LY294002�U0126 combined with arsenite substantially de-
creased cell survival (Fig. 7E). These data demonstrated that
combinations of specific inhibitors of the cell signaling path-
ways with arsenite may dramatically increase susceptibility of
resistant metastatic melanoma cells to apoptosis. The obvious
difference between early phase WM793 and metastatic LU1205
cells in the induction of PI3K-AKT pathway appears to be
connected with the activity of PTEN, an endogenous inhibitor
of this pathway (50). PTEN expression is impaired in LU1205,
allowing the complete induction of the PI3K-AKT pathway in
these metastatic cells (47).

Suppression of Survival Pathways and Up-regulation of Ar-
senite-induced Apoptosis in Resistant Melanomas—We used
the specific inhibitors of survival pathways to overcome a re-
sistance or accelerate arsenite-induced apoptosis in several
additional resistant melanomas. Arsenite treatment in combi-
nation with either 50 �M LY294002 or 50 �M PD98059 dramat-
ically increased the apoptotic response of WM35 cells (Fig. 8A).
Such treatment, however, had relatively mild effects on mela-
nocytes (data not shown). MEK1/2 inhibitor, U0126 (5 �M),
affected WM35 cells similar to PD98059 (data not shown).
10–20 �M SP600125 (inhibitor of JNK) was equally effective for
a modest up-regulation of arsenite-induced apoptosis in both
melanocytes and WM35 cells (data not shown). Together, these
data indicate a protective role of PI3K-AKT and MEK-ERK
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FIG. 5. Anti-apoptotic role of PI3K-AKT and MEK-ERK pathways in FEMX melanoma cells. A, arsenite treatment up-regulates nuclear
AP-1 DNA binding activity, which was determined by EMSA, in LU1205 and FEMX cells. FP, free labeled oligonucleotide probe. Cells were
non-treated or treated 3 h with 10 �M arsenite in the presence of SP600125 (20 �M) (SP) or PD98059 (50 �M) (PD). Cont, control. B, Western blot
analysis of phospho-c-Jun and control c-Jun levels following treatment of LU1205 and FEMX cells with 10 �M arsenite alone or together with
SP600125 for 3 h. C, Western blot analysis of phospho-AKT, phospho-ERK, and phospho-p38 levels following arsenite (10 �M) treatment alone or
in the presence of indicated inhibitors. D, Jun2-Luc and TNFpr-Luc activity in transiently transfected FEMX cells following treatment with 10 �M

arsenite alone or in the presence of PD98002 (50 �M), SB203580 (10 �M) (SB), or SP600125 (10 �M). E, effects of LY294002 (LY) and PD98059 (50
�M) on arsenite (10 �M)-induced apoptosis of FEMX cells. A caspase inhibitor Z-VAD-fmk (50 �M) was used as indicated. Apoptosis analysis was
performed by Annexin V-FITC � PI staining and FACS analysis. Results of a typical experiment are presented. As, arsenite.
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and, to some extent, a protective of JNK pathways against
arsenite-induced programmed death of WM35 melanoma cells.
We used two metastatic melanomas (WM9 and HHMSX) that
were highly resistant to arsenite (10 �M) treatment (Fig. 8A).
These melanoma lines have moderate to high basal NF-�B
activity (see Fig. 1B for WM9 cells) and active AKT (51). WM9
cells required suppression of at least one of the survival path-
ways (by LY294002 or by PD98059) to induce apoptosis follow-
ing 10 �M arsenite treatment (Fig. 8A) as was previously ob-
served for WM35 cells. HHMSX melanoma cells could be
sensitized to 10 �M arsenite-induced apoptosis only after the
simultaneous blocking of two survival pathways by LY294002 �
PD98059 treatment (Fig. 8A) that was similar to LU1205 cells.

SW1 mouse metastatic melanoma, on the other hand, was
sensitive to arsenite treatment. We previously established the
control cell line, SW1-puro, stably transfected with an empty
vector pBabe-puro and SW1-AKTmyr cells stably transfected
with a vector encoding permanently active AKTmyr (51). The
SW1-AKTmyr cells had increased levels of both total AKT and
phospho-AKT (Fig. 8B). Apoptosis analysis revealed a dramatic
decrease of arsenite-induced apoptosis in these cells (Fig. 8C)
as well as an increased resistance of these cells to several types

of apoptotic stimulation (data not shown). We also used previ-
ously established FEMX-AKTmyr cells for these studies (51).
Despite high levels of AKT activity, these cells demonstrated
only a partial suppression of arsenite-induced apoptosis (Fig.
8C), probably because of low levels of NF-�B activity. Taken
together, the data obtained on the induction of apoptosis by
arsenite treatment of melanomas demonstrate the importance
of the low basal NF-�B activity and an additional suppression
of PI3K-AKT and MEK-ERK survival pathways for the devel-
opment of apoptosis in human melanomas.

DISCUSSION

Melanoma is the most aggressive form of skin cancer and is
often resistant to most forms of treatment (23). Metastatic
melanomas possess multiple genetic and epigenetic control
mechanisms to block the apoptotic potential of chemotherapeu-
tic drug treatment or �-irradiation. An interesting example of
such regulations is the silencing of the Fas death receptor
expression in malignant melanomas (52–54). There is a pro-
found necessity to develop alternative approaches in the treat-
ment of this often fatal disease including effective induction/
acceleration of programmed cell death despite suppression of

FIG. 6. Arsenite treatment induces TNF�-mediated apoptosis in FEMX human metastatic melanoma. A, effects of LY294002 (50 �M)
(LY), PD98059 (50 �M) (PD), U0126 (5 �M), and SP600125 (20 �M) (SP) on 10 �M arsenite-induced apoptosis in FEMX cells. FACS analysis was
performed with PI-stained melanoma cells. A percentage of apoptotic cells 24 h after treatment is indicated. Cont, control. B, apoptosis analysis
of FEMX cells treated with 5 �M arsenite, arsenite together with PD98059 (50 �M), and arsenite together with U0126 (5 �M) in the presence of
nonspecific IgG or inhibitory anti-TNF� monoclonal Ab (5 �g/ml). FACS analysis was performed with PI-stained melanoma cells. A percentage of
apoptotic cells 24 h after treatment is indicated. C, Western blot analysis of the poly(ADP-ribose) polymerase (PARP) cleavage during arsenite-
induced apoptosis 12 or 16 h after treatment. Cells were treated with 10 �M arsenite or arsenite together with PD98059 (50 �M). D, effects of
caspase inhibitors Z-VAD-FMK (50 �M), Ac-IETD-CHO (50 �M), and Ac-LEHD (50 �M) on arsenite-induced apoptosis. FACS analysis was
performed with PI-stained melanoma cells. A percentage of apoptotic cells 24 h after treatment is indicated. Error bars represent mean � S.D. from
four independent experiment. As, arsenite.
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Fas-mediating death signaling. In this regard, arsenic com-
pounds have been successfully used as inducers of stress and
apoptosis for treatment of several forms of leukemia and some
solid tumors (4). It seems that IKK-NF-�B suppression is one of
the main targets of arsenite treatment (9, 10, 14).

Metastatic melanomas produce many cytokines and growth
factors (including TNF�, transforming growth factor-�, and
TRAIL) to support their autonomous growth and to suppress
the immune system (55). The unique features of low dose ar-
senite treatment, the down-regulation of NF-�B activity, and
activation of Jun/ATF2-TNF� expression, thereby inducing
TNF�-mediated apoptosis in some metastatic melanomas,
have been demonstrated in this study. Stress-induced expres-
sion of TNF� was previously observed in mice treated with
arsenite (56). TNF� serves as “non-professional” death ligand,
which can induce death pathways in the specific conditions of
very low NF-�B activity (57). Arsenite treatment of melanomas
(as was observed in this study) can create such permissive
conditions. Besides the NF-�B pathway, two other signaling
pathways, Ras-Raf-MEK-ERK and PI3K-AKT, are critically
involved in the regulation of cell survival. On the other hand,
MKK6-MAPK p38-ATF2 and MKK7-JNK-c-Jun signaling
pathways may play either a pro-apoptotic or an anti-apoptotic
role depending of cell type, nature, and intensity of signaling
(12, 46). In this study, we demonstrated that simultaneous
treatment of resistant melanomas by arsenite and specific in-

hibitor(s) of survival signaling pathways resulted in the dra-
matic increase of the apoptotic response, providing a rationale
for the future therapy.

Moderate and high dose arsenite treatments target mito-
chondria and also could be used for induction of cancer cell
death (58, 59), although in this case damaging effects have
been also detected in normal cells.2 Many melanomas are
known to produce TRAIL (60) and do not respond to exog-
enously applied TRAIL, thereby abrogating the hope of the
possibility of exploiting the apoptotic effects of TRAIL for this
type of cancer. However, a parallel suppression of the expres-
sion of anti-apoptotic proteins like cFLIP by cycloheximide or
by the specific RNA interference may dramatically improve
this situation (61, 62). We previously observed the development
of TRAIL-mediated apoptosis in LU1205 melanoma cells fol-
lowing suppression of both PI3K-AKT and MEK-ERKs by a
mixture of LY294002 and PD98059 inhibitors (47). Further
treatment of melanoma cells with arsenite, which suppresses
NF-�B activity and NF-�B-dependent gene transcription in-
cluding the FLIP gene (63, 64), accelerated the induction of
apoptosis.

In contrast to its negative effects on NF-�B, arsenite treat-
ment up-regulates MAPKs and AP-1 activity (18). One of the

2 V. N. Ivanov and T. K. Hei, unpublished observations.

FIG. 7. The inhibitors of cell signaling pathways alter a susceptibility to arsenite-induced apoptosis in LU1205 melanoma cells. A,
arsenite treatment up-regulates nuclear AP-1 DNA binding activity, which was determined by EMSA, in LU1205 cells. FP, free labeled
oligonucleotide probe. Cells were non-treated or treated for 3 h with 10 �M arsenite in the presence of SP600125 (20 �M) or PD98059 (50 �M). B,
Western blot analysis of phospho-c-Jun and control c-Jun levels following treatment of LU1205 and FEMX cells with 10 �M arsenite alone or
together with SP600125 for 3 h. C, Western blot analysis of phospho-p38, phospho-AKT, and phospho-ERK1/2 levels following arsenite treatment
alone or in the presence of indicated inhibitors. D, effects of LY294002 (50 �M) (LY), PD98059 (50 �M) (PD), SP600125 (20 �M) (SP), and U0126
(5 �M) treatment on LU1205 cell cycle and apoptosis induced by 10 �M arsenite 18 and 48 h after treatment. Cell cycle-apoptosis analysis was
performed with PI-stained melanoma cells by FACS. E, colony-forming efficiency of LU1205 cells, which had been treated with indicated inhibitors
alone or in the presence of 10 �M arsenite for 16 h, was analyzed 10 days later. As, arsenite.
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important consequences of an increase in AP-1/ATF2-depend-
ent transcription is the induction of heme oxygenase-1 (HO-1).
HO-1 is a universal hallmark of oxidative stress and a protein
with strong anti-apoptotic potential that partially neutralizes
pro-apoptotic functions of arsenite (65–69). Regulation of HO-1
expression is very complex and based on activities of several
transcription factors in addition to the AP-1 proteins. In gen-
eral, there are two sides of AP-1-dependent gene expression: (i)
anti-apoptotic and positive regulation of cell proliferation (46)
and (ii) pro-apoptotic regulation through the control of expres-
sion of proteins involved in the generation of death signaling
like FasL, TNF�, or DR5 (36, 70, 71). A delicate balance that
emerges after arsenite treatment is an increase in the anti-
apoptotic, rather than pro-apoptotic AP-1-dependent gene ex-
pression that results in a significant increase of arsenite-in-
duced apoptosis of c-jun�/� fibroblasts.2 Furthermore, a
dramatic inhibition of HO-1 expression in melanomas by
LY294002 connects the PI3K-AKT survival pathway with
HO-1 induction.2 The PI3K-AKT signaling pathway regulates
many normal cell functions, such as proliferation, survival, and
growth. Hyperactivation of this pathway has been observed in
a wide range of tumors (72) including melanomas (27, 47). The
role of the PI3K-AKT pathway in carcinogenesis has been
intensively investigated with special attention to the silencing
of PTEN, an internal inhibitor of PI3K signaling (73). It should
be mentioned that both PI3K-AKT (74) and MEK-ERK (75)
pathways may be linked with the activation of the NF-�B
pathway, although the precise input of these collateral path-
ways in the regulation of NF-�B activation in melanomas
should be re-evaluated. The new interesting connection is the
negative control of PTEN expression by NF-�B that allows the
full activation of AKT in cells with high NF-�B activity (76).
Cancer progression appears to have at least two possible mech-

anisms of suppression of PTEN functions, mutations or silenc-
ing via the negative control by NF-�B.

The other critical targets of survival signaling pathways are
proteins of the STAT family of transcription factors (20). Sup-
pression of STAT3 activation by arsenite may change numer-
ous functions in cells including inhibition of the IL-6 gene
expression (4) that induces cell cycle arrest and subsequent cell
death. IL-6 suppression induced by arsenite in melanomas was
not the primary subject of this study; however, its successful
application for multiple myeloma treatment (21) provides a
strong impetus for a similar approach in the sensitization of
some IL-6-dependent melanomas. As an alternative approach,
which operates through an IL-6-independent mechanism, the
combined treatment of resistant myelomas has been recently
described (77, 78). The checkpoint abrogator UCN-01 was very
effective in combination with MEK1/2 inhibitors (77) or with
the inhibitors of the NF-�B pathway (78) for induction of apo-
ptosis. This approach is similar to our strategy for up-regula-
tion of melanoma apoptosis by the simultaneous treatment of
cancer cells with arsenite (as an inhibitor of the NF-�B activity)
and a specific inhibitor of the MEK-ERK or the PI3K-AKT
pathway.
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