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Abstract
Melanoma is the most aggressive form of skin cancer. 
Disrupted intracellular signaling pathways are respon
sible for melanoma's extraordinary resistance to current 
chemotherapeutic modalities. The pathophysiologic basis 
for resistance to both chemo- and radiation therapy is 
rooted in altered genetic and epigenetic mechanisms 
that, in turn, result in the impairing of cell death machi
nery and/or excessive activation of cell growth and 
survival-dependent pathways. Although most current 
melanoma therapies target mitochondrial dysregulation, 
there is increasing evidence that endoplasmic reticulum 
(ER) stress-associated pathways play a role in the poten
tiation, initiation and maintenance of cell death machinery 
and autophagy. This review focuses on the reliability 
of ER-associated pathways as therapeutic targets for 
melanoma treatment. 
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for melanoma treatment. In addition, we highlight in 
this review the mechanistic role of ER stress in the 
modulation of both apoptosis and autophagy- associ
ated pathways. Drugs that perturb ER function may 
represent an alternative approach for melanoma treat
ment. This paper reviews the pervious and current 
published studies on the reliability of ER-associated 
pathways as therapeutic targets for melanoma.
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INTRODUCTION
Although melanoma accounts for less than 5% of 
all skin cancers, it exhibits the highest mortality rate 
of all cutaneous tumors and its incidence is rapidly 
increasing[1]. The high mortality rate is the result of 
the propensity of metastatic dissemination throughout 
the body[2], and the development of resistance mech­
anisms that permit melanoma to evade normal 
immune surveillance mechanisms and the anti-tumor 
effects of chemotherapy[3]. Early detection and surgical 
excision of early stage disease offers the best hope of 
cure in patients with primary melanoma[4]. Even with 
new targeted therapies, the prognosis for advanced 
metastatic malignant melanoma is poor[5]. The avai­
lable options for patients with advanced malignant 
melanoma patients provide limited therapeutic benefit 
with successful treatments often being measured in 
months of increased survival rather than years[6-8]. 
The potential to develop resistance mechanisms that 
counteract drug-induced apoptosis and evade host 
immunological responses is particularly devastating[9]. 
Accordingly, the replacement of single agent chemo­
therapy with targeted therapies is revolutionizing 
systemic therapy[10]. Besides the mechanistic role of 
mitochondrial damage-dependent pathways in the 
modulation of anti-cancer agent-induced apoptosis 
of tumor cells, anti-cancer agents can also improve 
killing efficiency via endoplasmic reticulum (ER) stress-
dependent pathways[11-13]. While autophagy-mediated 
tumor death in response to anti-cancers is clinically 
relevant, these anti-cancer agents can also induce 
autophagy-mediated cytoprotective mechanisms[12,13], a 
pattern of tumor resistance to chemotherapy. 

Metastatic melanoma demonstrates particularly poor 
response rates to single chemotherapeutic agents[14,15]. 
For instance, dacarbazine (DTIC) demonstrates no 
impact on survival, though it is considered to be one 
of the most effective agents that is used as standard 
therapy for the treatment of metastatic melanoma[16,17]. 
Other anticancer agents such as cisplatin, carmustine 

and the vinca alkaloids (e.g., vindesine and vinblastine) 
fail to show any therapeutic advantage over DTIC[18], 
though several combination chemotherapy regimens 
demonstrate a modest increased response rate[19]. 

Melanoma’s resistance to therapy is the results of 
an upregulation in pro-survival factors, which potentiate 
tumor maintenance and progression[20]. One of these 
factors is the inducible transcription factor NF-κB that 
is responsible for the regulation of the expression of 
genes related to apoptosis[21]. It is also, central to the 
development of tumor resistance to alkylating agents 
such as DTIC[22-24]. Accordingly, the inhibition of NF-
κB pathway may improve the cytotoxic efficacy of 
alkylating agent-based therapy. To that end, preclinical 
studies in vitro and in vivo using human melanoma 
tumor models revealed that the therapeutic efficiency of 
DTIC or temozolomide is enhanced with the addition of 
the proteasome inhibitor, bortezomib[25,26]. 

Traditional mono- or multi-chemotherapy regimens 
are also associated with the development of significant 
adverse effects[27,28]. The development of new tumor 
types in these patients is attributed to the molecular 
action of the anticancer agents leading to the induction 
and/or destruction of aberrant signaling pathways.

The molecular action of chemotherapy in tumor cells 
is commonly associated with phenotypic alterations 
including cell death and survival-dependent mechanisms 
including apoptosis and autophagy[12,13]. 

Apoptosis and autophagy occur in normal cells. 
These are essential physiological mechanisms required 
for the maintenance of organismal and cellular homeo­
stasis[29]. Current information about autophagy in mela­
noma focuses on autophagosome formation and/or 
autolysosome degradation in response to a variety 
of therapeutic agents using melanoma derived cell 
lines[13,30,31]. Chemotherapy induction of autophagy 
serves to protect melanoma cells from intendent 
chemotherapy-induced apoptosis. In fact, the induction 
of autophagy following the treatment of melanoma 
cells with bortezomib reduces bortezomib-induced 
apoptosis[13]. Similarly, the induction of autophagy by 
esomeprazole, a proton pump inhibitor, blocks melanoma 
cell death[32]. Based on this preclinical evidence, the 
modulation of autophagy-associated pathways offers 
a promising treatment strategy to increase treatment 
efficiency by overcoming melanoma resistance to 
chemotherapy.

The involvement of ER stress in the modulation of 
apoptotic mechanisms leading to melanoma cell death 
has been reported in several studies[12,13,33]. This may 
result from the induction of BH3 proteins such as Noxa 
and Puma leading to the inhibition of Bcl-2 localization 
at the ER membrane, alterations in the distribution of 
the calcium flux which produce ER stress[13,34]. 

Although ER stress and autophagy are capable of  
modulating each other in tumor tissues, their specific 
function is thought to be tumor type and stage-
dependent[34-36]. The clinical potential of ER stress 
and/or autophagy-associated pathways as therapeutic 

November 20, 2015|Volume 5|Issue 4|WJEM|www.wjgnet.com

Hassan M et al . ER stress-mediated pathways in melanoma treatment

207



target for melanoma treatment has been reported 
in several studies[37-39]. For example, BRAF wild type 
(wt) melanoma is more sensitive to ER stress-based 
therapies than melanoma with hyperactivating BRAF 
mutations[40]. The frequency of BRAF mutation seems 
to be associated with elevated levels of autophagy in 
melanoma. Accordingly, ER stress-induced apoptosis 
of melanoma cells harboring oncogenic BRAF is lower 
than those observed in BRAF wt melanoma cells[40-42]. 
Inhibition of autophagy is a good strategy to sensitize 
BRAF wt melanoma cells to ER stress-mediated 
apoptosis. In addition, the development of anti-cancer 
agents based on the enhancement or suppression 
of these processes may be relevant therapeutic stra­
tegies[38,43,44]. 

Tumor resistance or response to available therapeutic 
modalities depends on the balance between apoptosis 
and autophagy-associated mechanisms[45,46]. Although 
the development of the most available therapeutic 
approaches focuses on the excessive activation of mito­
chondrial dysregulation-dependent pathways leading 
to apoptosis, there is increasing evidence that ER 
stress-associated pathways represent an important 
therapeutic target for melanoma treatment[13,47]. Thus, 
the development of anti-cancer agents with ability to 
trigger the intrinsic activation of ER stress/unfolded 
protein response (UPR)-associated pathways may 
offer a novel therapeutic strategy for tumor treatment. 
UPR is mediated in response to the enhancement of 
protein synthesis through  the activation of mitogen-
activated protein kinase kinase/extracellular signal-
regulated kinase (MEK/ERK) pathway that, in turn, 
induces cell proliferation, a mechanism that can block 
ER stress-induced apoptosis[48]. Thus, ER stress-depen­
dent pathways have been proposed to represent a 
new therapeutic target for melanoma treatment[10,49]. 
Accordingly, the inhibition of oncogenic BRAF (V600E) 
and/or MEK-attenuated activation of inositol-requiring 
enzyme 1 (IRE1) and activating transcription factor 
6 (ATF6) signaling of the UPR in melanoma cells may 
sensitize melanoma cells to apoptosis. Our work focuses 
on the reliability of ER stress-dependent pathways as a 
therapeutic target for melanoma treatment.

FUNCTION OF ER IN NORMAL AND 
TUMOR CELLS
ER is a network of tubules and flattened sacs comprising 
rough and smooth regions that differ in their structure 
and function[50]. The rough ER is characterized by the 
existence of ribosomes attached to the cytoplasmic 
side of the membrane, whereas the smooth ER 
lack these ribosomes[50]. ER plays a crucial role in 
normal cellular functioning, by processing of post-
translational modification and folding of secretory and 
membrane proteins. These secretory and membrane 
proteins are synthesized along the membrane of 
the rough ER and subsequently are passed onto the 

Golgi apparatus, where they undergo further post-
translational modifications by the attachment of lipid 
and glucose moieties in a lipidation and glycosylation-
dependent manner, respectively[51]. The ability of ER to 
correctly fold nascent proteins depends on chaperone 
proteins that, under normal physiological condition, 
are in excess in the ER lumen[52]. The function of most 
chaperone proteins is known to be Ca2+-dependent[53]. 
ER contains a high concentration of Ca2+ and is the 
only cellular organelle that plays an essential role in 
intracellular Ca2+ homeostasis[54]. Thus, the escalation 
of intracellular calcium into the cytoplasm is a signal 
for pathophysiological alteration of the cells. This 
pathological phenomenon results from ER stress in 
response to externally physical or chemical stressors, 
such as radiation and toxins[55].

ER function is critical for the regulation of many 
aspects of cell physiology, such as vesicle trafficking, 
lipid and membrane biogenesis as well as protein 
targeting and secretion. Normal and tumor cells react 
rapidly to ER stress via mechanisms mediated by a set 
of ER stress-associated pathways. The regulation of 
these pathways is thought to be the consequence of 
the perturbations in ER function, such as the accumu­
lation of unfolded or misfolded proteins, as well as 
the accumulation of ER lipid, glycolipid imbalances, or 
alteration in the ionic or redox conditions in the lumen 
of ER[56,57]. Three distinct signaling pathways have been 
identified as ER stress-dependent pathways, namely 
protein kinase RNA-like endoplasmic reticulum kinase 
(PERK), ATF6, and IRE1 pathways. The primary purpose 
of these pathways is implicated to promote cell survival 
by mechanisms mediated through the reduction of the 
misfolded protein[58]. Figure 1 outlines the ER stress-
associated pathways in normal and tumor cells.

INDUCTION OF ER STRESS-ASSOCIATED 
PATHWAYS BY ANTI-CANCER AGENTS
Dysregulation of ER homeostasis is a primary pathophy­
siological mechanism responsible for the initiation of an 
ER stress response that leads to the development of 
a number of human diseases including cancer[59]. The 
induction of ER stress by anti-cancer agents and other 
stimuli has been reported in several studies. The anti-
cancer agent’s bortezomib, vinblastine and taxol trigger 
ER stress in melanoma cells[13,60,61]. Similarly, caffeic 
acid phenethyl ester, the BH3 mimetic obatoclax and 
the Abbott Compound ABT-737 have been reported 
to induce ER stress in melanoma[33,62]. Interestingly, 
the induction of ER stress in melanoma cells by these 
agents is correlated with the deregulation of ER stress 
associated pathways including eukaryotic translation 
initiation factor 2α (elF2α) and PERK.

ER stress induced activation of PERK leads to the 
phosphorylation of the elF2α that inhibits the translation 
and subsequently triggers cell cycle arrest[63]. CHOP 
(C/EBP homology protein) is downstream of PERK-
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years, we and others uncovered the mechanistic 
role of ER stress-associated pathways such as PERK-
ATF4-CHOP/Bim and IRE1α-ASK1-JNK-AP-1/HSF1-
HSP70, in the modulation of anti-cancer agent-induced 
apoptosis of melanoma cells[12,13]. More importantly, 
we demonstrated that Noxa-induced ER stress triggers 
apoptosis of melanoma cells via mechanism mediated 
by ASK1-JNK/p38 axis[58,70]. Also, apoptosis related 
protein-2 (APR-2)-induced ER-stress drives apoptosis 
of melanoma cells via mechanism mediated by three 
parallel pathways, namely IRE1α/tumor necrosis fac­
tor receptor-associated factor 2 (TRAF2)-ASK1-JNK/
Cytochrome c/caspase-9/caspase-3/PARP, Calpain-
caspase-4-/caspase-9/caspase-3/PARP, and PERK-ATF4-
CHOP/Bim[58]. Furthermore, bortezomib/vinblastine-
induced ER stress in melanoma cells is essential for 
the induction of cell survival via autophagy-dependent 
pathways including, IRE1α-ASK1-JNK-AP-1/HSF1-

elF2α-ATF4 and involved in the regulation of the 
apoptotic proteins of the Bcl-2 family members[64]. 
ER stress-induced activation of IRE1α is responsible 
for the regulation of the transcription factor XBP1[65]. 
Once ER stress is initiated, the conversion of unspliced 
XBP1 mRNA to mature mRNA is mediated permitting 
the translation and further modification of this protein 
to operate as an active transcription factor[66]. The 
activation of the transcription factor XBP1 is essential 
for the induction of the transcription of ER-related 
genes that, in turn, mediate the disposal of unfolded 
proteins[67]. Although this panel of responses is mainly 
implicated in restoring ER homeostasis, sustained ER 
stress is essential for the promotion of apoptosis[68,69]. 
More importantly, it has been demonstrated that 
ER stress-associated pathways  are involved in the 
modulation of the anti-cancer agent-induced apoptosis 
of tumor cells, particularly, in melanoma[13]. In recent 
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Figure 1  Outline of the main unfolded protein response-mediated mechanisms in response to the molecular action of anti-cancer agents. Upon the 
accumulation of misfolded proteins in the ER lumen, chaperones, the ER stress sensors PERK, IRE1α and ATF6 become active. The phosphorylation of PERK allows 
it to assemble in a homo-dimer to form an active form that, in turn, results in the phosphorylation of eukaryotic initiation factor2α (eIF2α) to initiate UPR downstream 
response leading to reduction of the protein overload to ER by the suppression of the translation and activation of ATF4 together with ER stress associated 
transcription factors such as, CHOP, PERK, IRE1 and ATF6. Activated PERK phosphorylates the translation initiation factor eIF2α to decrease the protein synthesis 
and enhance stress-inducible messages, such as ATF4. During ER stress the ATF6 traffics to the Golgi apparatus, where it is cleaved by S1P/S2P proteases. The 
cleavage of ATF6 from the Golgi membrane facilitates its localization to the nucleus, where it enhances the transcriptional up-regulation of UPR target genes leading 
to apoptosis.  Whereas, activated IRE1α is implicated into several functions: One of these functions is essential to drive the splice mechanism of the XBP-1 mRNA to 
allow the translation of mature XBP-1 protein that, in turn, functions as a transcription factor to promote the transcription of UPR target genes such as CHOP leading to 
apoptosis; the other function of the activated IRE1α is to recruit TRAF2 that subsequently mediates the phosphorylation of ASK1 and the activation of its downstream JNK 
leading to the activation of the transcription factors AP-1 and p53 that are essential for the transcription of the pro-apoptotic genes and genes implicated in the processes of 
autophagsome formation and autophagy. UPR results also in intracellular calcium release leading to cell death via Calpain/Caspase-4, Caspase-9, caspase-3 and PARP 
axis or autophagy via CaMKKβ/AMPK axis leading to the inhibition of mTOR and subsequently autophagy. ER: Endoplasmic reticulum; PERK: Protein kinase RNA-like 
endoplasmic reticulum kinase; IRE1α: Inositol-requiring protein 1; ATF6: Activating transcription factor 6; UPR: Unfolded protein response; XBP-1: X-box binding protein 
1; CHOP: CCAAT/enhancer-binding protein (C/EBP) homologous protein; TRAF2: TNF receptor-associated factor 2; ASK1: Apoptosis signal regulating kinase 1; JNK: 
C-jun-N-terminal kinase; PARP: Poly (ADP-ribose) polymerase; CaMKKβ: Calmodulin-dependent protein kinase kinase-β; AMPK: AMP-activated protein kinase; mTOR: 
Mammalian target of rapamycin.
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Accordingly, the knockdown of IRE1α or ATF6  sensitizes 
melanoma cells to ER stress-induced apoptosis[33]. To 
that end, the destruction of the IRE1α/XBP-1 pathway 
along ER stress is expected to overcome melanoma 
resistance to ER stress inducers. The involvement of 
IRE1α in the activation of PI3K/Akt pathway together 
with the induction of Mcl-1 expression has been sug­
gested to play an essential role in the modulation ER 
stress-induced survival of melanoma cells[76]. ATF6 is 
involved in the transcriptional regulation of both GRP78 
and XBP-1 and thereby plays an important role in 
melanoma resistance to ER stress-induced apoptosis[77]. 
In conclusion, the differential response of various tumor 
types to PERK activation seems to rest on cellular factors 
and/or cell growth and survival pathways-dependent 
activation. Although the importance of IRE1/XBP-1 axis 
in tumor growth and survival has been established[78,79], 
its mechanistic role in the promotion of the XBP1 splicing 
processes and the subsequent effect on the components 
of the downstream signaling pathway have not been 
well characterized. More importantly, the activation of 
IRE1 kinase has been reported to be essential for the 
activation of c-Jun-N-terminal kinase, JNK and NF-
κB pathways besides its role in the modulation of the 
induced unfolded protein response[79,80]. Upon the 
induction of ER stress, IRE1 kinase becomes capable of 
recruiting TRAF2. This results in the activation of both 
JNK and NF-κB pathways[81]. The mechanisms, involved 
in the modulation of ER stress are outlined in Figure 1.

ER stress-mediated pathways to autophagy in melanoma 
Autophagy is a highly conserved degradation pathway 
that is responsible for the elimination of damaged 
cellular components. This process is implicated in several 
physiological and pathological processes leading to 
cell survival or cell death, and is characterized by the 
formation of double membrane autophagosomes[82]. 
The functional role of autophagy in melanoma has 
been reported in the context of in vitro analysis 
of chemotherapy-mediated effects in established 
melanoma cells[12,13]. We recently demonstrated that 
the induction of autophagic machinery in response to  
bortezomib protects melanoma cells from bortezomib-
induced apoptosis[13]. Also, the induction of autophagy 
in response to the treatment with esomeprazole, a 
proton pump inhibitor, plays an essential role in the 
delay of melanoma cell death[32]. More importantly, 
the inhibition of ER stress-induced autophagy by the 
knockdown of Mcl-1, heat shock protein 70 (HSP70) or 
the inhibition of Bcl-2 potentiates bortezomib-induced 
apoptosis of melanoma cells[13,83]. Also, the combination 
of autophagy inhibitors 3-MA, bafilomycin A1 (BafA1) 
or LY294002 with the antiproliferative agents such as 
sanguilutine has the potential to reduce melanoma 
cell viability[84]. Orlotti et al[85] addressed the essential 
role of autophagy in the protection of melanoma cells 
from G-quadruplex ligand-induced-ER stress associated 
with DNA damage. Also, G-quadruplex ligand-induced 
autophagy has been suggested to be the consequence 

HSP70 axis. More importantly, in our laboratory, we 
demonstrated that the inhibition of IRE1α-ASK1-JNK-
AP-1/HSF1-HSP70 pathways synergistically enhance 
bortezomib or vinblastine-induced apoptosis of mela­
noma cells[12,13]. 

ER stress-mediated pathways to apoptosis in melanoma 
It is established that the primary function of ER stress 
is to restore normal ER homeostasis and to engage 
cytoprotective mechanisms to counteract or mediate 
both intra- and extracellular-induced alterations[71]. 
Therefore, if the induced ER stress is strong or persistent, 
the ER enhanced dysfunction becomes irreversible 
and consequently triggers cell death machinery to 
initiate apoptosis. Thus, the destruction of the ER 
stress-dependent pathways that are essential for the 
modulation of the cytoprotective machinery by small 
molecule-inhibitors would be expected to trigger 
apoptosis of tumor cells. In addition, the enhancement 
of key components leading to excessive activation of 
apoptotic pathways, such as the mammalian IRE1α, 
could impact the regulation of kinases such as ASK1[62]. 
The activation of the pro-apoptotic kinase ASK1, the 
upstream kinase of the JNK pathway, is essential for the 
regulation of ER stress-induced apoptosis of melanoma 
in response to chemotherapeutic agents such as 
vinblastine[12], as well as in response to pro-apoptotic 
proteins such as the BH- only proteins such as Noxa[70] 
and APR-2[58]. Unlike various tumor types, particularly, 
those undergoing prolonged ER stress, the ER stress-
dependent pathways such as IRE1α and ATF6 are 
persistent in melanoma cells[72]. Thus, it is expected that 
constitutive activation of both IRE1α and ATF6 would 
be associated with the development of melanoma 
resistance to anti-cancer agents[72]. Accordingly, the 
destruction of IRE1α and/or ATF6 signaling pathways 
has been reported to trigger apoptosis via mechanism 
mediated by PERK pathway[73]. The role of the PERK 
pathway in the modulation of ER stress-induced apop­
tosis has been demonstrated in various tumor types 
including melanoma via mechanism mediated by the 
BH3-only protein Bim[58,73]. 

Although the UPR is established as a cyto- protective 
response, excessive and/or persistent activation of 
ER stress-associated pathways can also trigger apo­
ptosis[74]. However, the mechanism whereby UPR 
switches from the cyto- protection to apoptosis is 
thought to be the consequence of the attenuation of 
IRE1α and/or ATF6 activities[72,75]. The resistance of 
melanoma cells to most anti-cancer therapies during 
the course of anti-cancer-induced ER stress is attributed 
to the fact that the melanoma cells have adapted to 
ER stress. Although the molecular mechanisms that 
describe the contribution of ER stress in melanoma 
survival has been established, several studies revealed 
that the resistance of melanoma cells to ER stress-
induced apoptosis results from the prolonged activation 
of the IRE1α and ATF6 pathways that, in turn, lead 
to the attenuation of the PERK signaling pathway[72]. 
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trametinib, showed significant antitumor activity in 
melanoma patients with a V600 BRAF mutation[100]. 
Other MEK inhibitors, such as Binimetinib, exhibit 
antitumor activity in patients with advanced melanoma, 
who demonstrate NRAS mutation[101]. Most importantly, 
the combination of BRAF inhibitors such as dabrafenib 
with MEK inhibitors such as trametinib have enhanced 
therapeutic benefits when compared with the response 
rate to dabrafenib alone[102]. Despite the demonstration 
of therapeutic progress by both BRAF and MEK 
inhibitors, most patients with metastatic melanoma 
fail to achieve a clinical cure[103]. The development of 
more effective therapeutics for advanced metastatic 
melanoma requires a direct evaluation of novel and 
innovative therapies. The roles of the Raf/MEK/ERK and 
PI3K/PTEN/Akt/mTOR pathways in controlling growth 
and the implications for sensitivity to treatment of 
melanoma are outlined in Figure 2.

While MAP kinase pathways modulate autophagy-
associated cell death[104], accumulated evidence demon­
strates that autophagy also plays a role in the promotion 
of tumor resistance and survival via MAP kinase path­
way-dependent mechanisms[13,105-107]. Specifically, the 
induction of cytoprotective autophagy counteracts MAP 
kinase-mediated pathways to apoptosis in response to 
chemotherapy-based treatments[13,108]. The presence of 
autophagosomes in tumor cells undergoing apoptosis 
in response to the treatment with chemotherapy is 
evidence for the ability of tumor cells to evade the 
cytotoxicity via autophagy-dependent pathways[109]. 
Thus, the inhibition of autophagic machinery induced by 
chemotherapeutics, such as bortezomib, may prove to 
be an effective therapeutic strategy[13]. In addition, these 
pathways may play a role in ER stress suppression of 
the anti-tumor efficiency of vemurafenib, dabrafenib and 
trametenib in melanoma patients harboring activating 
NRAS or BRAF mutations (Figure 2).

Anti-cancer agents affecting ER stress-associated 
pathways to apoptosis of melanoma
There are a number of United States Food and Drug 
Administration-approved anti-cancer agents that 
influence key components of ER stress-dependent 
pathways. For example, the ruthenium-derived com­
pounds trigger the expression of ER stress proteins 
such as, Bip, XBP1, PDI, and CHOP leading to tumor 
growth inhibition or cell death[110,111]. Also, the anti-
cancer agent 2-Hydroxyoleic acid triggers ER stress 
and autophagy in various human glioma cell lines[112]. 
Furthermore, the inhibition of the proteasome system 
with bortezomib overcomes resistance in a variety of 
tumors via mechanisms mediated by the accumulation 
of misfolded proteins that overwhelm the ER-associated 
degradation pathway that produce ER stress[113]. This 
mechanism is well described in multiple myeloma (MM) 
cells that constitutively express ER stress-associated 
survival factors that are essential for propagation and 
maintenance of MM cells[114,115]. Thus, proteasome 
inhibitors induce apoptosis in MM because the UPR is 

of Ataxia Telangiectasia mutated-dependent DNA 
damage response as well as the transactivation of 
the cyclin-dependent kinase inhibitor 1A[84]. Although 
its mechanistic role in tumor survival and resistance 
to treatment with chemo-and radiotherapy has been 
established, autophagy can also enhance the killing 
efficiency of chemotherapy-based treatments in various 
tumor types including melanoma[86]. In recent years, 
autophagic cell death, also known as type II apoptosis, 
gained more attention, as a potential therapeutic target 
for tumor treatment. Soares et al[87], demonstrated 
that the combination of Cl-IB-MECA inhibitor and 
paclitaxel can induce mTOR-dependent autophagic cell 
death, as well as caspase-dependent and/or indepen­
dent apoptosis in melanoma cells. In addition, the 
potential of the micro-tubule poison, JG-03-14, to cause 
cytotoxic effects in melanoma cells both in vitro and in 
vivo via autophagy-dependent mechanism has been 
approved[88]. Thus, chemotherapeutic agents, whose 
cytotoxicity is mediated by autophagy-dependent 
mechanisms are considered to be suitable therapeutic 
approaches, particularly for tumors conferring resistance 
to anti-cancer agents-induced apoptosis. In addition, the 
identification of ER stress-associated pathways as a link 
between BRAF signaling and cytoprotective autophagy 
provides a potential therapeutic target for melanoma 
treatment[46]. Anti-cancer agents-induced autophagy is 
mostly resistant to several kinase inhibitors, particularly, 
those targeting the link between autophagic machinery 
and PI3K/AKT/mTOR pathway[89,90]. 

The common genetic alterations leading to the deve­
lopment of malignant melanoma are widely established 
to be the consequence of the activating mutations in 
NRAS and BRAF proto-oncogenes[91,92]. Also, genome-
wide mutation detection in melanoma derived cell lines 
and primary tumors revealed significant alterations in the 
BRAF gene[93]. The most identified mutations were found 
to affect a single residue (V600E) that is located in the 
kinase activation domain of BRAF[94,95]. The importance 
of BRAF mutation is attributed to the potential role of 
RAF serine/threonine kinases, the most important key 
signaling components in the RAS pathways[96]. The 
clinical relevance of BRAF in melanoma is based on 
its mechanistic role in the activation of melanocytes in 
cAMP-dependent pathway in response to α-melanocyte-
stimulating hormone-mediated activation of melanocortin 
receptor 1[97]. Accordingly, the mutation in the BRAF gene 
with its consequent impact on melanoma development 
and progression has gained increasing attention as a 
therapeutic target in melanoma. The development of 
a broad-spectrum of kinase inhibitors confirmed the 
clinical relevance of the inhibition of BRAF as an efficient 
therapeutic strategy for melanoma treatment. These 
kinase inhibitors have demonstrated the ability to inhibit 
BRAF, mutant BRAFV600E, and CRAF[98]. The most 
potent BRAF inhibitors, vemurafenib and dabrafenib, 
have demonstrated antitumor activity for advanced 
melanoma in phase III trials, particularly in patients 
with BRAF mutations[99]. Also, MEK inhibitors, such as 
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was found to trigger apoptosis of melanoma cells via 
mechanism-mediated by both PERK/eIF2α/ATF4/
CHOP and ATF6/CHOP pathways[122]. In another study, 
Hiscutt et al[123], demonstrated that knockdown of the 
X-linked inhibitor of apoptosis protein (XIAP) enhances 
both fenretinide and bortezomib-induced apoptosis 
of metastatic melanoma cells via ER stress-mediated 
pathways. Also, melanoma under ER stress shows 
more susceptibility to obatoclax-induced apoptosis[124]. 
Moreover, the role of ER stress-associated signaling 
pathways, GRP78, ATF6, IRE1a, and PERK/eIF2a has 
been reported to be essential for docatxel-induced 
apoptosis of melanoma[125]. More importantly, it has 
been suggested that the constitutively activated MEK/
ERK pathway results in resistance of melanoma cells 
to ER stress-induced apoptosis. Accordingly, Jiang et 
al[48], demonstrated that the inhibition of MEK by U0126 
inhibitor or by the knockdown of MEK1 by its specific 
siRNA sensitizes melanoma cells to tunicamycin- or 
thapsigargin-induced apoptosis. Also, the induction of ER 
stress by Tunicamycin can sensitize human melanoma 
cells to tumor necrosis factor-related apoptosis in 
response to ligand-induced apoptosis[126].

CONCLUSION
Although it has been demonstrated that ER stress-
dependent pathways play a significant role in the 
regulation of tumor initiation and resistance, it is more 
difficult to confirm the hypothesis that ER is a valid 
therapeutic target for tumor treatment. The induc­
tion of UPR is a cellular mechanism that reduces or 
prevents the cytotoxic effect of anti-cancer treatment. 

unable to mediate the degradation of the misfolded 
proteins[116]. In fact, compared to other cell lines, MM 
cells are the most sensitive to proteasome inhibitors-
induced apoptosis via mechanism mediated by the 
activation of UPR-associated pathways including PERK 
and ATF4, and the pro-apoptotic target, CHOP[117]. 

The involvement of ER stress in the modulation 
of melanoma cell death in response to the treatment 
with anti-cancer agents has been studied extensively. 
For example, Syed et al[118], demonstrated that fisetin-
induced apoptosis of melanoma cells is mediated by 
ER stress-associated pathways such as IRE1α, XBP1s, 
ATF4 and GRP78[119]. Also, the small molecule inhibitor 
honokiol, a potent anti-tumorigenic compound, has 
been shown to trigger apoptosis of melanoma cells via 
a mechanism mediated by the binding of honokiol to 
the unfolded ATPase domain of GRP78 leading to the 
induction of ER stress and pro-apoptotic associated 
pathways. Beck et al[120], addressed an important role 
for ER stress-associated pathways in the modulation 
of the anti-cancer agents. For example, in patients 
with BRAFV600E-mutated melanoma vemurafenib- 
induced apoptosis is associated with increased levels 
of the spliced isoform of the transcription factor, XBP1, 
a marker for the induction of ER stress, and with 
increased phosphorylation of the translation initiation 
factor eIF2α. Also, ER stressors such as diallyl trisulfide 
play a role in the sensitization of melanoma cells to 
death receptor- induced apoptosis[121]. Moreover, the role 
of ER stress-associated pathways in the modulation of 
the anti-tumor activity of the natural marine compound, 
11-dehydrosinulariolide has been demonstrated[122]. 
Interestingly, the 11-dehydrosinulariolide compound 
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Figure 2  Proposed models for the mechanistic role of 
endoplasmic reticulum stress in the modulation of the 
anti-tumor efficiency of vemurafenib, dabrafenib and 
trametenib in melanoma patients harboring activating 
neuroblastoma RAS viral (v-ras) oncogene homolog 
or rapidly accelerated fibrosarcoma murine sarcoma 
viral (v-raf) oncogene homolog B mutations. The main 
function of MC1R, TRK on melanoma cell is to transmit 
extracellular signaling that is essential for the activation 
of RAS-RAF-MEK-ERK and PI3K-AKT-mTOR pathways 
to mediate various cellular functions including melanoma 
initiation, progression and resistance. Thus, the exposure of 
melanoma (BRAFmt and NRASmt) cells to either Vemurafenib, 
Dabrafenib or Trametenib, respectively, results in inhibition 
of MC1R, cKIT and TRK-mediated activation of RAS-RAF-
MEK-ERK and PI3K-AKT-mTOR pathways. As consequence 
the inhibition of RAS-RAF-MEK-ERK and PI3K-AKT-mTOR 
pathways results in the execution melanoma cell death via 
mechanism-mediated by ER stress-dependent pathways 
including PERK-eIF2α-ATF4-ATF3-CHOP-Bim pathway. 
NRAS: Neuroblastoma Rat Sarcoma viral (v-ras) oncogene 
homolog; BRAF: Rapidly Accelerated Fibrosarcoma 
murine sarcoma viral (v-raf) oncogene homolog B; MC1R: 
Melanocortin 1 receptor; TRK: CKIT and receptor tyrosine 
kinase; PI3K: Phosphatidylinositol-4,5-bisphosphate 
3-kinase; AKT: Protein kinase B.

Hassan M et al . ER stress-mediated pathways in melanoma treatment



November 20, 2015|Volume 5|Issue 4|WJEM|www.wjgnet.com

stem-like cells conferring resistance to taxol: An insight into the 
mechanisms of their resistance and response. Cancer Lett 2014; 343: 
123-133 [PMID: 24080340 DOI: 10.1016/j.canlet.2013.09.024]

12	 Selimovic D, Badura HE, El-Khattouti A, Soell M, Porzig BB, 
Spernger A, Ghanjati F, Santourlidis S, Haikel Y, Hassan M. 
Vinblastine-induced apoptosis of melanoma cells is mediated by 
Ras homologous A protein (Rho A) via mitochondrial and non-
mitochondrial-dependent mechanisms. Apoptosis 2013; 18: 980-997 
[PMID: 23564313 DOI: 10.1007/s10495-013-0844-4]

13	 Selimovic D, Porzig BB, El-Khattouti A, Badura HE, Ahmad 
M, Ghanjati F, Santourlidis S, Haikel Y, Hassan M. Bortezomib/
proteasome inhibitor triggers both apoptosis and autophagy-
dependent pathways in melanoma cells. Cell Signal 2013; 25: 
308-318 [PMID: 23079083 DOI: 10.5493/wjem.v2.i2.7]

14	 Bajetta E, Del Vecchio M, Vitali M, Martinetti A, Ferrari L, 
Queirolo P, Sertoli MR, Cainelli T, Cellerino R, Cascinelli N. A 
feasibility study using polychemotherapy (cisplatin + vindesine 
+ dacarbazine) plus interferon-alpha or monochemotherapy with 
dacarbazine plus interferon-alpha in metastatic melanoma. Tumori 
2001; 87: 219-222 [PMID: 11693798]

15	 Meckbach D, Keim U, Richter S, Leiter U, Eigentler TK, Bauer J, 
Pflugfelder A, Büttner P, Garbe C, Weide B. BRAF-V600 mutations 
have no prognostic impact in stage IV melanoma patients treated 
with monochemotherapy. PLoS One 2014; 9: e89218 [PMID: 
24586605 DOI: 10.1371/journal.pone.0089218]

16	 Lee CK, Jung M, Choi HJ, Kim HR, Kim HS, Roh MR, Ahn JB, 
Chung HC, Heo SJ, Rha SY, Shin SJ. Results of a Phase II Study to 
Evaluate the Efficacy of Docetaxel and Carboplatin in Metastatic 
Malignant Melanoma Patients Who Failed First-Line Therapy 
Containing Dacarbazine. Cancer Res Treat 2015; 47: 781-789 
[PMID: 25687848 DOI: 10.4143/crt.2014.261]

17	 Linardou H, Pentheroudakis G, Varthalitis I, Gogas H, Pectasides 
D, Makatsoris T, Fountzilas G, Bafaloukos D. Predictive biomarkers 
to chemotherapy in patients with advanced melanoma receiving the 
combination of cisplatin--vinblastine--temozolomide (PVT) as first-
line treatment: a study of the Hellenic Cooperative Oncology Group 
(HECOG). Anticancer Res 2015; 35: 1105-1113 [PMID: 25667500]

18	 Lens MB, Eisen TG. Systemic chemotherapy in the treatment 
of malignant melanoma. Expert Opin Pharmacother 2003; 4: 
2205-2211 [PMID: 14640919 DOI: 10.1517/14656566.4.12.2205]

19	 Queirolo P, Picasso V, Spagnolo F. Combined BRAF and MEK 
inhibition for the treatment of BRAF-mutated metastatic melanoma. 
Cancer Treat Rev 2015; 41: 519-526 [PMID: 25944484 DOI: 
10.1016/j.ctrv.2015.04.010]

20	 Thu YM, Su Y, Yang J, Splittgerber R, Na S, Boyd A, Mosse C, 
Simons C, Richmond A. NF-κB inducing kinase (NIK) modulates 
melanoma tumorigenesis by regulating expression of pro-survival 
factors through the β-catenin pathway. Oncogene 2012; 31: 
2580-2592 [PMID: 21963849 DOI: 10.1038/onc.2011.427]

21	 Kim A, Son M, Kim KI, Yang Y, Song EY, Lee HG, Lim JS. 
Elevation of intracellular cyclic AMP inhibits NF-kappaB-mediated 
thymosin beta4 expression in melanoma cells. Exp Cell Res 2009; 315: 
3325-3335 [PMID: 19500569 DOI: 10.1016/j.yexcr.2009.05.024]

22	 Sims JT, Ganguly SS, Bennett H, Friend JW, Tepe J, Plattner R. 
Imatinib reverses doxorubicin resistance by affecting activation of 
STAT3-dependent NF-κB and HSP27/p38/AKT pathways and by 
inhibiting ABCB1. PLoS One 2013; 8: e55509 [PMID: 23383209 
DOI: 10.1371/journal.pone.0055509]

23	 Levati L, Ruffini F, Muzi A, Umezawa K, Graziani G, D’Atri S, 
Lacal PM. Placenta growth factor induces melanoma resistance to 
temozolomide through a mechanism that involves the activation 
of the transcription factor NF-κB. Int J Oncol 2011; 38: 241-247 
[PMID: 21109946 DOI: 10.3892/ijo_00000844]

24	 Lev DC, Ruiz M, Mills L, McGary EC, Price JE, Bar-Eli M. 
Dacarbazine causes transcriptional up-regulation of interleukin 8 
and vascular endothelial growth factor in melanoma cells: a possible 
escape mechanism from chemotherapy. Mol Cancer Ther 2003; 2: 
753-763 [PMID: 12939465]

25	 Poklepovic A, Youssefian LE, Winning M, Birdsell CA, Crosby 
NA, Ramakrishnan V, Ernstoff MS, Roberts JD. Phase I trial of 

Accordingly, the destruction of key UPR components 
should provide an effective therapeutic strategy for 
melanoma treatment. Moreover, a functional analysis 
of UPR-mediated pathways, particularly those which 
are essential for cell survival or cell death, may help to 
identify key molecules of the aberrant pathways whose 
excessive activation and/or inhibition may overcome 
melanoma resistance to standard treatments. In 
addition, gaining an understanding of the molecular 
mechanisms of UPR may provide insight into the develop­
ment of therapeutic strategies such as the development 
of small molecule inhibitors to control melanoma 
through the modulation of UPR signaling. Just as most 
current melanoma therapies were developed following a 
functional analysis of their ability to trigger mitochondrial 
dysregulation, ER stress-dependent pathways could 
provide new therapeutic targets designed to effect key 
components of aberrant signaling pathways.
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