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Abstract

Melanoma is characterized by dysregulated intracellular signalling pathways including an impairment of the cell death machinery, ultimately
resulting in melanoma resistance, survival and progression. This explains the tumour’s extraordinary resistance to the standard treatment. Imi-
quimod is a topical immune response modifier (imidazoquinoline) with both antiviral and antitumour activities. The mechanism by which imiqui-
mod triggers the apoptosis of melanoma cells has now been carefully elucidated. Imiquimod-induced apoptosis is associated with the activation
of apoptosis signalling regulating kinase1/c-Jun-N-terminal kinase/p38 pathways and the induction of endoplasmic stress characterized by the
activation of the protein kinase RNA-like endoplasmic reticulum kinase signalling pathway, increase in intracellular Ca2+ release, degradation of
calpain and subsequent cleavage of caspase-4. Moreover, imiquimod triggers the activation of NF-jB and the expression of the inhibitor of apop-
tosis proteins (IAPs) such as, X-linked IAP (XIAP) together with the accumulation of reactive oxygen species (ROS). Also, imiquimod triggers
mitochondrial dysregulation characterized by the loss of mitochondrial membrane potential (Dwm), the increase in cytochrome c release, and
cleavage of caspase-9, caspase-3 and poly(ADP-ribose) polymerase (PARP). Inhibitors of specific pathways, permit the elucidation of possible
mechanisms of imiquimod-induced apoptosis. They demonstrate that inhibition of NF-kB by the inhibitor of nuclear factor kappa-B kinase (IKK)
inhibitor Bay 11-782 or knockdown of XIAP induces melanoma apoptosis in cells exposed to imiquimod. These findings support the use of either
IKK inhibitors or IAP antagonists as adjuvant therapies to improve the effectiveness topical imiquimod in the treatment of melanoma.
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Introduction

Melanoma is an aggressive form of skin cancer with high metastatic
potential and a notoriously high resistance to cytotoxic agents.

Although many chemo- and immune-based therapies for melanoma
treatment have been evaluated in clinical trials, most of them failed to
show significant benefit in melanoma patients [1–3].

Several mechanisms, including dysregulation of apoptosis, drug
transport, detoxification, methylation and enhanced DNA repair have
been described [4]. Similar to other malignant tumours, melanoma
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resistance to chemotherapy has been attributed to the elevated
expression of Mcl-1, XIAPs, or alterations of NF-jB whose down-reg-
ulation or inhibition sensitize melanoma cells to anticancer agent-in-
duced apoptosis [5–7]. Recognizing these difficulties, novel therapies
are needed to bypass the intrinsic and acquired pathways that permit
malignant melanoma to resist drug induced cell death. Therefore, the
mode of action of already clinically proven therapeutics in clinical tri-
als and/or clinical use may help to further improve the treatment out-
come of melanoma and/or minimize its resistance development [8].

Imiquimod belongs to the class of Toll-like receptor (TLR) ago-
nists with high affinity to TLR7 [9]. In clinical trials, imiquimod has
demonstrated significant efficacy in the treatment of non-melanoma
(keratinocyte-based skin cancers) as well as malignant melanoma
[10–12]. Also, the ability of imiquimod to exert its biological activity
via modulation of variable signalling pathways has been demon-
strated in several studies [13, 14].

Toll-like receptors belong to a family of endosomal nucleic acid-
sensing molecules with pleiotropic cellular functions [15, 16]. As
TLR7 is mainly localized on the endoplasmic reticulum (ER), its func-
tion seems to be mediated by ER stress and/or pro-inflammatory-as-
sociated pathways [17, 18].

Endoplasmic reticulum plays an important role in the maintenance of
intracellular calcium homoeostasis, protein synthesis, post-translational
modifications and proper folding of proteins as well as their sorting and
trafficking. Alterations in calcium homoeostasis and accumulation of
unfolded proteins cause ER stress [19]. A variety of agents including
chemical toxicants, oxidative stress and inhibitors of protein glycosyla-
tion have been investigated for their ability to trigger ER stress. This
involves the induction and translocation of BH3-only pro-apoptotic Bcl-2
proteins such as Noxa to ER membranes [20]. Nevertheless, the relative
contribution of ER stress signalling in the modulation of imiquimod-in-
duced apoptosis is less obvious to date. Based on the nature of TLR7 as
an endoplasmic receptor, its contribution to imiquimod-induced ER
stress and its subsequent consequences are expected. Of note, ER
stress- associated pathways are linked to mitochondrial dysregulation-
dependent mechanisms in most tumour cells [21–23].

The nuclear transcription factor, NF-jB, plays an important role in
carcinogenesis as well as in the regulation of immune and inflamma-
tory responses [24, 25], and NF-jB activity has been implicated in
tumour progression and therapeutic resistance of melanoma [26]. Acti-
vation of NF-jB mediates the expression of diverse target genes that
promote cell proliferation, regulate apoptosis, facilitate angiogenesis
and stimulate invasion and metastasis [27], and thus serves as a key
transcriptional regulator of anti-apoptotic and antioxidant molecules. In
most cases, the death protective NF-jB activity depends on its ability
to transactivate gene expression; however, some exceptions to this
rule have been reported [28–30]. The suppression of apoptosis by NF-
jB relies on activating a set of transcriptional target genes, whose
products can block different steps of extrinsic and/or intrinsic death-
signalling cascades. These targets include the IAPs XIAP, c-IAP1 and
c-IAP2, which have been implicated in the prevention of pro-caspase-9
activation and blocking caspase-3 and-7 activity [31, 32]. XIAP has
also been proposed to block cell death as a result of persistent activa-
tion of c-Jun-N-terminal kinase (JNK) [33]. Other studies indicated that
XIAP inhibits JNK activation and apoptosis induced by transforming

growth factor (TGF)-b1, via the induction of the ubiquitination and
degradation of the TGF-beta1-activated kinase [34]. Another member
of the IAP family, Survivin, is also regulated by NF-jB [35, 36].

In this study, the molecular mechanisms of imiquimod-induced
cell death of melanoma cells are elucidated. These findings support
the development of adjuvant therapeutic strategies using IKK inhibi-
tors or IAP antagonists to enhance the effectiveness of imiquimod in
the treatment of malignant melanoma.

Materials and methods

Cell culture, inhibitors and treatment

The human melanoma cell lines BLM (highly invesive melanoma cell line)

and MV3 were obtained from Dr. van Muijen, Pathology Department,

University Hospital Nijmegen St. Radboud, and Nijmegen, Netherlands.
Up on receiving the cell lines, we tested them for mycoplasma using a

mycoplasma detection kit (Qiagen, Hilden, Germany). In addition, the cell

lines were re-authenticated every 6 months using PowerPlex� 18D Sys-

tem; Promega, Madison, WI, USA). All cell lines were grown in DMEM
supplemented with 10% heat-inactivated foetal bovine serum, 2 mM

glutamine and 1% antibiotic solution at 37°C in a humidified atmosphere

of 5% CO2. The treatment of the cells with imiquimod (gift of 3M, St. Paul,
MN, USA) was dissolved in 25% HCl and the treatment of the cells

was made at a concentration of 50 lg/ml for time periods up to 48 hrs,

whereas the control cells were treated with 25% HCl. 4-phenylbutyrate

(4-PBA), the inhibitor of ER stress, was obtained from Sigma-Aldrich
Chemie Gmbh, Munich, Germany and was used at a concentration of

200 lM. 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolylcarbocya-

nine iodide (JC-1) was purchased from Biotrend ChemiKalien (Cologne,

Germany).

MTT colorimetric assay

Determination of cell viability was performed with the MTT assay as

described previously [37].

Detection of apoptosis using the annexin V/
propidium iodide

The analysis of imiquimod-induced apoptosis of BLM and MV3 cells by

flow cytometry using annexin V-FITC/propidium iodide (PI; Vybrant;

Invitrogen, Karlsruhe, Germany) for 15 min. at room temperature and

protected from light is carried out as described previously [20].

Measurement of mitochondrial membrane
potential (DΨm) using JC-1

BLM and MV3 cells were stained with 10 lM JC-1 for 30 min. at room

temperature in the dark. The intensities of green (520–530 nm) and red
fluorescence (>550 nm) of 50,000 individual cells were analysed by

flow cytometry as described previously [20].
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Immunoblot analysis

Immunoblot analysis was performed according to the standard proce-
dures using the following antibodies and dilutions: Anti-apoptosis sig-

nalling regulating kinase1 (ASK1; Sc-7931), 1:500; anti- p-ASK1 (Thr

845, Sc-109911), 1:1000; anti- JNK (Sc-474), 1:1000; anti- p-JNK (SC-

6254), 1:1000; anti- p38 (Sc-535), 1:1000; anti- p-p38 (SC-7973),
1:1000; anti- Noxa (SC-2697), 1:1000; anti-Mcl-1 (SC-20679), 1:500;

anti- Actin (Sc-1615), 1:5000; anti- Tom20 (Sc-11415), 1:100; anti-

Bap31 (Sc-17764), 1:500; anti- IRE1a (Sc-20790), 1:500; anti- protein

kinase RNA-like endoplasmic reticulum kinase (PERK; SC-9477),
1:1000; anti- p-ERK (SC-32577), 1:1000; anti- calpain 1 (Sc-7530),

1:1000; anti- caspase-4 (Sc-1229), 1:1000; anti- ATF4 (SC-200),

1:1000; anti- XIAP (SC-11426), 1:1000; anti- IjB-a (sc-203), 1:500;
anti- p-IjB-a (sc-8404), 1:500 (from Santa Cruz Biotechnology Inc.,

Santa Cruz, CA, USA); anti- p-IRE1a (PA1-16927; Thermo Scientific, FL

33407, USA), 1:1000; anti- CHOP (#28950, 1:1000; anti- caspase 3

(#7190), 1:1000; anti- caspase 9 (#9501), 1:1000; anti- PARP (#9542),
1:500; anti- Erk1/2 (#9102), 1:1000; anti- p-Erk1/2 (#9101), 1:1000

(from Cell Signalling Technology Inc., Danvers, MA, USA); anti- p-IRE1

(ab48187), 1:1000; anti- p-ATF-4 (ab28830), 1:1000; anti-GRP78

(ab108613), 1:500 (from Abcam, Massachusetts, USA).

Preparation of nuclear extracts

Nuclear extracts were prepared from treated and untreated BLM and MV3

cells as described [37]. Briefly, the cells were washed with ice-cold PBS

buffer and harvested by adding 500 ll of buffer a [20 mM Hepes, pH 7.9;

10 mM NaCl, 0.2 mM ethylenediaminetetraacetic acid (EDTA) and 2 mM
1,4-dithiothreitol (DTT)] containing protease inhibitors and incubated on

ice for 10 min. The supernatant was discarded after centrifugation at

14,000 r.p.m. for 3 min. The pellet was resuspended in 50 ll of buffer C
(20 mM Hepes, pH 7.9; 420 mM NaCl, 0.2 mM EDTA; 2 mM DTT; 1 mM
Na3VO4, 25% glycerol) containing protease inhibitors at 4°C for 20 min.

prior to centrifugation at 14,000 r.p.m. for 3 min. The supernatant was

collected without disturbing the pellet and stored at �80°C until use.

Electrophoretic mobility shift assay

The details of electrophoretic mobility shift assay (EMSA) have been
described elsewhere [37]. The double-stranded synthetic oligonu-

cleotides carrying a defined binding site for AP-1, ATF-2, p53, NF-jB

and ELK-1 (Santa Cruz Biotechnology Inc.), ATF-3 (50-GTGACGT[AC]
[AG]-30) were end-labelled with [c-32P] ATP (Hartmann Analytika,

Munich, Germany) in the presence of T4 polynucleotide kinase (Gene-

craft, Munster, Germany). Around 4 lg of nuclear extracts were bound

to a labelled probe in a total volume of 30 ll for 30 min. at room tem-
perature in binding buffer (10 mM Tris, pH 7.5; 50 mM NaCl, 1 mM

EDTA; 1 mM MgCl2; 0.5 mM DTT and 4% glycerol). The specificity of

the binding was analysed by competition with an unlabelled oligonu-
cleotide assay. The competition assay was performed in the same man-

ner except that unlabelled probes containing oligonucleatide sequences

(binding sites) were incubated with nuclear extracts for 20 min. at room

temperature before adding the labelled probes. Electrophoresis was
performed for 3 hrs at 100 V in 0.5 X Tris-borate-EDTA running buffer

at room temperature. The dried gel was visualized by exposure to high

performance autoradiography film.

Staining of intracellular calcium

The cytosolic Ca2+ signals of imiquimod-treated BLM and MV3 cells
were monitored by flow cytometry using Ca2+ -sensitive dye-Fluo3-AM

(Invitrogen) at a concentration of 4 lM for 30 min. at room tempera-

ture as described previously [19].

Detection of ROS

The detection of ROS was performed by staining cells with DHR 123 (Sigma-

Aldrich) and analysed by flow cytometry as described previously [19].

Immunofluorescence staining

BLM cells were allowed to grow for 24 hrs before the exposure to imi-

quimod for 24 hrs. Then the cells were subjected to immunofluores-

cence staining as described [20]. Primary antibodies, anti-Noxa (SC-

2697), 1:200; anti-Tom20 (Sc-11415), 1:200; anti-Bap31 (Sc-17764),
1:200 (each Santa Cruz Biotechnology Inc.) were allowed to bind for

2 hrs at room temperature. Subsequently, the cells were washed three

times in PBS and incubated with Alexa Flour-labelled secondary antibod-
ies for 2 hrs at room temperature. After an additional three washes in

PBS, the cells were mounted using DAKO mounting medium. Photomi-

crographs were taken on a Leica fluorescence microscope (Leica, Wet-

zlar, Germany).

Fig. 1 (A) MTT assay demonstrates imiquimod-induced time dependent growth inhibition of melanoma cell lines BLM and MV3. The cells were trea-

ted with imiquimod (50 lg/ml) for the indicated time periods up to 48 hrs. The results are the mean of three independent experiments performed

in quadruplicate. (B) Western blot demonstrated the expression of TLR-7 and TLR9 before and after the exposure of melanoma cells to imiquimod
for 48 hrs. Actin was used as an internal control for loading and transfer. (C) Flow cytometry analysis using Ca2+-sensitive dye-Fluo3-AM staining

demonstrates intracellular Ca2+ release following the exposure of melanoma cell BLM to imiquimod for 48 hrs. (D) Western blot analysis demon-

strates the phosphorylation and the expression levels of PERK, IRE1a, and ATF-4, the expression of GRP78 and CHOP, and the degradation of cal-

pain and cleavage of caspase-4 in control and imiquimod-treated melanoma cells. Actin was used as an internal control for loading and transfer. (E)
Densitometric analyses are presented as the relative ratio of phospho-PERK, phospho-IRE1a, phospho-ATF4, ATF4, GRP78, CHOP, Calpain and Cl.

casp.-4 to actin. Bars represent mean � SD from three blots. *P < 0.05 versus control. (F) EMSA demonstrates the enhancement of the DNA-bind-

ing activity of the transcription factor ATF-3 in response to the treatment of melanoma cells with imiquimod for 48 hrs. Data are representative of

three independent experiments.

ª 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

269

J. Cell. Mol. Med. Vol 20, No 2, 2016



Preparation of mitochondrial and ER fractions

The preparation of mitochondrial and ER fractions were performed as
described [19]. Briefly, imiquimod- treated and untreated cells (BLM

and MV3) were scraped off with 5 ml of phosphate-buffered saline.

Harvested cells were precipitated by centrifugation at 600 9 g for

5 min., washed, resuspended and homogenized. The homogenized
cells were then centrifuged at 600 9 g for 5 min., and subsequently,

the supernatant was layered over a discontinuous gradient of 40%

and 60% sucrose in HE buffer (3 and 1 ml respectively). After cen-

trifugation at 100,000 9 g for 3 hrs, both ER and mitochondrial frac-
tions were collected and subsequently pelleted by centrifugation at

100,000 9 g for 1 hr. The pellet of mitochondria was resuspended
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in buffer D (25 mM potassium phosphate and 5 mM MgCl2, pH
7.2). Aliquots of both ER and mitochondria were precipitated using

10% trichloroacetic acid (TCA) and subjected to SDS-PAGE

and immunoblotting using specific antibodies for mitochondria and

ER.

RNA interference

The knockdown of XIAP in melanoma cells was performed with

XIAP-specific siRNA (I #6446; Cell Signalling Technology), whereas

the knockdown of Noxa was performed by NOXA siRNA (sc-37305;

Santa Cruz Biotechnology, Inc.), using lipfectamine 2000 as described
[37].

Plasmids, transfections and luciferase reporter
assay

NF-jB luciferase reporter assay was performed with the pNF-jB-Luc
plasmid (Strategene, LaJolla, CA, USA). The transfection of BLM and

MV3 cells with the pNF-jB-Luc plasmid was performed as described

[38]. Whereas, the NF-jB-dependent luciferase activity was measured

using the Dual Luciferase Reporter Assay system (Promega). Briefly,
Melanoma cells (1 9 105 cells/well) were seeded in a 96-well plate for

24 hrs. The cells were then transfected with plasmids for each well

and then incubated over a transfection period of 24 hrs. After that, the

cell culture medium was removed and replaced with fresh medium
containing imiquimod (50 lg/ml). Forty-eight hours later, the Lucifer-

ase activity was determined in Microlumat plus luminometer (EG & G

Berthold, Bad Wildbad, Germany) by injecting 100 ll of assay buffer
containing luciferin and measuring light emission for 10 sec. Cotrans-

fection with pRL-CMV (Promega), which expresses Renilla luciferase,

was performed to enable normalization of data for transfection effi-

ciency.

RT-PCR analysis

RT-PCR was performed to determine NF-jB target gene expression fol-

lowing the treatment of melanoma cells with imiquimod. In brief, Mela-

noma cells were treated with imiquimod for 48 hrs. Cells were
harvested and washed twice with ice-cold PBS, and then total RNA

was isolated from cells using RNeasy Mini kits according to the manu-

facturer’s instructions (Qiagen). Complementary DNA was synthesized

from1 lg of total RNA in a 20 ll reverse transcription reaction mixture
according to the manufacturer’s protocol (Gencraft, Munster, Ger-

many). The following primer pairs were used for RT-PCR amplification:

human interleukin-8 (IL-8), 50-GAT GCC AGT GAA ACT TCA AGC-30

and 50-CTG GCA TTT GTG GTT GGG TCA-30; human IL-6 50-TCT CAG
CCC TG A GAA AGG AGA-30 Glyceraldehyde-3-phosphate dehydroge-

nase (GAPDH) was carried out (forward primer: 50-ACC AGC GAC ACC

CAC TCC TC-30 reverse primer: 50-GGA GGG GAG ATT CAG TGT GGT-
30 was used as the housekeeping gene control. The reaction was

performed in 25 ll (total volume) mixtures containing primers at a

concentration of 100 nM. The reaction conditions consisted of 5 min.

at 94°C, and then 35 cycles of 30 sec. at 94°C, 30 sec. at 58°C, and
30 sec. at 72°C. The final extension was done at 72°C for 10 min.

PCR products were run on 3% agarose gel and then stained with

ethidium bromide, stained bands were visualized under UV light and

photographed.

Fig. 2 (A) Detection of apoptosis in melanoma cells by flow cytometry analysis using annexin/PI staining following the incubation of BLM and MV3

cell lines with imiquimod for 48 hrs. Data are representative of three independent experiments. (B) Loss of mitochondrial membrane potential in

BLM and MV3 melanoma cells. BLM and MV3 melanoma cells were treated with imiquimod and stained with JC-1 followed by flow cytometry analy-
sis. Melanoma cells with intact mitochondria displayed high red and high green fluorescence and appeared in the upper right quadrant of the scatter

plots. In contrast, cells that had lost their mitochondrial membrane potential displayed high green and low red fluorescence and appeared in the

lower right quadrant. Data were represented as mean � SD of three independent experiments. **P < 0.01, significantly different when compared

with control cells. (C) Flow cytometry analysis demonstrates imiquimod-induced ROS accumulation in BLM and MV3 using dihydrorhodamine (DHR
123). Data represented as mean � SD of three independent experiments. **P < 0.01, significantly different when compared with control cells. (D)
Western blot analysis demonstrates the induction of Noxa expression and the suppression of Mcl-1, the increase of cytochrome c release (as

assessed in the cytosol), cleavage of caspase-9, caspase-3 and PARP in response to the treatment of BLM and MV3 cells with imiquimod for

48 hrs. Actin was used as an internal control for loading and transfer. Data are representative of three independent experiments. (E) Analyses of
band intensity on films are presented as the relative ratio of Noxa, Cyt. C, Cl. casp.3, Mcl-1, Cl. casp.9 and Cl. PARP to actin. Bars represent

mean � SD from three blots. *P < 0.05 versus control. (F) Subcellular localization of Noxa protein to mitochondria and endoplasmic reticulum.

Immune fluorescence: BLM cells were treated with imiquimod for 48 hrs before the staining with anti- Noxa, Tom20 (mitochondrial marker), Bap31
(ER marker). The subcellular localization of Noxa (green) to mitochondria (blue) and the overlay of Noxa with Tom20 staining demonstrates the

localization of Noxa to mitochondria (turquoise), when compared to the control cells, and the subcellular localization of Noxa (green) to ER (red)

and the overlay of Noxa with Bap31 staining demonstrates the localization of Noxa to ER (yellow), when compared to control cells, in addition to

the overly of Noxa, Tom20 and Bap31 show the subcellular localization of Noxa to both mitochondria and ER. (G) Western blot analysis of mito-
chondrial (Mit. fraction) and ER fraction (ER fraction) isolated from both BLM and MV3 cells following the treatment with imiquimod for 48 hrs.

The detection of Noxa in mitochondria and ER fractions derived from BLM and MV3 after the exposure to imiquimod confirms the localization of

Noxa protein to both mitochondria and ER. The purity of the fractions was verified by the detection of the mitochondrial protein Tom20 and the ER

marker Bap31in the corresponding fractions. Data are representative of three independent experiments. (H) Analyses of band intensity on films are
presented as the relative ratio of Noxa to Tom20 in mitochondrial fraction and Noxa to Bap31 in ER fraction. Bars represent mean � SD from three

blots. *P < 0.05 versus control.
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Statistical analysis

Data were expressed as mean � SD. Statistical comparisons were per-

formed with one-way ANOVA followed by the Scheffe’s test. Statistical

differences between two groups were determined using the unpaired
Student’s t-test. A P < 0.05 was considered as statistically significant.

All statistical analysis was performed with SPSS statistical software

(version 16.0; SPSS, Chicago, IL, USA).

F

G
H

Fig. 2 Continued.

Fig. 3 (A) Western blot analysis demonstrates the phosphorylation of ASK1, JNK, p38 and ERK1/2 without the alteration of their basal expression in

response to the treatment of melanoma cells with imiquimod for 48 hrs. Actin was used as an internal control for loading and transfer. (B) Analyses
of band intensity on films are presented as the relative ratio of phospho-PERK, phosphor-ASK1, phosph-JNK, phosphor-p38 and phosphor-ERK1/2
to actin. Bars represent mean � SD from three blots. *P < 0.05 versus control. EMSA demonstrates the induction of the DNA-binding activities of

the transcription factors AP-1 (C and D), ATF-2 (E and F), p53 (G and H) and ELK-1 (I and J) in BLM and MV3 cells before and after the exposure

to imiquimod for 48 hrs. Data are representative of three independent experiments.
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Fig. 4 (A) Western blot analysis demonstrates the phosphorylation of IjBa and its subsequent degradation and the induction of XIAP in response to

the treatment of melanoma cells with imiquimod for 48 hrs. Actin was used as an internal control for loading and transfer. EMSA demonstrates the

activation of the nuclear transcription factor NF-jB in BLM (B) and MV3(C) melanoma cells in response to the treatment with imiquimod. Data are

representative of three independent experiments yielding similar results. (D) Analyses of band intensity on films are presented as the relative ratio
of phospho-IjBa, and expression of IjBa, XIAP to actin. Bars represent mean � SD from three blots. *P < 0.05 versus control. (E) Luciferase

reporter assay demonstrates imiquimod-induced activation of NF-jB in both melanoma cell lines, BLM and MV3. Data represented as mean � SD

of three independent experiments. **P < 0.01, significantly different when compared with control cells. (F) RT-PCR demonstrates the induction of

both IL-6 and IL-8 expression, the target genes of NF-kB in response to the treatment of both BLM and MV3 cells with imiquimod. Data are repre-
sentative of three independent experiments.

Fig. 5 (A) Flow cytometry analysis demonstrates the inhibition of imiquimod-induced ROS accumulation in response to the pre-treatment of mela-

noma cell lines BLM and MV3 with the scavenger of ROS (NAC). Data represented as mean � SD of three independent experiments. *P < 0.05 ver-
sus control, ‡P < 0.05 versus NAC, #P < 0.05 versus NAC + imiquimod. (B) Demonstrates the inhibition of imiquimod-induced phosphorylation of

ASK1, JNK and p38 in BLM cells in response to the inhibition of ROS accumulation by NAC without to influence the basal expression. Actin was

used as an internal control for loading and transfer. (C) Analyses of band intensity on films are presented as the relative ratio of phospho-ASK1,

phosphor-JNK and phospho-p38 to actin. Bars represent mean � SD from three blots. *P < 0.05 versus control, ‡P < 0.05 versus NAC, #P < 0.05
versus NAC + imiquimod. EMSA demonstrates the inhibition of imiquimod-induced activation of the transcription factors AP-1 (D), ATF-2 (E), p53
(F) and NF-jB (G), but not those of the transcription factor ATF-3 (H) in response to the pre-treatment of the melanoma cell line BLM with NAC.

Results are representative of two independent experiments with identical results.
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Results

Sensitivity of human melanoma cells to
imiquimod correlates with the induction of ER
stress-dependent pathways

The effect of imiquimod on melanoma cells was assessed using the
recommended concentration as determined by Schon et al. [39]
Accordingly, the melanoma cell lines BLM and MV3 were treated
with imiquimod (50 lg/ml) for time intervals up to 48 hrs and cell
viability was performed by MTT assays. Imiquimod-induced cell
death was observed as early as 12 hrs (~20%) after stimulation with
further increase up to 48 hrs (~40%) in both cell lines examined
(Fig. 1A). We also examined whether imiquimod influences the
expression of TLR7 and TLR9. Western blot analysis (Fig. 1B), how-
ever, revealed no marked alteration of protein expression of either
TLR7 or TLR9.

Based on the fact that TLR7 and 9, the target receptors of imiqui-
mod, reside within the ER, we next asked, whether the exposure of
melanoma cells to imiquimod triggers ER stress, and if so, what is
the result of ER stress on calcium homoeostasis? Next, we measured
the intracellular calcium release following exposure of cells to imiqui-
mod for 48 hrs by flow cytometry following staining with the Ca2+ -
sensitive dye-Fluo3-AM. Flow cytometry analysis demonstrated the
increase in intracellular calcium release (~3- to 4-fold) in both
melanoma cell lines BLM and MV3 (Fig. 1C). We then investigated
whether imiquimod-induced ER stress of the two melanoma cell lines
is associated with activation of PERK, inositol-requiring-1a (IRE1a),
activating transcription factor 4 (ATF-4), the unfolded protein
response (UPR) regulator (GRP78), C/EBP-homologous protein
(CHOP), calpain and caspase-4 or ATF-3. Around 48 hrs after stimu-
lation with imiquimod, cells were harvested and total cellular lysates
and nuclear extracts were utilized for Western blot analysis and EMSA
respectively. Exposure of melanoma cells to imiquimod induces the
phosphorylation of PERK and IRE1a, and both the expression and
phosphorylation of ATF-4 together with expression of GRP78 protein
(Fig. 1D and E). Of note, PERKa or IRE1a basal expression was
unchanged (Fig. 1D and E). Also, imiquimod treatment was found to
induce the expression of the CCAAT-enhancer-binding protein homol-
ogous protein (CHOP) together with degradation of calpain and

cleavage of caspase-4 (Fig. 1D and E). This prompted us to investi-
gate the DNA-binding activity of the transcription factor ATF-3, the
substrate of ATF-4 by EMSA. Electrophoretic mobility shift assay
demonstrated increased DNA-binding activity of ATF-3 in response of
melanoma cells to imiquimod treatment (Fig. 1F).

Imiquimod-induced apoptosis of melanoma cells
is associated with mitochondrial dysregulation

Next, we assessed the cytotoxicity of imiquimod for melanoma
cells. Imiquimod-induced apoptosis was analysed by flow cytome-
try using FITC annexin-V and PI. As visualized in Figure 2A,
induction of apoptosis of both BLM and MV3 cells in response to
the treatment with imiquimod was detected. The loss of mitochon-
drial membrane potential (Dwm) in both melanoma cell lines BLM
and MV3 was determined by JC-1 staining using flow cytometry
analysis before and after exposure of cells to imiquimod. Imiqui-
mod induced a rapid loss of Dwm (Fig. 2B), suggesting an
important role for mitochondria in the elicitation of imiquimod-in-
duced apoptosis. Considering the fact that excessive ROS cause
apoptosis through numerous mechanisms including the loss of
Dwm [40], we examined whether imiquimod-induced mitochon-
drial damage is associated with the accumulation of ROS. Both
melanoma cell lines were treated with imiquimod and ROS accu-
mulation was assessed by flow cytometry analysis using dihy-
drorhodamine (DHR 123). Figure 2C demonstrates that imiquimod
treatment of melanoma cells increases the accumulation of ROS,
suggesting a contribution role for ROS in the regulation of imiqui-
mod-induced apoptosis of melanoma cells. Complementing these
findings, we aimed to investigate the expression of pro- and anti-
apoptotic proteins such as Noxa and Mcl-1, respectively, as well
as caspase activation. Figure 2D and E demonstrate the induction
of Noxa, degradation of Mcl-1, increased cytochrome c release
and cleavage of caspase-9, caspase-3 and PARP, during the treat-
ment with imiquimod, suggesting the contribution of mitochon-
drial dysregulation-dependent pathways in the modulation of
imiquimod-induced apoptosis of melanoma cells. To elucidate the
role of Noxa more firmly, we next addressed the role of Noxa in
the execution of imiquimod-induced mitochondrial dysregulation.
To do so, we investigated the subcellular localization of Noxa to

Fig. 6 The activation of ASK1-JNK and PERK-IRE1a pathways are essential for the modulation of imiquimod-induced expression of Noxa protein in

melanoma cells. EMSA demonstrates that the pre-treatment of melanoma cell line BLM with the inhibitor of JNK (SP600125) inhibits imiquimod-

induced DNA-binding activity of the transcription factors AP-1 (A) and p53 (B), but not the induced DNA-binding activity of the transcription factor
ATF-2 (C). Whereas, the pre-treatment of the melanoma cell line BLM with the inhibitor of p38 (SB203580) inhibits imiquimod-induced activity of

the transcription factor ATF-2 (D), but not those of the transcription factors AP-1 (E) or p53 (F). (G) EMSA demonstrates the inhibition of imiqui-

mod-induced DNA-binding activity of the transcription factor ATF-3 in response to the pre-treatment of the melanoma cell line BLM with the inhibitor

of IRE1a (irestatin). (H) Western blot analysis demonstrates the inhibition of imiquimod-induced expression of Noxa in response to the pre-treat-
ment of BLM cells with the inhibitor of JNK or IRE1a, but not by the inhibitor of p38. Actin is used as an internal control for loading and transfer.

Data are representative of three independent experiments. (I) Analyses of band intensity on films are presented as the relative ratio of phospho-

IjBa, and expression of IjBa, XIAP to actin. Bars represent mean � SD from three blots. *P < 0.05 versus control. #P < 0.05 versus SP600125,
‡P < 0.05 versus Irestatin, ¤P < 0.05 versus SP600125 + imiquimod, �P < 0.05 versus Irestatin + imiquimod.
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either mitochondria or ER in BLM cells. Cells were treated with imi-
quimod for 48 hrs, fixed and subsequently subjected to staining with
antibodies against Noxa, and Tom20 (specific marker for mitochon-
dria), and Bap31 (specific marker for ER). Fluorescence microscopy
of three independent experiments suggested a localization of Noxa
protein to both mitochondria and ER (Fig. 2F). When we prepared
subcellular fractions of mitochondria and ER in both BLM and MV3
cells, we could detect Noxa in both mitochondrial and ER fractions
derived from imiquimod-treated cells, but not in the control cells
(Fig. 2G and H). To rule out contamination of the fractions, we
assessed the purity of both mitochondrial and ER fractions by either
Tom20 (marker for mitochondria) or Bap31 (marker of ER). In con-
clusion, these data suggest that imiquimod induced mitochondrial
dysregulation and concomitant ER stress. We suggest that the induc-
tion and translocation of Noxa to mitochondria and ER represents a
critical step during imiquimod-induced apoptosis.

Activation of MAP kinase signalling pathways in
response to the treatment of melanoma cells
with imiquimod

To show whether imiquimod-induced apoptosis is associated with
alterations of the mitogen-activated protein kinase (MAPK) pathways
in melanoma cells, both melanoma cells lines were investigated
for the activation of ASK1, JNK, p38 and extracellular regulated
kinase (ERK). Data obtained from Western blot analysis (Fig. 3A)
demonstrated imiquimod-induced phosphorylation of ASK1, JNK,
p38 and ERK1/2 without impacting their basal expression. In addi-
tion, we analysed the DNA-binding activity of transcription factors
such as AP-1, ATF2, p53 and ELK-1, typical substrates for MAPKs
[20, 41]. As expected, EMSA demonstrated the enhanced DNA-bind-
ing activity of the different transcription factors AP-1 (Fig. 3C and
D), ATF-2 (Fig. 3E and F), p53 (Fig. 3G and H) and ELK-1 (Fig. 3I
and J) in both melanoma cell lines BLM and MV3 upon imiquimod
treatment.

Activation of NF-jB pathway by imiquimod in
melanoma cells

The activation of NF-jB by ROS is widely documented [42].
Thus, we next examined whether NF-jB is activated in response to
imiquimod-induced ROS accumulation. As demonstrated by EMSA
(Fig. 4A and B), imiquimod induced the DNA-binding activity of
NF-jB. In line, phosphorylation and degradation of the inhibitor of
NF-jB (IjB)a confirmed the activation of the NF-jB pathway in
response to imiquimod treatment (Fig. 4C and D). Also, analysis of
XIAP, the target of the NF-jB pathway, revealed the induction of
XIAP upon imiquimod treatment (Fig. 4C and D). Next, we analysed
imiquimod-induced NF-jB activation using an NF-jB reporter
assay. Imiquimod increased NF-jB reporter activity in melanoma
cells, when compared to control cells (Fig. 4E). To further confirm
these findings, we examined the NF-kB target gene expression.

RT-PCR was performed for mRNA expression of IL-6 and IL-8
(CXCL8). As shown in Figure 4F induction of both IL-6 and IL-8
expression in response to treatment of BLM and MV3 cells with
imiquimod was found. Taken together, these data demonstrate the
ability of imiquimod to trigger the NF-jB pathway and its effector
genes in melanoma cells.

Imiquimod-induced ROS accumulation results in
the activation of ASK1-JNK/p38 and NF-jB
pathways

To address the mechanism of how imiquimod triggers the activa-
tion of ASK1-JNK/p38, we examined whether the inhibition of ROS
accumulation impacts the imiquimod-enhanced activation of ASK1
and its downstream pathways. Cells were pre-treated with N-Acetyl
Cysteine (NAC), the scavenger of ROS, 1 hr prior to the exposure
to imiquimod. Flow cytometry analysis of ROS accumulation and
Western blot analysis were performed. Figure 5A demonstrates that
NAC largely inhibits imiquimod-induced ROS accumulation. More-
over, data of Western blot analysis (Fig. 5B and C) demonstrate
that NAC largely inhibits imiquimod-induced phosphorylation of
ASK1, JNK and p38 in BLM cells. Similar results were noted in
MV3 cells (data not shown). In addition, we investigated whether
pre-treatment of melanoma cells with NAC inhibits imiquimod-
induced DNA-binding activity of the transcription factors AP-1,
ATF-2, ATF-3 and p53 as a consequence of the inhibition of ASK1.
Electrophoretic mobility shift assay analysis demonstrated the inhi-
bition of imiquimod-induced AP-1 (Fig. 5D), ATF-2 (Fig. 5E), p53
(Fig. 5F) and NF-jB (Fig. 5G) without affecting imiquimod-induced
DNA-binding activity of ATF-3 (Fig. 5H) in BLM cells, suggesting
an essential role for ROS accumulation in the modulation of imiqui-
moid-induced activation of the transcription factors ATF-2, p53 and
NF-jB, but not those of ATF-3.

Imiquimod-induced expression of Noxa is
mediated by PERK-IRE1a and ASK1-JNK pathways

To pinpoint the signalling pathways, responsible for imiquimod-
induced expression of Noxa, both melanoma cell lines BLM and
MV3 were treated with imiquimod, when pre-treated with the inhibi-
tors of JNK (SP600125), p38 (SB203580) and IRE1a (irestatin) 1 hr
before treatment with imiquimod. Cells were harvested 48 hrs later
to examine the effect of the above mentioned inhibitors. Elec-
trophoretic mobility shift assay demonstrated the inhibition of imi-
quimod-induced DNA-binding activity of the transcription factors
AP-1 (Fig. 6A) and p53 (Fig. 6B), but not of the transcription factor
ATF-2 (Fig. 6C). Moreover, inhibition of the p38 resulted in complete
abrogation of imiquimod-induced ATF-2 activation (Fig. 6D), but not
those of the transcription factors AP-1(Fig. 6E) or p53 (Fig. 6F).
Furthermore, pre-treatment of melanoma cells with the inhibitor of
IRE1a (irestatin) blocked imiquimod-induced ATF-3 (Fig. 6G). Using
the same three inhibitors, we wanted to study how these
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Fig. 7 (A) Western blot analysis demonstrates the inhibition of imiquimod-induced phosphorylation of PERK and IRE1a, the expression and phos-

phorylation of ATF-4 in melanoma cell lines in response to the treatment with 4-PBA, the inhibitor of ER stress. (B) Analyses of band intensity on

films are presented as the relative ratio of phospho-PERK, phospho-IRE1a, phospho-ATF4 and ATF4 to actin. Bars represent mean � SD from three
blots. *P < 0.05 versus control. #P < 0.05 versus 4-PBA, ‡P < 0.05 versus 4-PBA+imiquimod. EMSA demonstrates the inhibition of imiquimod-in-

duced NF-jB activation in BLM (C) and MV3 (D) cell lines in response to the treatment with 4-PBA. (E) MTT assay demonstrates the abrogation of

imiquimod-induced death of both BLM and MV3 cells in response to the treatment with 4-PBA, the inhibitor of ER stress. (F) MTT assay demon-

strates the inhibition of imiquimod-induced cell death, in part, by the pre-treatment of melanoma cell lines BLM and MV3 with the inhibitors of PERK
(GSK2606414), calpain (ALLM), ROS (NAC) and completely by the combination of the inhibitors of PERK, ROS with the inhibitor of calpain,

whereas, the pre-treatment of melanoma cells with inhibitor of NF-jB pathway (Bay11-7082) or the knockdown of XIAP by its specific siRNA

enhance imiquimod-induced apoptosis. (G) MTT assay demonstrated the inhibition of imiquimod-induced cell death, in part, by the pre- treatment of

melanoma cells with the inhibitors of JNK (SP600125), calpain (ALLM) or IRE1a (irestatin), but not with the inhibitor of p38 (SB203580). Whereas,
the combination of the inhibitor of caplain with either JNK or IRE1a inhibitors results in the abrogation of imiquimod-induced apoptosis of mela-

noma cell lines BLM or MV3. Data presented are the mean � SD of three independent experiments performed in duplicate.
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imiquimod-induced signals regulate Noxa protein expression. Analy-
sis of Noxa expression by Western blot (Fig. 6H and I) demon-
strated that inhibition of JNK or IRE1a, but not the p38, interferes
with imiquimod-induced expression of Noxa. Of note, similar results
were observed in MV3 cells (data not shown). Taken together our

data suggest the involvement of AP-1, p53 and ATF-3, but not ATF-
2 in the promotion of imiquimod-induced expression of Noxa pro-
tein. Thus, we firmly believe that both PERK-IRE1a and ASK1-JNK
pathways are involved in the induction of imiquimod-induced Noxa
expression.

E
F

G

Fig. 7 Continued.
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Imiquimod-induced apoptosis of melanoma cells
is mediated by PERK and ASK1 pathways, and
enhanced by inhibition of the NF-jB pathway

To investigate if the inhibition of ER stress influences imiquimod-in-
duced cytotoxic effects in melanoma cells, we next pre-treated mela-
noma cell lines BLM and MV3 with the inhibitor of ER stress 4-PBA,
before exposure to imiquimod 48 hrs after stimulation with imiqui-
mod, cells were assayed for ER stress markers PEPK and its down-
stream signalling pathways. Expression and phosphorylation of
PERK, IRE1a and ATF-4 were analysed using Western blot (Fig. 7A)
and demonstrated substantial inhibition of imiquimod-induced phos-
phorylation of PERK, IRE1a and expression and phosphorylation of
ATF-4 by 4-PBA (Fig. 7A and B). Treatment with 4-PBA also blocked
imiquimod-induced NF-jB activity in both BLM (Fig. 7C) and MV3
(Fig. 7D) as demonstrated by EMSA. More importantly, treatment
with 4-PBA rescued imiquimod-induced cell death of BLM and MV3
cells (Fig. 7E), suggesting that imiquimod-induced melanoma cell
death is mediated via ER stress-dependent mechanism(s).

To determine which of the pathways are implicated in the modula-
tion of imiquimod-induced apoptosis, melanoma cells were pre-trea-
ted with inhibitors of PERK (GSK2606414), IRE1a (irestatin), ROS
(NAC), JNK (SP600125), p38 (SB203580), calpain (ALLM) and NF-jB
(Bay11-7082) or transfected with XIAP-specific siRNA before expo-
sure to imiquimod. Although the inhibitors did not influence cellular
viability, the inhibition of JNK, PERK, calpain or ROS accumulation by

the corresponding inhibitors was found to partially block imiquimod-
induced cell death in both BLM and MV3 melanoma cells (Fig. 7F). In
contrast, the inhibition of NF-jB pathway by Bay11-7082 or knock-
down of XIAP enhanced imiquimod-induced cell death (Fig. 7F).
Although the combination of PERK inhibitor with ALLM was found to
partially block imiquimod-induced cell death, the combination of
PERK, NAC and ALLM together completely abrogated imiquimod-in-
duced cell death (Fig. 7F). Next, we analysed the effect of the inhibi-
tors of JNK, p38, IRE1a and ALLM alone or in combination on
imiquimod induced-apoptosis of melanoma cells. Although the inhibi-
tors of JNK, IRE1a, p38 or calpain did not influence the viability of
melanoma cells, pre-treatment of melanoma cells with inhibitors of
JNK, IRE1a and calpain, but not those of p38 partially blocked imiqui-
mod-induced cell death (Fig. 7G). Only the combination of calpain
inhibitor with either those of JNK or IRE1a, resulted in the abrogation
of imiquimod-induced cell death (Fig. 7G). Taken together, the data
of the inhibitor experiments suggested an essential role for both
PERK-IRE1 and ASK1-JNK pathways for imiquimod-induced apopto-
sis of melanoma cells.

Noxa is the main mediator of imiquimod-induced
apoptosis of melanoma cells

To investigate whether Noxa protein is essential for the modulation of
imiquimod-induced apoptosis, we lastly performed knockdown

A C

B

Fig. 8 Effect of Noxa knockdown on imiquimod-induced apoptosis of melanoma cells. (A) Western blot analysis demonstrates the efficiency of
siRNA for imiquimod-induced expression of Noxa. Actin was used as an internal control for loading and transfer. (B) Analyses of band intensity on

films are presented as the relative ratio of Noxa to actin. Bars represent mean � SD from three blots. *P < 0.05 versus control/scremble.
#P < 0.05 versus siRNA, ‡P < 0.05 versus siRNA + imiquimod. (C) Flow cytometry analysis demonstrates that the knockdown of Noxa expression
blocks imiquimod-induced apoptosis of both melanoma cell lines BLM and MV3. Data are representative of three-independent experiments per-

formed separately.

ª 2015 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

281

J. Cell. Mol. Med. Vol 20, No 2, 2016



studies. Accordingly, melanoma cell lines BLM and MV3 were trans-
fected with either scrambled or Noxa-specific siRNA 24 hrs prior to
exposure to a 48 hrs imiquimod treatment. Western blot analysis
(Fig. 8A and B) revealed the successful knockdown of imiquimod-in-
duced expression of Noxa in both melanoma cells. Data obtained
from flow cytometry analysis revealed that abrogation of Noxa induc-
tion fully blocks imiquimod-induced apoptosis in both BLM and MV3
cells (Fig. 8C). These data firmly establish an essential role for Noxa
as an imiquimod-induced apoptotic mediator critical for imiquimod-
induced melanoma cell apoptosis.

Discussion

Apoptosis is a highly conserved, innate mechanism by which eukary-
otic cells undergo programmed cell-death. This mechanism permits

the elimination of undesired or defective cells by an orderly cascade
of cellular disintegration without inducing inflammation [43]. In addi-
tion to the dysregulated proliferation, substantial evidence indicates
that proliferating tumours require anti-apoptotic mutations to survive
and propagate [44]. Therefore, the reconstitution of apoptosis in
malignant cells by the inhibition of survival pathways is a promising
approach in cancer therapy.

Imiquimod belongs to the class of TLR agonists that stimulate
both adaptive and innate immunity by interacting with TLR7. This
leads to NF-jB-mediated transcription of pro-inflammatory genes in
plasmacytoid dendritic cells, including tumor necrosis factor (TNF)-a,
interferon-a and IL-12 [45, 46]. In addition to the activation of NF-jB
pathway [47], imiquimod can trigger apoptosis [48, 49].

In this study, we report for the first time a potential role for ER in
the regulation of imiquimod-induced apoptosis of melanoma cells via
multiple pathways, initiated by ER stress-dependent pathways. These

Fig. 9 Proposed model for imiquimod-induced apoptosis of melanoma cells. Binding of imiquimod to TLR7 and/or TLR9 results in the induction of
ER stress leading to the activation of PERK, increase of intracellular Ca2+ release and accumulation of reactive oxygen species (ROS). The activation

of PERK leads to IRE1a activity that, in turn, triggers the activation of NF-jB pathway and ATF-4. The activation of NF-jB pathway results in the

expression of the inhibitor of apoptosis, XIAP protein, whereas the activation of ATF-4 results in the activation of the transcription factor ATF-3
essential for the transcriptional activation of pro-apoptotic proteins as well as CHOP. The increased level of cytoplasmic Ca2+ results in calpain

degradation that subsequently initiates cleavage of caspase-4, caspase-9, caspase-3 and finally PARP. Furthermore, imiquimod-induced ROS accu-

mulation results in activation of both NF-jB and ASK1-JNK/p38 pathways. The activation of ASK1-JNK/p38 pathway leads to the activation of the

transcription factors AP-1, ATF-2 and p53. Formation of a transcriptional complex of either AP-1, p53 and ATF-3 results in transcriptional activation
of Noxa. As a consequence, Noxa localizes on both mitochondria and ER leading to mitochondrial dysregulation and ER stress respectively. The

localization of Noxa to ER results in a feedback further increasing ER stress. In turn, mitochondria localization of Noxa triggers the loss of miro-

chondrial membrane potential (Dwm) and mitochondrial outer membrane permeability (MOMP) characterized by cytochrome c release, cleavage of

caspases-9, caspase-3 and PARP, altogether evidence for the occurrence of apoptosis.
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pathways firmly established by our study includes imiquimod-
induced PERK-IRE1-ATF-4-ATF-3 activation and in parallel calpain-
caspase-4-caspase-9-caspase-3.

In response to ER stress, cells activate UPR leading to the release
of the UPR regulator GRP78 protein from ER transmembrane signal
transducers including PERK, IRE1a and ATF6. Of note, the release of
GRP78 from the ER stress transducers is a pre-requisite to initiate
the activation of UPR transcription and its downstream consequences
[50, 51]. Thus, if ER stress is prolonged or overwhelming, UPR will
fail to maintain normal ER function, and the adaptive UPR will switch
to pro-apoptotic signals, such as CHOP, to eliminate the irreversibly
damaged cells [19]. Our results showed that the induction of the
phosphorylation of PERK and IRE1 a was observed with the expres-
sion of CHOP in response to the treatment of melanoma cells with
imiquimod, suggesting that imiquimod-induced ER stress is essential
for the modulation of apoptosis.

It has been well-established that induction of oxidative stress in
ER is associated with mitochondrial damage, resulting in excessive
production of ROS and subsequent apoptosis [20, 52]. In this study,
the inhibition of ER stress by 4-PBA confirmed the association
between mitochondria and ER in imiquimod-treated melanoma cells.
4-PBA could restore imiquimod-induced effects on PERK, IRE1,
ATF-4 and NF-jB together with the inhibition of apoptosis, suggest-
ing that ER acted upstream of mitochondria in imiquimod-treated
cells. Based on our findings, imiquimod-induced ER stress is
involved not only in the modulation of mitochondrial apoptosis but
also in the induction of NF-jB pathways and its downstream effector
protein XIAP.

Endoplasmic reticulum plays an important role in the maintenance
of intracellular Ca2+ homoeostasis. The alteration of Ca2+ homoeosta-
sis has been reported to cause the loss of Dwm, cytochrome c
release and ROS accumulation [37], as well as the activation of PERK,
IRE1a and calpain-dependent pathways [19].

Our results revealed that the treatment of melanoma cells with
imiquimod evokes a rapid increase in intracellular Ca2+ release and
the activation of PERK and IER1a as well as the degradation of cal-
pain, and anticipates a central role for ER stress-associated pathways
in the modulation of imiquimod-induced apoptosis of melanoma cells.

Elevation of intracellular calcium can also induce oxidative
stress including the uncoupling of mitochondrial respiration and
permeability transition [53]. Reactive oxygen species, including
superoxide anion, H2O2 and hydroxyl radicals are by-products of
oxidative phosphorylation that are constantly generated during anti-
cancer agent-induced apoptosis [19, 20]. In addition to the induction
of apoptosis, ROS can enhance the activation of the NF-jB [20, 54]
and ASK1-JNK/p38 pathways [55]. Accordingly, the activation of the
NF-jB pathway together with the induction of the expression of XIAP
protein, the loss of Dwm and ROS accumulation are the conse-
quences of imiquimod-induced ER stress.

The transcription factor NF-jB plays an important role in carcino-
genesis as well as in the regulation of immune and inflammatory
responses [56]. In solid tumours like melanomas, NF-jB activation is
a potential consequence of tumour progression-mediated alteration in
the inflammatory microenvironment [57]. Accordingly, NF-jB is
expected to be a critical link for the modulation of the crosstalk

between inflammation and cancer [58–60]. The activation of NF-jB
during tumour progression has been reported to be associated with
the up-regulation of the tumour promoting cytokines, such as IL-6 or
TNF [61, 62]. Moreover, the inhibition of imiquimod-induced ROS
accumulation by NAC or NF-jB pathway by its specific inhibitor
(Bay11-7082) blocked imiquimod-induced activation of NF-jB and
subsequently the expression of apoptosis inhibitor XIAP, and
enhanced the apoptosis of melanoma.

More importantly, the enhancement of imiquimod-induced apop-
tosis by the combination of NF-jB inhibitor and chemotherapeutic
agents may represent a logical alternative approach in melanoma
therapy that should be more vigorously tested.

The observation that NF-jB plays a key role in melanoma cell sur-
vival [63], prompted our group to combine the pharmacological
agents to assess killing efficiency in melanoma cells. One such agent,
Bay 11-7082, is an irreversible inhibitor of IjB phosphorylation that
blocks proteasomal degradation of IjB and retains NF-jB in the cyto-
plasm in an inactive state [64]. Although interventions that interrupt
the NF-jB pathway may induce cell death by themselves, particularly
in cells that depend on ‘tonic’ NF-jB survival signalling [65], the com-
mon NF-jB inhibitors can only mediate synergistic effects when com-
bined with an appropriate apoptotic stimuli [66]. Accumulating
evidence has shown that inhibitors of the NF-jB pathway may also
sensitize neoplastic cells to the lethal actions of conventional cyto-
toxic agents [67]. Our present findings suggest that interruption of
the NF-jB cascade in melanoma cells may increase the apoptotic
potential of imiquimod.

In this study, we also report that the imiquimod-induced activa-
tion of ASK1 is associated with activation of the downstream sig-
nalling pathways JNK and p38. The activation of ASK1 is mediated by
imiquimod-induced ROS accumulation. The activation of ASK1 in
response to ROS accumulation is documented in several studies [20,
54, 55]. The activation of ASK1-JNK pathway is considered an essen-
tial step in the modulation of imiquimod-induced apoptosis. This
event occurs via enhancement of the DNA-binding activity of the tran-
scription factors AP-1 and p53 to promote the transcription of Noxa.
Interestingly, we found that both PERK-IRE1a-ATF-4 and ASK1-JNK
pathways are essential for imiquimod-induced Noxa expression via
activation of transcription factors ATF-3, and AP-1 and p53 respec-
tively. The involvement of the PERK-IRE1a-ATF-4 pathway for induc-
tion of Noxa protein and the importance of ATF-3 in the regulation of
Noxa have been reported [68, 69]. Also, the involvement of ER
stress-induced Ca2+-calpain-caspase-4 in the promotion of apoptosis
was suggested [19, 70]. Thus, in agreement with the above men-
tioned reports, our results specify an essential role for the Ca2+-cal-
pain-caspase-4 pathway for the modulation of imiquimod-induced
apoptosis in melanoma cells.

The potential of the BH3-only protein Noxa, as a mediator of
the mitochondrial apoptosis has been established [37, 71, 72]. Up
on its induction, Noxa protein localizes to mitochondria and the ER,
leading to loss of Dwm and ER stress that subsequently trigger the
activation of mitochondrial dysregulation and/or ER stress-depen-
dent pathways. These signals are, as our study revealed, essential
to initiate the apoptotic machinery in melanoma cells. In this study,
we demonstrated the subcellular localization of Noxa protein to
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both mitochondria and ER in response to the treatment with
imiquimod, although the induction of Noxa in total cellular lysates
makes it difficult to interpret, which signal-induction or transloca-
tion-is critical for cytotoxicity. In line with a contribution of mito-
chondria, the loss of Dwm as demonstrated by the increased
release of cytochrome c into the cytoplasm, cleavage of caspase-9,
caspase-3 and PARP, and also the enhancement of ER stress as
demonstrated by the increase in intracellular Ca2+ release and acti-
vation of PERK and IRE1a pathways may contribute to the execu-
tion phase of cell death.

In summary, we have elucidated the molecular mechanisms that
serve as the basis for imiquimod-induced apoptosis of melanoma
cells. In addition, we propose a model outlining the signalling path-
ways and their key molecules, which are essential for the regulation
of imiquimod-induced apoptosis of melanoma cells (Fig. 9). Accord-
ingly, our findings suggest that imiquimod in combination with NF-
jB inhibitors or IAP antagonists [Geserick et al., Cell death and dis-
ease 2015; in press] may lead to further advances in melanoma
treatment.
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