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Abstract 

Melanoma is known as an exceptionally aggressive and treatment-resistant human cancer. Alt-
hough a great deal of progress has been made in the past decade, including the development of 
immunotherapy using immune checkpoint inhibitors and targeted therapy using BRAF, MEK or KIT 
inhibitors, treatment for unresectable stage III, stage IV, and recurrent melanoma is still challenging 
with limited response rate, severe side effects and poor prognosis, highlighting an urgent need for 
discovering and designing more effective approaches to conquer melanoma. Melanoma is not only 
driven by malignant melanocytes, but also by the altered communication between neoplastic cells 
and non-malignant cell populations, including fibroblasts, endothelial and inflammatory cells, in the 
tumor stroma. Infiltrated and surrounding fibroblasts, also known as cancer-associated fibroblasts 
(CAFs), exhibit both phenotypical and physiological differences compared to normal dermal fi-
broblasts. They acquire properties of myofibroblasts, remodel the extracellular matrix (ECM) and 
architecture of the diseased tissue and secrete chemical factors, which all together promote the 
transformation process by encouraging tumor growth, angiogenesis, inflammation and metastasis 
and contribute to drug resistance. A number of in vitro and in vivo experiments have shown that 
stromal fibroblasts promote melanoma cell proliferation and they have been targeted to suppress 
tumor growth effectively. Evidently, a combination therapy co-targeting tumor cells and stromal 
fibroblasts may provide promising strategies to improve therapeutic outcomes and overcome 
treatment resistance. A significant benefit of targeting CAFs is that the approach aims to create a 
tumor-resistant environment that inhibits growth of melanomas carrying different genetic muta-
tions. However, the origin of CAFs and precise mechanisms by which CAFs contribute to mel-
anoma progression and drug resistance remain poorly understood. In this review, we discuss the 
origin, activation and heterogeneity of CAFs in the melanoma tumor microenvironment and 
examine the contributions of stromal fibroblasts at different stages of melanoma development. We 
also highlight the recent progression in dissecting and characterizing how local fibroblasts become 
reprogrammed and build a dynamic yet optimal microenvironment for tumors to develop and 
metastasize. In addition, we review key developments in ongoing preclinical studies and clinical 
applications targeting CAFs and tumor-stroma interactions for melanoma treatment. 
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Introduction 
Advanced melanoma is recognized as an excep-

tionally aggressive and treatment-resistant human 
cancer. According to data from the American Cancer 
Society, melanoma accounts for less than 2% of skin 

cancer cases but a large part of skin cancer deaths. The 
incidence of melanoma has been rising over the past 
30 years in the US. In 2014, an estimated 76,100 new 
cases were diagnosed and over 9,000 patients died [1], 
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highlighting an urgent need to discover as yet un-
known molecular features of melanoma in order to 
make fundamental therapeutic advances to conquer 
this malignant disease.  

Emerging Approaches for Melanoma Treat-
ment 

Survival of melanoma patients largely depends 
on the stage of the tumor. Early stage melanoma is 
highly curable by a wide local excision followed by 
lymph node management [2]. However, treatments 
for patients with unresectable stage III, stage IV and 
recurrent melanoma have been extremely challenging 
without significant improvement in survival rates 
[3-6]. Interleukin-2 (IL-2) and interferon-alpha 
(IFNα)-based immunotherapy were introduced in the 
1990s to treat advanced melanoma [7, 8]. In the last 
decade, a deeper understanding of melanoma etiolo-
gy, development and metastasis has driven the rapid 
development of innovative agents for immunothera-
py and molecularly targeted therapy. An array of 
immune checkpoint inhibitors has recently been ap-
proved to treat advanced melanoma. Ipilimumab 
(Yervoy®), a monoclonal antibody that directly binds 
to cytotoxic T lymphocyte-associated antigen 4 
(CTLA-4) on T cells, has the ability to reverse the 
CTLA-4-mediated down-regulation of T-cell activa-
tion and enhance the immune response against mel-
anoma cells [9]. In clinical trials, patients treated with 
different concentration of ipilimumab showed a 
5-year survival rate that varied between 16.5% and 
49.5% [10]. Pembrolizumab (formerly lambrolizumab; 
Keytruda®) and Nivolumab (Opdivo®) block the 
interaction between programed cell death protein 1 
(PD-1) and its two ligands, PD-L1 and PD-L2, which 
are highly expressed on melanoma cells, augmenting 
the antitumor immune response. Both drugs have 
shown promising clinical outcomes of reducing tumor 
size and increasing overall survival of patients with 
metastatic melanoma [11]. On September 4, 2014, the 
US Food and Drug Administration (FDA) approved 
pembrolizumab as a breakthrough therapy for treat-
ment following other immune and molecularly tar-
geted therapies [12]. The FDA approved Nivolumab 
in December 2014 as a treatment for patients who 
have progressed on treatment with ipilimumab [13].  

Molecularly targeted therapies are drugs that 
specifically interfere with key molecules involved in 
tumor cell growth and survival. Over 60% of primary 
cutaneous melanomas and over 50% of metastatic 
melanomas harbor activating mutations in v-raf mu-
rine sarcoma viral oncogene homolog B (BRAF), 
mainly at residue 600 that encodes valine [14-16], re-
sulting in the activation of mitogen-activated protein 
kinase (MAPK)/extracellular signal-regulated kinase 

(ERK) signaling without the need for extracellular 
stimulation [17]. Vemurafenib/PLX4032 (Zelboraf®), 
an inhibitor of mutated protein BRAF(V600E) from 
Genentech, was approved by the FDA, Health Canada 
and the European Commission in 2011 and 2012 as a 
monotherapy for metastatic melanoma [18, 19]. The 
relative reduction in the risk of death by vemurafenib 
was 63% in melanoma patients carrying BRAF muta-
tions and the median progression-free survival is 5 to 
7 months [20]. In 2013, the FDA approved two new 
inhibitors developed by GlaxoSmithKline, Dabrafenib 
(Tafinlar®) and Trametinib (Mekinist®), which 
showed similar outcomes to vemurafenib during 
phase I and II studies for treating certain patients with 
metastatic or unresectable melanoma carrying 
BRAF(V600E) or (V600K) mutations. Dabrafenib is 
another BRAF kinase inhibitor but appears to be more 
selective to the BRAF(V600E) mutation and showed a 
lower degree of side effects than vemurafenib [21, 22]. 
Trametinib acts as an inhibitor of mitogen-activated, 
extracellular signal-regulated kinase (MEK) and was 
approved in May 2013 as a single-agent treatment by 
the FDA for the treatment of melanoma patients with 
V600E or V600K mutation [23]. In January 8, 2014, the 
FDA approved the combination of dabrafenib and 
trametinib to treat patients with BRAF(V600E/K) 
metastatic melanoma [12].  

Mutations in mast/stem cell factor growth factor 
receptor (SCFR), also known as tyrosine-protein ki-
nase c-KIT or CD117, are primarily associated with 
acral and mucosal melanomas and a subset of cuta-
neous melanoma caused by chronic sun damage [24, 
25]. Stem cell factor (SCF) binds to c-KIT, which is 
expressed on the surface of melanocytes, to activate 
intracellular tyrosine kinase activity and downstream 
multiple signaling cascades, including the RAS/ERK, 
phosphatidylinositol-3-OH kinase/AKT (PI3K/AKT) 
and Janus kinase (JAK)/signal transducer and acti-
vator of transcription (STAT) pathways, promoting 
cell growth and survival [26]. c-KIT gene mutations or 
increased c-KIT gene copy numbers abnormally acti-
vate downstream signaling processes, fostering unre-
stricted melanoma cell proliferation and enabling 
tumor cells to evade apoptosis [25, 27, 28]. There are 
several multicenter phase II trials for the treatment of 
this specific melanoma subtype using small-molecule 
tyrosine kinase inhibitors, including imatinib 
(Gleevec®), sunitinib (Sutent®) and nilotinib (Ta-
signa®) [29, 30].  

Limitations of Immunotherapy and Molecu-
larly Targeted Therapy in Melanoma Treat-
ment 

Although newly developed therapeutic ap-
proaches have shown promising outcomes in treating 
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advanced melanoma, their applications obviously 
have limitations because of limited response rate, se-
vere side effects and poor prognosis. Especially, tar-
geted therapies using BRAF, MEK or KIT inhibitors 
can only deal with a particular subtype of melanoma 
carrying specific mutations. Furthermore, melanoma 
cells frequently implement a number of molecular 
and cellular mechanisms to become resistant to these 
drugs, including higher mutation rate, alteration of 
membrane drug transporters, increased DNA repair 
and dysfunction of apoptosis [31, 32]. Heterogeneity 
within melanomas has been revealed as another pos-
sible mechanism behind tumor resistance to thera-
peutic treatment [33]. 

Drug resistance in melanoma can be either 
pre-existent (intrinsic resistance) or induced by 
treatment (acquired resistance) [34, 35]. Intrinsic re-
sistance causes poor response to the anti-melanoma 
drugs. For example, clinical studies reported only 
about 10% of patients responding to ipilimumab [36]. 
A research report published by Cha et al. in 2014 
showed that patients who maintained stable 
pre-existing T cell clonotypes had a good response to 
ipilimumab and improved overall survival [37]. Ac-
quired resistance occurred in melanomas treated with 
BRAF inhibitors such as vemurafenib [38]. One pri-
mary cause is the reactivation of the MAPK and 
PI3K/AKT signaling pathways [39], which can be 
induced by secondary mutations in genes down-
stream of BRAF, such as those encoding neuroblas-
toma RAS viral (v-ras) oncogene homolog (NRAS) 
[40] or MEK1 [41]. Hepatocyte growth factor (HGF) 
secreted by stromal fibroblasts has been revealed as 
another cause that allows melanoma cells to bypass 
BRAF inhibition and maintain abnormal cell cycle 
progression [42] .  

Another drawback limiting the application of 
newly developed drugs is the occurrence of severe 
side effects [43, 44]. Treatment with IFNα causes de-
pression, flu-like symptoms, fatigue, anorexia and 
neuropsychiatric symptoms. IL-2 treatment can in-
duce vascular leak syndrome with symptoms of hy-
potension and oliguria [45]. Autoimmune-mediated 
side effects are reported among patients treated with 
ipilimumab, including mild cutaneous disorders such 
as skin rash, life-threatening toxic epidermal necroly-
sis and colitis. Although many patients showed good 
tolerance to vemurafenib, cutaneous toxicities still 
developed, including verrucous papilloma, hand-foot 
skin reaction, rash, photosensitivity, panniculitis, and 
especially keratoacanthomas and squamous cell car-
cinomas. Interestingly, it has been reported that these 
side effects correlated with increasing positive re-
sponse of metastatic melanoma to vemurafenib [46, 
47]. 

Alternative Strategies to Overcome Tumor 
Cell Heterogeneity and Therapy Resistance: 
Targeting Cancer-Associated Fibroblasts 
(CAFs) 

Solid tumors are not monolithic tumor cell-only 
masses but also contain a wide range of non-cancer 
stromal cells including endothelial cells, fibroblasts, 
mesenchymal stem cells and immune cells [48]. Infil-
trated and surrounding fibroblasts in the tumor mi-
croenvironment, termed CAFs, have the ability to 
synthesize, deposit and remodel the ECM and pro-
duce cytokines and growth factors, which all together 
promote the transformation process by encouraging 
tumor growth, angiogenesis and inflammation and 
contribute to drug resistance [49]. The presence of a 
larger number of CAFs in the tumor stroma has been 
shown to be associated with an increased risk of me-
tastasis and a poor clinical prognosis in breast cancer, 
lung cancer, and pancreatic cancer [50, 51]. Several 
co-culture experiments demonstrated that CAFs 
stimulated melanoma, pancreatic and prostatic cancer 
cell growth in vitro [52-54]. A number of in vivo ex-
periments provided evidence that CAFs promoted 
melanoma cell proliferation and thus they were tar-
geted to suppress tumor growth [54-58]. 

CAFs are believed to be heterogeneous with 
similar properties to the activated myofibroblasts 
found under inflammatory conditions or during 
wound healing, and normally express α-smooth 
muscle actin (α-SMA, also called ACTA2) [59]. How-
ever, α-SMA alone cannot be used to identify all 
CAFs. Several other markers such as, fibroblast spe-
cific protein 1 (FSP-1, also called S100A4), fibroblast 
activation protein-alpha (FAP-α, also known as FAP) 
and platelet-derived growth factor receptor (PDGFR) 
have also been used to identify, isolate and charac-
terize CAFs [51, 60].  

There are several important sources for the for-
mation of CAFs in the tumor stroma, including: (1) 
transdifferentiation of bone marrow mesenchymal 
cells into CAFs; (2) epithelial-mesenchymal transition 
(EMT) or endothelial-to-mesenchymal transition 
(EndMT) of resident epithelial or endothelial cells 
within the tumor stroma into CAFs; and (3) recruit-
ment and activation of resident fibroblasts [61, 62]. As 
cutaneous melanoma begins predominantly at the 
junction of the epidermis and the dermis (Fig. 1), ma-
lignant tumor cells interact actively and extensively 
with dermal fibroblasts [63], which undoubtedly 
serve as a major source for CAFs and play an im-
portant role in melanoma development and metasta-
sis.  
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Figure 1. Illustration of interactions among melanocytes, keratinocytes and fibroblasts in normal skin and during melanoma development. 
Normal melanocytes reside in the epidermis and close to the basement membrane forming an ‘Epidermal Melanin Unit’ that contains one melanocyte and up to 
thirty-six keratinocytes. Malignant melanoma cells proliferate, penetrate the basement membrane (thick yellow line), and invade the underlying dermis. Melanocytes 
are adherent to keratinocytes due to the E-cadherin expression (indicated by green bars). During the process of melanoma invasion and metastasis, the switch from 
E-cadherin to N-cadherin expression in melanoma cells allows them to bind to N-cadherin-expressing fibroblasts (indicated by red bars), which subsequently helps 
these melanoma cells move away from keratinocytes and invade the underlying dermis before they can reach blood and lymphatic vessels [86]. 

 

Inhibitory Functions by Dermal Fibroblasts to 
Suppress Tumor Onset 

In contrast to CAFs, it appears that normal der-
mal fibroblasts suppress growth and progression of 
pre-malignant lesions at early stages of tumor devel-
opment (Fig. 2) [64]. In one study, dermal fibroblasts 
showed a repressive influence on tumor cells derived 
from primary melanoma lesions using an in vitro 
co-culture model [54]. However, mechanisms that 
normal fibroblasts employ to defend against tumor 
development are still under investigation. Several 
research papers reported that the possible cause of 
this inhibitory effect by normal dermal fibroblasts is 
based on their abilities to mobilize immune cells by 
secreting cytokines such as interferon gamma (IFNγ), 
interleukin-6 (IL-6) and tumor necrosis factor-alpha 
(TNF-α) [65, 66]. Madar et al. reported that dermal 
fibroblasts expressed high levels of tumor inhibitory 
proteins, such as whey acidic protein four-disulfide 
core domain 1 (WFDC1), which suppressed tumor cell 
growth [67, 68]. 

Another possible reason is the physical barrier 
formed by dermal fibroblasts that blocks melanoma 
cells to migrate and invade the surrounding tissues. 
The ability of malignant melanoma cells to penetrate 
dermal tissue requires changes in several distinct 
cellular functions including adhesion, motility, de-
tachment, and ECM proteolysis. Members of the ma-
trix metalloproteinase (MMP) gene family have been 
implicated in the remodeling of the ECM required for 
tumor invasion and metastasis. Normal fibroblasts 
continually regulate and restrain the change of the 
ECM in healthy tissue by strictly controlling MMP1, 
MMP2, MMP9, and MMP13, and membrane-type 
matrix metalloprotineases (MT-MMPs), thereby pre-

venting the degradation of basement membrane and 
consequently blocking the potential invasion and 
metastasis of tumor cells [69].  

 

 
Figure 2. Illustration of reciprocal interaction and co-evolution 
among stromal fibroblasts, cancer-associated fibroblasts and mela-
noma cells. When melanoma first initiates, the quiescent fibroblasts in stroma 
create a barrier and produce chemical factors, which altogether inhibit mela-
noma cell growth. During the development of melanoma, melanoma cells secret 
stimulatory molecules, which induce epigenetic, cellular and biochemical 
changes in stromal fibroblasts that consequently become CAFs. After activation, 
CAFs subsequently interact with melanoma cells in a reciprocal way that builds 
a dynamic yet optimal microenvironment for melanoma to progress, metasta-
size and resist drug treatment. 

 
ECM proteins and secreted factors expressed by 

CAFs may also exert tumor suppressive effects at the 
early stages of tumor progression. Hyaluronan is a 
large polysaccharide usually consisting of 
2,000–25,000 disaccharides [70]. It has been reported 
that the majority of hyaluronan in the ECM was syn-
thesized by CAFs and promoted tumor invasiveness 
[71, 72]. However, hyaluronidase found in stromal 
tissues cleaved hyaluronan into polymers of various 
sizes, which showed different biological activities. 
Small size hyaluronan oligomers suppressed the 
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MAPK and PI3K/AKT pathways in multi-
drug-resistant tumor cells and sensitized cancer cells 
to a variety of chemotherapeutic drugs [73-75]. IL-6 
was reported to be a fibroblast-derived growth inhib-
itor of early stage human melanoma cells [65]. Trans-
forming growth factor-beta (TGF-β), for which fibro-
blasts are an important source, is known to suppress 
melanocyte and early stage melanoma cell cycle pro-
gression [60].  

Stimulation and Transformation of Stromal 
Fibroblasts to CAFs 

CAFs exhibit both phenotypical and epigenetic 
differences from normal dermal fibroblasts, which 
appear to be quiescent under normal healthy condi-
tions and function to maintain tissue homeostasis [59]. 
CAFs isolated from breast cancer tissue showed 
higher motility and invasion than normal fibroblasts 
[76]. Although both CAFs and normal fibroblasts ex-
press fibroblast-specific markers, such as fibronectin 
and vimentin, molecules that are normally considered 
to be activation markers, including α-SMA, S100A4, 
and FAP-α, are only expressed in CAFs [77]. Fur-
thermore, expression of genes that regulate cell pro-
liferation, cell death and cell adhesion was found to be 
highly up-regulated in CAFs derived from malignant 
tumors as compared with normal fibroblasts from 
breast and prostate tissue [78-80].  

How dermal fibroblasts are stimulated to enter a 
continuous state of irreversible activation and estab-
lish an environment conducive for melanoma devel-
opment remains poorly understood. As shown in Fig. 
2, possible drivers are stimulatory factors that are 
secreted by tumor cells during carcinoma develop-
ment [81]. By using a 3-dimensional (3D) collagen 
matrix, Anderson and his collaborators showed that 
chemical factors secreted by melanoma cells induced 
fibroblasts to migrate toward, surround, and then 
infiltrate the tumor mass. These signals also stimulate 
fibroblasts to produce ECM proteins and a pool of 
pro-tumorigenic soluble factors [82]. They confirmed 
that platelet-derived growth factor (PDGF) and basic 
fibroblast growth factor (bFGF) were present in mel-
anoma cell-conditioned medium and could stimulate 
an up to 6-fold increase in the production of gly-
cosaminoglycan (GAG) from fibroblasts [83]. In addi-
tion, TGF-β is abundant in melanoma lesions and can 
stimulate normal fibroblasts to become CAFs [84].  

CAFs Promote Tumor Growth and Invasion 
by Direct Cell-Cell Interaction 

Following stimulation, transdifferentiated CAFs 
can promote tumor growth and invasion through 
direct cell-cell contact. CAFs were found to have a 
better ability to induce EMT and motility of 

non-small-cell-lung cancer cells when the two cell 
populations were cultured together permitting direct 
cell-cell contacts than when they were co-cultured 
indirectly across a trans-well membrane without di-
rect physical contact [85]. As shown in Fig. 1, mela-
nocytes are surrounded by keratinocytes in the epi-
dermis of normal skin. Growth, dendricity, and ex-
pression of melanoma-associated cell surface mole-
cules in melanocytes are restricted since melanocytes 
are adherent to keratinocytes partly because of 
E-cadherin expression and resulting direct interaction 
[86, 87]. As a tumor progresses, the switch from 
E-cadherin to N-cadherin expression controlled by 
PTEN/PI3K signaling allows mutant melanocytes to 
bind to N-cadherin-expressing fibroblasts, and sub-
sequently helps them to move away from keratino-
cytes and invade the underlying dermis [88-90].  

CD44 is a multifunctional glycoprotein that is 
abundantly expressed in CAFs and contributes to the 
interaction between CAFs and tumor cells [91]. CD44 
has been shown to increase the motility and tumor-
igenicity of murine mammary and human head and 
neck cancer cells [92, 93]. In one study conducted by 
Kinugasa et al. to investigate the effect of CD44 on 
tumorigenicity of HT29 cancer stem cells (CSCs), 
CSCs mixed with wild-type CAFs formed 2-fold more 
spheroids than the CSCs did alone, while CSCs cul-
tured with CD44-deficient CAFs or in 
CAF-conditional medium did not show increased 
formation of spheroids. This observation clearly sug-
gested that CD44-mediated direct interaction between 
CAFs and carcinoma cells contributes to stemness, 
tumorigenicity and drug resistance of CSCs [91]. 

CAFs Modulate the ECM to Promote Tumor 
Growth and Invasion  

CAFs produce a variety of ECM proteins such as 
laminins, fibronectin, tenascin C (TN-C), and fibrillar 
collagens, which are the structural components that 
make up connective tissue and contribute to the dense 
fibrous nature of solid tumors [94]. As discussed 
above, the hyaluronan-rich matrix facilitates tumor 
growth, invasion and angiogenesis. Remodeling of 
the ECM by MMPs is one crucial step in the formation 
of a favorable tumor microenvironment, allowing 
cancer cells to escape the primary tumor site and cross 
tissue boundaries [60]. In vitro evidence showed 
MMP1, MMP2, MMP13 and MT1-MMP (MMP14) 
secreted by surrounding CAFs influenced the motility 
and invasiveness of melanoma cells [95-99]. In pri-
mary and metastatic melanomas up-regulated ex-
pression of FAP-α in the reactive mesenchyme was 
also observed [100]. As an active serine protease, 
FAP-α has both collagenolytic and dipeptidyl pepti-
dase activities capable of degrading type I collagen, 
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thus enhancing ECM remodeling and facilitating tu-
mor cell growth and migration [101, 102]. 

CAFs Secrete Various Factors to Promote 
Melanoma Growth and Invasion  

CAFs have the ability to synthesize and secrete a 
large variety of growth factors and cytokines to sup-
port malignant tumor cell growth, invasion and me-
tastasis [62, 103]. One possible mechanism suggested 
by Comito et al. and Taddei et al. is that hypox-
ia-induced oxidative stress in melanoma and chemical 
factors secreted by melanoma cells stimulate CAFs to 
secrete cytokines and growth factors such as vascular 
endothelial growth factor (VEGF), stromal derived 
factor-1 (SDF-1 or CXCL12) and IL-6 favoring mela-
noma chemotaxis and invasion [104, 105].  

Cytokines from CAFs 
CAFs are believed to be an important source of 

chemokines, including C-C motif chemokine ligand 
(CCL) and C-X-C motif chemokine ligand (CXCL). 
CCL and CXCL interact with the chemokine receptors 
to alter the gene expression profile of CAFs and mel-
anoma cells, regulate their interaction and stimulate 
melanoma progression and metastasis [106]. In-
creased production of a number of chemokines in-
cluding CCL2, CXCL1, CXCL2, CXCL8 (IL-8) by CAFs 
was observed when co-cultured with tumor cells from 
breast cancer, pancreatic cancer, oral cancer, and 
melanoma [107]. Augstern et al. identify CXCL14 ex-
pressed by CAFs as a novel paracrine stimulator of 
prostate cancer cell growth and migration in vitro and 
in vivo [108]. Expression of inflammatory chemokine 
CXCL8, interleukin-1 (IL-1) and CCL2 was 
up-regulated in CAFs when co-cultured with mela-
noma cells facilitating angiogenesis and tumor me-
tastasis [107].  

An interesting example of crosstalk between 
melanoma cells and the tumor microenvironment is 
the CXC chemokine receptor-4 (CXCR4)/CXCL12 
axis. CXCR4 is expressed on the surface of melanoma 
cells and has been found to contribute to cancer me-
tastasis, which suggests that CXCR4 expression could 
be a useful prognostic marker for malignant mela-
noma [109, 110]. CXCL12 released by CAFs in the 
tumor microenvironment stimulated the migration 
and metastasis of melanoma cells to the distal meta-
static sites through interaction with CXCR4 expressed 
on tumor cells. CXCL12 is also able to induce angio-
genesis by recruiting endothelial cells into the tumor 
stroma [109, 111, 112]. Hwang and coworkers have 
shown that CXCR4 played a role in the migration of 
melanoma cells from the blood to distant organs in-
cluding the lung. Blockade of CXCL12-CXCR4 inter-
action by AMD11070, a small-molecule inhibitor of 

CXCR4, inhibited the migration of melanoma cells 
[113]. Takekoshi et al recently reported that a dimeric 
variant of CXCL12 (CXCL122) effectively inhibited 
lung metastasis of CXCR4-expressing B16/F10 mela-
noma cells [114]. 

IL-1 has been shown to activate the nuclear fac-
tor NF-κB pathway, which in turn can induce CXCL1 
and CXCL2 expression in both melanoma cells and 
CAFs, leading to tumor progression [115, 116]. IL-6 is 
a fibroblast-derived factor and plays an inhibitory role 
in early stage melanoma but not advanced melanoma 
[65]. Terai et al. reported that IL-6 induced IL-10 pro-
duction in melanoma cells, and subsequently IL-10 
negatively regulated the immune response and 
helped melanoma cells escape immune surveillance 
[117]. Na et al. demonstrated that IL-6 activated the 
STAT3 signaling pathway promoting metastasis of 
melanoma cells [118].  

Growth factors from CAFs 
Growth factors such as HGF and TGF-β from 

CAFs play a critical role in tumor progression. TGF-β 
expressed by CAFs functions as a paracrine factor to 
drive melanoma growth and metastasis in advanced 
melanoma [119, 120]. HGF secreted by CAFs stimu-
lates the proliferation of melanoma cells mediated by 
tyrosyl-phosphorylation of MET and several other 
proteins, including MAPK and ERK2 [121]. Gaggioli 
et al. reported that HGF also induced fibronectin ex-
pression and associated matrix assembly, which sub-
sequently promoted melanoma metastasis [122]. 
Koefinger et al. proposed that the E-cadherin to 
N-cadherin switch in melanoma cells is mediated by 
HGF through stage-specific changes in expression 
levels of three transcription factors, SNAI1, SNAI2, 
and TWIST1, which were known to repress 
E-cadherin expression [123, 124]. VEGFs are major 
growth factors secreted by CAFs that support con-
tinuous growth of tumors and have a wide range of 
effects on stromal cells [103, 125, 126]. 

CAFs Contribute to Tumor Drug Resistance 
Stromal fibroblasts could potentially contribute 

to drug resistance in tumor cells by various mecha-
nisms including: (1) form a compact and 
well-organized matrix structure to prevent therapeu-
tic drugs from reaching melanoma cells in the core of 
melanoma tissues [82]; (2) alter tumor cell sensitivity 
to apoptosis induced by anti-cancer drugs through 
cell-ECM interaction; (3) release soluble growth fac-
tors and chemokines that promote survival and 
growth of tumor cells; and (4) interact directly with 
tumor cells to induce epigenetic and phenotypical 
changes of tumor cells and activate tumor-survival 
signaling [127, 128]. The involvement of CAFs in drug 
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resistance indicates that they could be promising 
therapeutic targets to increase the sensitivity of mel-
anoma cells to anti-tumor agents for combined mela-
noma therapy.  

Heterogeneity of CAFs leads to gradients of nu-
trition, hypoxia and acidity in the tumor mass, all of 
which can reduce the sensitivity of tumor cells to drug 
treatment [129]. A hypoxic gradient could induce ox-
idative stress in the tumor microenvironment and 
changes of gene expression in tumor cells so that tu-
mor cells could escape from drug-induced senescence 
and apoptosis [128]. Oxidative stress could also arrest 
cells in the G1 phase of the cell cycle, which helps 
them to escape conventional chemotherapeutic drugs, 
for example, dacarbazine and temozolomide, as they 
usually target the rapidly dividing cells [130].  

Recent data have revealed the contribution of 
CAF-derived molecules to drug resistance of tumor 
cells. Misra et al. reported that increased hyaluronan 
production by CAFs enhanced resistance of 
drug-sensitive human breast cancer cells [74]. Type I 
collagen from CAFs leads to decreased chemothera-
peutic drug uptake in breast and colon carcinoma 
cells [131]. In two recent studies of melanoma drug 
resistance to chemotherapeutic agents, Zigrino et al. 
and Tiago et al. confirmed that CAFs assist melanoma 
metastasis and drug resistance by increasing the ex-
pression of IL-6, IL-8, MMP1, 2 and 9 [132, 133]. 
Studies done by Straussman et al. found that 
HGF-dependent stroma-mediated resistance is the 
possible mechanism by which melanoma cells har-
boring BRAF mutations evade BRAF inhibitor toxici-
ty. HGF secreted by CAFs results in activation of the 
HGF receptor MET and downstream MAPK and 
PI3K/AKT signaling pathways, which are responsible 
for the immediate resistance of BRAF-mutant mela-
noma to BRAF inhibitors [42].  

Targeting CAFs to Treat Melanoma 
As CAFs play an important role in tumor de-

velopment and are more genetically stable than tumor 
cells, CAFs have been emerging as a promising ther-
apeutic target for melanoma treatment [131]. One 
major issue to consider when designing therapeutic 
approaches targeting CAFs or their interaction with 
melanoma cells is the status of the tumor and the bi-
ochemical, cellular and molecular features of the tu-
mor microenvironment. As discussed above, mole-
cules that are associated with CAFs or involved in 
tumor-stroma interaction may function as tumor 
promoters at one stage but become inhibitors in a 
different microenvironmental setting or at different 
tumor stages. Careful evaluation of melanoma is a 
prerequisite for targeting selected molecules in CAFs. 
Obvious examples are hyaluronan and TGF-β that we 

discussed previously. Therefore, an in-depth under-
standing of the dynamics of tumor-stroma interac-
tions that promote melanoma cell survival, growth 
and invasion is critical and indispensable in the suc-
cess of CAF-targeting treatment strategies. Develop-
ment of new genetic, molecular and cellular tools will 
undoubtedly accelerate this process. 

Agents targeting FAP-α, CXCR4/CXCL12, HGF, 
PDGF, TGF-β and hyaluronan signaling in CAFs have 
been under preclinical study or clinical trials for 
treating breast cancer, chronic myelogenous leuke-
mia, gastrointestinal stromal tumor and melanoma 
[134, 135]. The acting mechanisms of these novel 
drugs are to either directly inhibit fibroblast growth or 
target signaling pathways involved in CAF-tumor cell 
interactions [134, 136]. Ablation of Notch1 in mouse 
embryonic fibroblasts sped up their growth and mo-
tility rate [137]. Further studies demonstrated that 
activation of the Notch1 signaling pathway in CAFs 
inhibited melanoma cell growth in culture and in a 
xenograft mouse model of human melanoma [56]. Lee 
et al. showed that B16/F10 melanoma development in 
mice was effectively suppressed after being vac-
cinated against FAP-α (mainly expressed on CAFs) 
[138]. In addition, imatinib, the tyrosine kinase inhib-
itor, suppressed cervical tumor growth and invasion 
in mice by blocking PDGFR signaling on CAFs [139]. 

Conclusion 
Treatment options for patients with metastatic 

melanoma have expanded considerably in recent 
years but so far have failed to improve the overall 
survival rate [140]. This highlights the urgent need to 
discover and design novel and effective therapeutic 
approaches. The greatest benefit of targeting CAFs 
may be the fact that it could be applied to patients 
carrying different genetic mutations and help to 
overcome drug resistance due to melanoma hetero-
geneity and genomic instability. 

Although exciting progress has been made in 
our understanding of CAFs and their reciprocal in-
teractions with melanoma cells, the detailed mecha-
nisms underlying these interactions remain elusive. 
For example, are dermal fibroblasts the only source of 
CAFs in melanoma? What is the origin of CAFs at the 
metastatic site? How many subtypes of CAFs are in-
volved in melanoma development and metastasis? 
What is the function of each subtype? Therefore, fur-
ther investigations of molecular mechanisms by 
which stromal fibroblasts are reprogrammed to ac-
quire tumor-promoting properties, remodel the tumor 
microenvironment and support tumorigenicity and 
drug resistance will certainly advance our under-
standing of melanoma biology and provide new ideas 
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to design better therapeutic strategies for this fatal 
disease. 
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