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Abstract

Malignant melanoma is an aggressive cancer of the melanocytic cellular components
of the skin which is responsible for 55,000 annual fatalities worldwide with more than 3
million people affected. Although genetics, age, and cumulative UV radiation exposure are
all known risk factors, the knowledge of melanoma genomic profile at the individual patient
level is becoming a more stringent factor towards its clinical management. Especially, since
a number of molecular therapies have revolutionized the life expectancy of these patients
over the last few decades. The present review, summarizes our current knowledge of the
melanoma oncogenomic landscape through its commonly altered gene products, in which
clearly emerges the critical role of tumor microenvironment as a distinctive factor for
the recurrence and the underlying drug resistance linked to molecular target therapies.
BRAF pathway-dependent and independent defects, the T-Cell Receptor (TCR) response-
modulating systems involved in tumoral immune-evasion, the alterations in Cancer-
associated fibroblasts (CAFs)-generated signals and the underlying cellular paracrine
and autocrine network are discussed. Such scenario further strengthens the importance
of genotranscriptomic profiling towards designing effective and durable therapeutic
strategies.

Article Highlights

* Malignant melanoma is an aggressive cancer of the melanocytic cellular components of
the skin which is responsible for 55,000 annual fatalities worldwide with more than 3
million people affected.

*  Our current knowledge of the melanoma oncogenomic landscape through its commonly
altered gene products, clearly points at the critical role of tumor microenvironment
as a distinctive factor for the recurrence and the underlying drug resistance linked to
molecular target therapies.

* The underlying BRAF pathway-dependent and independent defects, the T-Cell Receptor
response modulating systems-mediated tumoral immune-evasion, the alterations in
Cancer-associated fibroblasts (CAFs)-generated signals and the quali-quantitative
defects in paracrine and autocrine cellular networks strengthen the importance of geno-
transcriptomic profiling towards designing effective and durable therapeutic strategies

Introduction

A consistent and growing number of advances in the biological knowledge of
Malignant Melanoma (MM) have been observed in the scientific literature following
the initial discovery of its key driver mutation BRAFV®’E and the studies uncovering the
alternative and/or compensative circuitry leading to MAPK reactivation in response to
its kinase activation inhibitor, vemurafenib [1-3]. Furthermore, The research focusing on
the role of T-Cell Receptor associated factors on the regulation of cell-mediated immune
response involved in tumor surveillance led in the late nineties to the discovery of the role
of TCR coreceptors molecules such as CTLA-4 (and its counterpart ligand B7) in tumor
surveillance [4]. This line of research was further strengthened by the discovery of the
parallel role of the PD-1 and PD-L1 ligand receptor system linking the T-Cell mediated
antigen recognition to down-modulation of T-Cell activity and to tumor immune evasion
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in those cancer expressing PD-L1 [5-7] and has provided the rational
for the development of the second generation immune therapies that
have revolutionized the treatment options of melanoma and other
tumor types by extending life expectations from a few months to (for
some) several years [8,9]. The above discoveries in the biological and
pharmacological realm, though, have been speedup by the parallel
advances in geno-transcriptomic analysis with widespread use of NGS
technologies. In fact, the cumulative results obtained by qualitative
and quantitative sequencing analysis on the several genes involved
in the above biological processes in each individual cancer patient
have confirmed the molecular heterogeneity of cancer involved in
the individual sensitivity and responsivity to such treatment and
have clearly pointed at the value of pathway-driven transcriptomic
profiling as an effective decisional tool towards selecting the most
effective molecular therapies tailored to the biologic asset of a patient
cancer [10]. A further game-shifting paradigm has been provided by
a growing amount of investigations in the last decade shedding light
on the mechanistic role of tumor microenvironment to melanoma
progression and responsivity to smart drugs. In particular, due to
the paracrine signals network between the melanoma cell, stromal
active elements (known as cancer-activated fibroblasts, CAFs) and
tumor infiltrating lymphocytes (TILs). Such complexity and the
additional inter-cellular circuitry underlying the up-regulation
and downregulation of the molecular and genetic discriminants of
melanoma’s drug responsivity, support the growth in single-cell base
profiling technologies and dedicated computational tools. These are
likely to become the gold standard to guide the most therapeutic
strategies in the next few years. The present review summarizes
the functional knowledge gained so far in the role of both intrinsic
(melanoma) and extrinsic (CAFs and TILs) molecular pathways
which should be taken in consideration in the melanoma patient
genotranscriptomic profiling.

Pathway-driven Genetic Discriminants of Drug-
Resistance in Melanoma: BRAF- and Beyond-
BRAF Defects

The implication of BRAF mutations in Malignant Melanoma (of
which BRAFV¢% js the most commonly observed) and the experience
gained with the clinical use of the first BRAF kinase-targeting inhibitor
in subjects carrying the BRAF mutant have revolutionized our views
on the tumor-regression effects achievable with a molecular targeting
drug on an otherwise rapidly lethal neoplastic condition such as
Melanoma. In fact, it has been established that approximately 40-
60% of Malignant Melanoma and 70-80% of Acquired Melanocytic
Nevi contain a BRAF mutation, the vast majority of which (86%)
result in a single amino acid change at codon 600 (BRAFY%°t) [11,12].
The development of the ATP-competitive specific BRAF inhibitor
PLX4032 (Vemurafenib) [13] has been instrumental in modifying
the progression history of this disease. This, due to the sensitivity to
inhibition by vemurafenib conferred by the presence of the V600E
mutation on the full length BRAF protein which is translated in
the clinical setting with a dramatic reduction in tumor size, and a
statistically significant increase in disease free survival. This finding,
has provided the rational for BRAF mutant pharmacological targeting
in malignant melanomas and other cancer types carrying such
mutation. However, an almost immediate finding in the treatment
of BRAFV¢°E mutation-carrying patients using BRAF kinase inhibitor
as a monotherapy regimen, was the universal recurrence of the
disease (measured by PFS) with a median time to disease recurrence
of 6.8 months [14,15]. The mechanistic studies performed in cases
undergoing disease progression following BRAF inhibition has
shown MAPK pathway reactivation mechanisms in 70% of cases,
with PI3K-PTENAKT- upregulating geno-transcriptomic alterations
present in 22% of the recurrences [16]. As molecular discriminants
of the observed MAPK-pathway reactivation in treated patients, two
major studies ([16,17], have found BRAF splicing alterations (13%),
gene amplification (19%), kinase duplication (10%, [18]) BRAF
gene fusion products secondary to gene structural rearrangements
[17], RAS and RAS homologous mutations (NRAS 18%, KRAS 7%),

MEK1/2 (3%), CDKN2A(7%) and other quali-quantitative defects at
the level of NF1, RB1, P53, ATK1, PTEN, RAC1, ARID2, IDH1 and novel
candidate genes (DDX3X, MRPS31 and RPS27) [16,17]. Importantly,
among the reported signature mutations in melanoma, BRAFV600E
and NRAS(Q61) have been shown to be mutually exclusive in their
expression pattern [17,19]. A particular consideration, towards
understanding Melanoma and BRAF molecular biology, deserves
BRAF dimerization. This is required for normal Ras-dependent RAF
activation and is impaired in RAF mutants with moderate, low, or
impaired kinase activity [20]. In particular, it has been demonstrated
that BRAF homologous dimerization as well as CRAF heterologous
dimerization in response to RAS activation are mediated by the BRAF
N-terminal domain, and that this is required towards downstream
MEK trans-activation under physiological circumstances [21,22].
An additional layer of complexity to this basic axiom is provided by
the conditional effect of BRAF V¢ depending on whether the cells
expresses its full length V60OE mutant protein or the p61 isoform
lacking the RAS-binding region. In fact, the full length BRAF mutant,
differently from its wild type counterpart, is not able to dimerize, and
his MEK activation ability is strongly inhibited by vemurafenib. On
the contrary, p61BRAF-V600E (missing exons 4-8 coding for its RAS
binding domain) displays enhanced dimerization and high intrinsic
catalytic activity in a RAS independent fashion, but dimerization per
se does not affect downstream MEK activation and most importantly
does not respond to vemurafenib inhibition ([23] and Figure 1).
Ultimately, dimerization of the RAF kinases may contribute to
several mechanisms that mediate Raf-inhibitor resistance, including
mutational activation of N-RAS and K-RAS [2,24], upregulation
of receptor tyrosine kinases (RTKs) that drive RAS activation [2],
and expression of a V600E-BRAF splice variant with enhanced
dimerization/MEK trans-activation potential [23]. Our current
knowledge of the effects of BRAF dimerization on Vemurafenib
responsivity [25] is graphically summarized below (Figures 1).

Although these studies have provided specific actionable
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Figure 1: Effects of BRAF dimerization of Vemurafenib block
(modified from Molina-Arcas M et al. [25])

J Cancer Res Oncobiol

Volume: 3.1



Journal Home: https://www.boffinaccess.com/journals/cancer-research-and-oncobiology/jcro

Boffin Access

FOSTERING KNOWLEDGE

Drug resistance type/ poor Gene/Pro.t prodl{ct name Type of alteration T )
outcome marker Conferring resistance Observed
BRAF Inhibitors resistance | BRAF V60OE Drug-lnduce.d Quantitative response following 57]
Overexpression Targeted treatment
o . . .. Enhanced dimerization and
BRAF Inhibitors resistance | BRAF V600E Alternative splicing increased MEK binding [20,23,58]
ATG7- BRAF/ TAX1BP1-BRAF/
TRAK1-RAF1, RAF1- AGGF1, and
CLCN6-RAF1 (w/intact kinase)
AKAP9-BRAF/ TRIM24-BRAF/ /
s . CDC27-BRAF/ MAD1L1-BRAF/ RAF Fusion products MAPK pathway reactivation
BRAF Inhibitors resistance | oy cp Ap> BRAF/ TMEM178BBRAF | by gene rearrangement [17,32,33,57,59]
(with dimerization) -AGK-BRAF/
AGAP3-BRAF fusion/ KIAA1549-
BRAF/ ERC1-BRAF/ PAPSS1-BRAF/
ZNF767-BRAF (w/o dimerization)
BRAF Inhibitors resistance | CRAF over-expression BRAF-> CRAF switch MAPK reactivation [60,61]
s . Upregulation and .
BRAF Inhibitors resistance | NRAS NRASQ61H mut STATS3 activation [2,62]
BRAF Inhibitors resistance | MEK1 Exon3 mutations MAPK reactivation [63-65]
Activating mutation in | Mutationally activated PI3KCA
BRAF Inhibitors resistance | PI3KCA NRAS-/BRAF-mutated | cooperate with MEK to AKT- [65]
melanomas TORC1/2 Proliferative pathway
BRAF Inhibitors resistance | CDKN2A/B Copy number MAPK reactivation {g%
BRAF Inhibitors resistance | HGF CAFs-cl.ependent Re51stance-ass.0c1?1ted to PI3K 3,67]
paracrine loop and MAPK activation
BRAF Inhibitors resistance | WNT5A over-expression ﬁ;t];vatlon of AKT via FZD7 and [68]
BRAF Inhibitors resistance | IGF1R over-expression ReSIStance_a‘.SSO,aated to PI3K [28]
and AKT activation
BRAF Inhibitors resistance | VEGFR1 over-expression Putative VEGF-A autocrine loop [69]
BRAF Inhibitors resistance | EGFR over-expression Activation of EGFR-SFK-STAT3 [70,71]
BRAF Inhibitors resistance | PDGFR over-expression MAPK reactivation [2]
BRAF Inhibitors resistance | EPHA2 over-expression MAPK reactivation [72]
BRAF Inhibitors resistance | AKT/PKB over-expression ? [73]
BRAF Inhibitors resistance | KIT Ov§r-e?(pressmn./ MAPK reactivation [17,34]
activating mutations
BRAF Inhibitors resistance | SRC over-expression Activation of STAT3 [71,73]
BRAF Inhibitors resistance | CDC7, MCM2-7 over-expression miR-3613-3p downregulation [74]
BRAF Inhibitors resistance | Nestin over-expression PI3K/AKT/mTOR mediated [75]
CEP170-AKT3, AKT3- PLD5,
ZEB2-AKT3/ ARHGAP30-AKT3/
MITFFOXP1, CADM2-MITF/ Non-RAF fusion
- . FRMD4BMITF/ products w/ intact .
BRAF Inhibitors resistance PCBP2-HMGA2, TSEMHMGA2, and Kinase domains MAPK pathway reactivation [17]
SENP1-HMGA2/ LBHFLT4/ CPSF4L- | (predicted)
ERBB4/ LCLAT1- EPHA3 MOBKL1B-
EPHB1
X-chromosome-linked | RAS, PI3K and b-Catenin
BRAF Inhibitors resistance | DDX3X ATPase/RNA Helicase | pathways [17,34]
LoF dysregulation
. . Splite-site mutation
BRAF Inhibitors resistance | STK11 464+1G>C TBD [57]
BRAF Inhibitors resistance | VHL ;gl;te-sne mutation TBD [57]
BRAF Inhibitors resistance | PRKAR1A PKA catalytl.c subunit PKA signaling activation [34]
loss of function
BRAF Inhibitors resistance ARID2, ARID14, ARID1B, rsnvc\e,rlr{ts)le\lri fil;rsl;l};f Gene expression dysregulation [34]
PBRM1, BRD7 : P ysreg
function
heckpoint Inhibi L f functi
C e.c point Inhibitors PTEN 0SS o‘ unction TILs downregulation [76]
resistance mutation
Che.ckpomt Inhibitors MIFT Reduced levels TILs downregulation [76]
resistance
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BRAF 1nl.11b1.tor§ a.nd In CD8+: Along with CTLA- mTOR suppression In .Suppressmn pS6 protein by TORC 77]
Checkpoint inhibitors . in melanoma reflects effect of
. 4 induces CD8+ tumoral melanoma; . [78]
resistance anti-BRAF therapy
tolerance
. . YAP nuclear translocation in CAFs | [79]
(r::seii(;noc]:t Inhibitors -Catenin Pathway activation TILs downregulation WNT5a- [76]
MARCKS axis [80]
. . Increased PD-L1 gene A .
heck t Inhibit T-Cell funct hibit
C e.c point Inhibitors TAZ, YAP, TEAD transcription in in Cell function inhibition via [81]
resistance PD-L1
Breast, and Lung ca
FoxP3, TGF-f, IL-10, CCL-17, CCL-
Checkpoint Inhibitors SPHK1 Expression inversely 22,CCR4,1D01,1D02, CTLA4, [82]
resistance correlated to outcome | PDCD1*,CD274** PDCD1LG2***,
TIGIT, LAG3 and HAVCR2****
. s Score based on the 10 stromal genes: )
Sehs?i(apnoclzt Inhibitors Fap, Cpxm1, Serpinf1, Dpt, Lum, 111?115:11:; Ig(?lnl‘e;si)sl;(;ilcee CAFs paracrine-mediated effect | [83]
Crispd2, Adam33, igfbp6, Dcn, C1s1
Mediator of melanoma cell SOX10 [84,85]
growth
Mediator of mel 11
ediator obmefanoma ce MKRN?2 over-expression P53-dependent pathway [86]
growth
Mediator of mel 11
griv;ihor ot melanoma ce TMEM87a/Elkin1 causal link PIEZO1-independent pathway [87]
Notch1 i imulati i f i
CAF mediated resistance .otc . agtocrme stimulation and Autocrine stimulation Suppre.:ssmn of aggressive and [38-40]
signaling in CAFs stem-like features
decreased NK mediated | downmodulation of NKG2D
CAF mediated resistance MMPs expression (by CAFs) melanoma oncolytic ligands [37]
effect MICA/B
Overcome of vemurafenib block
. . . . . . . on
CAF mediated resistance Neregulinl expression (by CAFs) paracrine stimulation BRAF mutated melanoma by [41-43]
ErbB2/ErbB3 stimulation
it et e R
I;:ml;z:ssip;imﬁc TGF-b (by melanoma cells) downregulation - PDGF-BB - [44,46]
pp CD8+ suppression CXCR3 downregulation in CD8+
CAF mediated resistance Nodal (by melanoma cells) Paracrine stimulation CAl_: co.nve}”su?n by TGF-b- Snail [45]
activation in fibroblasts
Its lack reduces immune
CAF mediated resistance HAPLN1 Reduced levels in CAF | cells infiltration of MM [47]
microenvironment
Tumor suppressor for genes
Melanoma marker NME1 reduced levels associated to melanoma [88]
of poor outcome .
malignancy
Melanoma marker
CYR61 reduced levels TBD [89]
of poor outcome
Melanoma marker DUSP1 reduced levels TBD [89]
of poor outcome
Mel k
¢anoma marker RNASE4 reduced levels TBD 89]

of poor outcome

Table 1: Genes and related gene products involved in MM growth, molecular target- and ICI- drugs resistance and post-treatment survival

knowledge towards identifying those patients responsive to
pharmacological targeting of BRAF they have also raised additional
challenges. In fact, in spite of the extreme sensitivity of the BRAF
mutant to Vemurafenib block, the very same inhibitor displays
opposite effects on wild-type BRAF as well as in NRAS-bearing
melanomas (not displaying BRAF mutation) in terms of both
dimerization and MEK transactivating activity [23,26]. Also, in
addition to the short PFS (less than 7 months) achieved with
Vemurafenib monotherapy in BRAF mutant-carrying Melanoma
patients, the MAPK hyper-activation mechanisms triggered in
response to Vemurafenib sustained treatment has been directly
linked to the onset of secondary melanomas [27] This had led
to the development of dual targeting strategies in the attempt to
either prevent and/or circumvent the paradoxical hyper-activation
effects on wild type BRAF supported by RTKs up-regulation loops
[28] and further overcome or minimize the observed rapid MAPK

pathway reactivation and the mid-long term negative effects linked to
Vemurafenib monotherapy treatment. In this regard, the BRAF/MEK
combined block has been found to bear practical advantages in the
clinical setting over monotherapy [27,29] in which it exerts a small
but statistically significant survival improvement over anti-BRAF
monotherapy in BRAF mutant melanomas ranging 2.4 to 4.1 months
measured as Progression Free Survival (PFS) in phase Il randomized
clinical trials [30,31]. In other cases, where the PI3K or related-
downstream pathways activation are involved in vemurafenib-
acquired resistance, the use of MEK/PI3K or MEK/CDK4/6 combo
therapies have been proposed. Indeed, preclinical studies have
experimentally proven their ability to delay MEK inhibitor resistance
[32]. Furthermore, this dual block for BRAF-downstream and
modulating parallel effectors has been shown to work in 2.6-6.7%
of melanomas carrying BRAF fusion products [33]. One of the most
impactful attempts to functionally categorize Melanoma has come
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from a multi-dimensional genomic study published in 2015 by the
Cancer Genome Atlas Network [17]. The study was performed
on more than three hundred patient-derived matched specimen
from both primary and metastatic melanomas. Besides confirming
and refining previously identified geno-transcriptomic alterations
and identifying the novel cancer-driver DDX3X (Table I), the study
stands out for the original functional framework provided which
allows to classify all melanomas according to: (a) four main genomic
sub-types based upon their main (cancer) driver defect, and (b)
three transcriptomic sub-classes. Specifically, at the genomic level
melanomas were classified in (1) the BRAF mutant sub-type (52%),
(2) the RAS sub-type (28%), (3) the NF1 sub-type (14%), and
(4) a Triple negative wild-type (6%) with the latter group being
characterized by lack of specific hotspot mutations for BRAF, N/H/K-
RAS or NF1. In this regard, under the proposed genomic clustering
most hotspot mutations attributable to UV signature (affecting
both cancer drivers coding regions and TERT promoter) were
mostly found in the first three sub-types (BRAF 90.7%, RAS 93.5%
and NF1 92.9%, respectively, against a 30% in the Triple negative
sub-type) while somatic copy number alterations and structural
rearrangements were exclusively found in the triple negative sub-
type (the fourth group). Additionally, based upon transcriptomic
clustering of 1,500 genes corresponding to the most represented
mRNA transcript variants from 329 sample cases, the study proposes
three novel transcriptomically-defined new functional classes named
after each cluster as: (a) “Immune” type, (b) “Keratin” type, and (c)
“MITF low” type, accounting respectively for: (a) 51%, (b) 31% and
(c) 18%, of the screened sample cases. The clinical significance of
this last classifications bears high practical value, since the immune
transcriptomic sub-class was associated with improved post-
accession survival in patients with regional metastatic melanoma.
This was assessed via (1) a novel Lymphocyte Score, LS, and (2) the
associated high levels of the non-receptor tyrosine kinase LCK, which
was also strongly associated to this sub-class with favorable outcome.
Another more recent study analyzed 1000 exomes out of 470 patients
from the cancer genome ATLAS [34]. The study conclusions support
the 2015 study and further deepen the previous findings [17]. Among
these, the authors confirm the role of DDX3X, an X-Chromosome
linked tumor suppressor gene which codifies for an ATPase,-RNA
Helicase protein, as a significant mutated gene (SMG) in melanoma.
Using both (a) transcriptomic signature between the DDX3X mutated
and wild type population and (b) DDX3X binding analysis on
putative target transcripts, they strengthen the link between DDX3X

mutations and its Loss of Function (LoF) in melanoma with ~75%
of such mutations attributable to UVR (by NMF analysis). They also
find its LoF to be linked to dysregulation of RAS, PI3K and b-Catenin
pathways in the analyzed melanoma samples and ultimately suggest
that DDX3X loss my play a role in de-differentiation, invasiveness
and reduced proliferation in agreement with a published functional
study [35]. Additional novelties of the study, relate to the finding that
specific members of the SWI/SNF transcriptional modulators family
(ARID2, ARID1A, ARID1B, PBRM1, BRD7) and PRKAR1A, a catalytic
subunit of PKA with tumor suppressor ability, are significantly
enriched in the LoF melanoma population. Finally, the study confirms
the significance of the tumor mutational burden, TMB (higher in
males) with the patient post-accession survival (survival relative
to time of tumor sample procurement) along with UVR signature,
Immune signature, age (at time of sample procurement), tumor site
(with Immune signature, UVR signature and TMB carrying the best
predictors of overall survival).

Geno-transcriptomics and Molecular Profiling of
Cancer-Associated Fibroblasts (Cafs) in Melanoma
Microenvironment

An intense and specific tumorigenic stage-dependent and
sequentially occurring cross-talk among the stromal elements, the
melanoma cells, and immune system cellular elements in the tumor
microenvironment of melanoma has emerged in the last decade.
Among the evidences supporting this view, it has been demonstrated
that melanoma cells carrying BRAFV600E mutation activate stromal
fibroblasts and enhance tumorigenicity through secretion of MMP-
1 [36]. A study has linked the secretion of active matrix metallo-
proteinases by CAFs to the decreased NK mediated oncolytic targeting
of melanoma cells via downmodulation of the NKG2D ligands MIC-
A/B [37]. Among the membrane tyrosine kinase receptors and their
autocrine and paracrine networks modulating melanoma tumor
microenvironment, Notchl autocrine stimulation and signaling
in CAFs [38] has been shown to suppress aggressive and stem-like
features in melanoma cells [39,40]. Furthermore, CAF-expressed
Neuregulin-1 has been found to promote vemurafenib-treated/BRAF
mutated melanoma cells proliferation via paracrine stimulation of
ErbB3/ErbB2 signaling; this effect was reversed by ErbB3 antibody-
mediated neutralization [41-43]. Interestingly, PEDF (also known as
SerpinF1) which has been shown to be a tumor suppressive factor in
normal fibroblasts, is downregulated by melanoma-secreted PDGF-

CAF
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BB and TGF-f in order to favor CAF conversion [44]. A similar stromal
conversion effect to CAF feature is exerted by Nodal, a cancer-
expressed TGF superfamily member, along with activation of the TGF-3
- Snail signaling axis in fibroblasts [45]. The immunosuppressive
role and targetable value of TGF-f in the tumor microenvironment
of Malignant Melanoma has been further strengthened by the
observation that TGF-f3 inhibits tumor infiltration of CD8+ T cells and
their oncolytic effect in vivo. This, through inhibition of their CXCR3
expression which impairs their migration towards melanoma cells
expressing CXCL10 [46]. More recently, a study has shown that loss of
HAPLN1, a secreted proteoglycan component of the ECM which is lost
in aged fibroblasts, is a permissive event in melanoma metastasis.
Notably, its experimental reconstitution selectively stimulates the
motility of mononuclear immune cells, ultimately restoring the
immune microenvironment [47]. A schematics of the relationship
between the key cellular components affecting malignant melanoma
response to current therapies (including CAFs) is provided in Figure
2 below. The findings linking such mechanisms to drug-resistance in
melanoma are summarized in Table I.

The T-Cell Receptor Co-Receptorial Systems in
Malignant Melanoma Unleashing the Potential of
Onco-genomic-driven Immuno-oncology

Although the idea of triggering the immune system against
tumor cells with the use of traditional vaccination is not new, the
failure of those initial strategies has provided biological answers
and immediate alternatives with the discovery of the role of T-Cell
receptor, co-receptors and associated modulating molecules in
the context of processed antigen presentation by macrophages. In
fact, the possibility to guide an endogenous effective anti-tumoral
immune response strongly relies on the functionality of these T-Cell
membrane molecules and their ligands counterparts expressed in the
targeted antigen-carrying cancer cell. The T-cell gene products that
have been proven crucial to step-up immunotherapies in the last few
decades include the CTLA-4/B7 system [48,49] and the PD-1/PD-L1
coreceptor/ ligand system [50] with PD-L1 being co-expressed with
the antigen carrying target cells. Indeed, the expression of PD-L1 in
cancer has been associated to a worse outcome in agreement with its
role in tumor immune-evasion [51]. The success of the animal studies
with the first human anti-CTLA-4 monoclonal antibody (Ipilimumab)
and the following phase Il and III clinical trials displaying greater than
20% responsivity in malignant melanomas (independently on BRAF
status) with more than 10 years survival in some patients [52] have
shown the potential of the “immune checkpoint” therapies in a deadly
cancer such as malignant melanoma, for which the survival achieved
using single or combined targeted BRAF therapy is still below one
year. The following demonstration of the additive effect between
CTLA- 4 and PD-1 blocking combinations in melanoma patients with
>50% response and >80% tumor regression, has further established
the effectiveness of immune checkpoint strategy in the treatment
of Malignant Melanoma [53-55]. Additional TCR response co-
modulating factors have been identified such as LAG3, TIM3, TIGIT,
VISTA, ICOS, 0X40, GITR, 4-IBB, CD40, CD27 and their cellular ligands
[56]. The clarification of their exact role in cancer immune-evasion
in the micro-environmental cellular context will likely provide valid
novel strategies to fine tune future immune-therapy in malignant
melanoma and other tumor types. In this context, is not surprising
that Immune signature in the two largest cohort studies available to
date [17,34] has demonstrated a predictive value which is consensual
to the one shown by the overall Tumor Mutation Burden (TMB)
towards predicting patient survival, therefore suggesting immune
signature profiling to be a parameter to be taken in consideration
both in translational research and clinical setting for melanoma.
The findings disclosing mechanisms causing checkpoint inhibitors
resistance in melanoma are summarized in Table I, and a graphic
summary of essential key infiltrating T-Cells interactions in the
melanoma tumor microenvironment is also provided in Figure 2.

Conclusions and Perspectives

Unprecedented advances have been possible in malignant

melanomain the last few decades thanks to the specificunderstanding
of the role of the tumor specific pathway-driven signatures, the
escape from T-Cell mediated tumor surveillance and the specific
role and consequent clinical use of BRAF-pathway and TCR co-
receptors targeting strategies. The cumulative scenario emerging in
the literature with the growing understanding of the role of Cancer-
Associated Fibroblasts and Tumor Infiltrating Lymphocytes in the
tumor micro-environmental integrated response to current biologic
therapies, supports a higher level of biological complexity than
the one currently considered for therapeutic decisions. The geno-
transcriptomic profiling of malignant melanoma patients, is becoming
an essential approach for evidence-based personalized treatments
of patients affected by this disease. The NGS-based panels currently
used will further benefit from the extension of the current analysis of
the single parenchymal component (the melanoma cells) to the tumor
surrounding stromal elements (Cancer-Associated Fibroblasts) as
well of the study of the infiltrating T-lymphocytes (CD8+). Bioptic
tissue micro-dissection and single-cell-based methods, along with
computational tools meant to clarify the contextual functional
dynamics in the patient’s tumor microenvironment, will play a major
role towards the effectiveness of therapeutic strategies and the long-
term outcome of this neoplasia.

References

1. Corcoran RB, Ebi H, Turke AB, Coffee EM, Nishino M, et al.
EGFR-mediated re-activation of MAPK signaling contributes to
insensitivity of BRAF mutant colorectal cancers to RAF inhibition
with vemurafenib. Cancer Discov. 2012 Mar;2(3):227-235.

2. Nazarian R, Shi H, Wang Q, Kong X, Koya RC, et al. Melanomas
acquire resistance to B-RAF(V600E) inhibition by RTK or N-RAS
upregulation. Nature. 2010 Dec;468(7326):973-977.

3. Straussman R, Morikawa T, Shee K, Barzily-Rokni M, Qian ZR, et
al. Tumour micro-environment elicits innate resistance to RAF
inhibitors through HGF secretion. Nature 2012 Jul;487(7408):500-
504.

4. PeggsKS, Quezada SA, Chambers CA, Korman AJ, Allison JP. Blockade
of CTLA-4 on both effector and regulatory T cell compartments
contributes to the antitumor activity of anti-CTLA-4 antibodies. ]
Exp Med. 2009 Aug 3;206(8):1717-1725.

5. Freeman GJ, Long A], Iwai Y, Bourque K, Chernova T, et al.
Engagement of the PD-1 immunoinhibitory receptor by a novel
B7 family member leads to negative regulation of lymphocyte
activation. ] Exp Med. 2000 Oct;192(7):1027-1034.

6. Dong H, Strome SE, Salomao DR, Tamura H, Hirano, E et al. Tumor-
associated B7-H1 promotes T-cell apoptosis: a potential mechanism
of immune evasion. Nat Med. 2002 Aug;8(8):793-800.

7. Thompson RH, Kuntz SM, Leibovich BC, Dong H, Lohse CM, et
al. Tumor B7-H1 is associated with poor prognosis in renal cell
carcinoma patients with long-term follow-up. Cancer Res. 2006
Apr;66(7):3381-3385.

8. Drake CG, Lipson EJ, Brahmer JR. Breathing new life into
immunotherapy: review of melanoma, lung and kidney cancer.
Nature reviews. Nat Rev Clin Oncol. 2014 Jan;11(1):24-37.

9. Johnson DB, Peng C, Sosman JA. Nivolumab in melanoma: latest
evidence and clinical potential. Ther Adv Med Oncol. 2015
Mar;7(2):97-106.

10. Kwong LN, Boland GM, Frederick DT, Helms TL, Akid AT, et al. Co-
clinical assessment identifies patterns of BRAF inhibitor resistance in
melanoma. ] Clin Invest. 2015 Apr;125(4):1459-1470.

11. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, et al. Mutations of
the BRAF gene in human cancer. Nature. 2002 Jun;417(6892):949-
954,

12. Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M, et al. High
frequency of BRAF mutations in nevi. Nat Genet. 2003 Jan;33(1):19-
20.

13. Yang H, Higgins B, Kolinsky K, Packman K, Go Z, et al. RG7204
(PLX4032), a selective BRAFV600E inhibitor, displays potent

] Cancer Res Oncobiol

Volume: 3.1


https://pubmed.ncbi.nlm.nih.gov/22448344/
https://pubmed.ncbi.nlm.nih.gov/22448344/
https://pubmed.ncbi.nlm.nih.gov/22448344/
https://pubmed.ncbi.nlm.nih.gov/22448344/
https://pubmed.ncbi.nlm.nih.gov/21107323/
https://pubmed.ncbi.nlm.nih.gov/21107323/
https://pubmed.ncbi.nlm.nih.gov/21107323/
https://pubmed.ncbi.nlm.nih.gov/22763439/
https://pubmed.ncbi.nlm.nih.gov/22763439/
https://pubmed.ncbi.nlm.nih.gov/22763439/
https://pubmed.ncbi.nlm.nih.gov/22763439/
https://pubmed.ncbi.nlm.nih.gov/19581407/
https://pubmed.ncbi.nlm.nih.gov/19581407/
https://pubmed.ncbi.nlm.nih.gov/19581407/
https://pubmed.ncbi.nlm.nih.gov/19581407/
https://pubmed.ncbi.nlm.nih.gov/11015443/
https://pubmed.ncbi.nlm.nih.gov/11015443/
https://pubmed.ncbi.nlm.nih.gov/11015443/
https://pubmed.ncbi.nlm.nih.gov/11015443/
https://pubmed.ncbi.nlm.nih.gov/12091876/
https://pubmed.ncbi.nlm.nih.gov/12091876/
https://pubmed.ncbi.nlm.nih.gov/12091876/
https://pubmed.ncbi.nlm.nih.gov/16585157/
https://pubmed.ncbi.nlm.nih.gov/16585157/
https://pubmed.ncbi.nlm.nih.gov/16585157/
https://pubmed.ncbi.nlm.nih.gov/16585157/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4086654/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4086654/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4086654/
https://pubmed.ncbi.nlm.nih.gov/25755682/
https://pubmed.ncbi.nlm.nih.gov/25755682/
https://pubmed.ncbi.nlm.nih.gov/25755682/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4396463/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4396463/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4396463/
https://pubmed.ncbi.nlm.nih.gov/12068308/
https://pubmed.ncbi.nlm.nih.gov/12068308/
https://pubmed.ncbi.nlm.nih.gov/12068308/
https://pubmed.ncbi.nlm.nih.gov/12447372/
https://pubmed.ncbi.nlm.nih.gov/12447372/
https://pubmed.ncbi.nlm.nih.gov/12447372/
https://pubmed.ncbi.nlm.nih.gov/20551065/
https://pubmed.ncbi.nlm.nih.gov/20551065/

Journal Home: https://www.boffinaccess.com/journals/cancer-research-and-oncobiology/jcro

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Boffin Access

FOSTERING KNOWLEDGE

antitumor activity in preclinical melanoma models. Cancer Res.
2010 Jul;70(13):5518-5527.

Hatzivassiliou G, Song K, Yen I, Brandhuber BJ, Anderson D], et al.
RAF inhibitors prime wild-type RAF to activate the MAPK pathway
and enhance growth. Nature. 2010 Mar;464(7287):431-435.

Sosman JA, Kim KB, Schuchter L, Gonzalez R, Pavlick AC, et al.
Survival in BRAF V600-mutant advanced melanoma treated with
vemurafenib. N Engl ] Med. 2012 Feb;366(8):707-714.

Shi H, Hugo W, Kong X, Hong A, Koya RC, et al. Acquired resistance
and clonal evolution in melanoma during BRAF inhibitor therapy.
Cancer Discov. 2014 Jan;4(1):80-93.

The_Cancer_Genome_Atlas. Genomic Classification of Cutaneous
Melanoma. Cell. 2015 Jun;161(7):1681-1696.

Klempner SJ, Gershenhorn B, Tran P, Lee TK, Erlander MG, et al.
BRAFV600E Mutations in High-Grade Colorectal Neuroendocrine
Tumors May Predict Responsiveness to BRAF-MEK Combination
Therapy. Cancer Discov. 2016 Jun;6(6):594-600.

Kumar R, Njauw CN, Reddy BY, Ji Z, Rajadurai A, et al. Growth
suppression by dual BRAF(V600E) and NRAS(Q61) oncogene
expression is mediated by SPRY4 in melanoma. Oncogene. 2019
Jan;38:3504-3520.

Freeman AK, Ritt DA, Morrison DK. Effects of Raf dimerization and
its inhibition on normal and disease-associated Raf signaling. Mol
Cell. 2013 Feb;49(4):751-758.

Terai K, Matsuda M. The amino-terminal B-Raf-specific region
mediates calcium-dependent homo- and hetero-dimerization of
Raf. EMBO J. 2006 Aug;25(15):3556-3564.

Takahashi M, Li Y, Dillon TJ, Kariya Y, Stork P]S. Phosphorylation of
the C-Raf N Region Promotes Raf Dimerization. Mol Cell Biol. 2017
Oct;37(19):00132-17.

Poulikakos PI, Persaud Y, Janakiraman M, Kong X, Ng C, et al. RAF
inhibitor resistance is mediated by dimerization of aberrantly
spliced BRAF(V600E). Nature. 2011 Nov;480(7377):387-390.

Su F, Viros A, Milagre C, Trunzer K, Bollag G, et al. RAS mutations
in cutaneous squamous-cell carcinomas in patients treated with
BRAF inhibitors. N Engl ] Med. 2012;366:207-215.

Molina-Arcas M, Downward ]. How to fool a wonder drug: truncate
and dimerize. Cancer cell. 2012 Jan;21:7-9.

Hirschi B, Kolligs FT. Alternative splicing of BRAF transcripts
and characterization of C-terminally truncated B-Raf isoforms in
colorectal cancer. Int ] Cancer. 2013 Aug;133(3):590-596.

Gibney GT, Messina JL, Fedorenko IV, Sondak VK, Smalley KS.
Paradoxical oncogenesis--the long-term effects of BRAF inhibition
in melanoma. Nat Rev Clin Oncol. 2013 Jul;10(7):390-399.

Villanueva ], Vultur A, Lee ]JT, Somasundaram R, Fukunaga-Kalabis
M, et al. Acquired resistance to BRAF inhibitors mediated by a RAF
kinase switch in melanoma can be overcome by cotargeting MEK
and IGF-1R/PI3K. Cancer Cell. 2010 Dec;18(6):683-695.

Johnson DB, Flaherty KT, Weber ]S, Infante JR, Kim KB, et al.
Combined BRAF (Dabrafenib) and MEK inhibition (Trametinib)
in patients with BRAFV600-mutant melanoma experiencing
progression with single-agent BRAF inhibitor. ] Clin Oncol. 2014
Nov;32(33):3697-3704.

Robert C, Karaszewska B, Schachter ], Rutkowski P, Mackiewicz
A, et al. Improved overall survival in melanoma with combined
dabrafenib and trametinib. N Engl ] Med. 2015 Jan;372(1):30-39.

Flaherty KT, Infante JR, Daud A, Gonzalez R, Kefford RF, et al.
Combined BRAF and MEK inhibition in melanoma with BRAF V600
mutations. N Engl ] Med. 2012 Nov;367(18):1694-1703.

Kim HS, Jung M, Kang HN, Kim H, Park CW, et al. Oncogenic BRAF
fusions in mucosal melanomas activate the MAPK pathway and are
sensitive to MEK/PI3K inhibition or MEK/CDK4/6 inhibition. 2017
Jun;36(23):3334-3345.

Botton T, Talevich E, Mishra VK, Zhang T, Shain AH, et al. Genetic
Heterogeneity of BRAF Fusion Kinases in Melanoma Affects Drug
Responses. Cell Rep. 2019 Oct;29(3):573-588.e7.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Alkallas R, Lajoie M, Moldoveanu D, Hoang KV, Lefrancois P, et al.
Multi-omic analysis reveals significantly mutated genes and DDX3X
as a sex-specific tumor suppressor in cutaneous melanoma. Nature
Cancer. 2020 Jun;1:635-652.

PhungB, Ciesla M, Sanna A, Guzzi N, Beneventi G., et al. The X-Linked
DDX3X RNA Helicase Dictates Translation Reprogramming and
Metastasis in Melanoma. Cell Rep. 2019 Jun;27(12):3573-3586.e7.

Whipple CA, Brinckerhoff CE. BRAF(V600E) melanoma cells secrete
factors that activate stromal fibroblasts and enhance tumourigenicity.
British journal of cancer. 2014 Aug;111(8):1625-1633.

Ziani L, Safta-Saadoun TB, Gourbeix ], Cavalcanti A, Robert C, et al.
Melanoma-associated fibroblasts decrease tumor cell susceptibility
to NK cell-mediated killing through matrix-metalloproteinases
secretion. Oncotarget. 2017 Mar;8(12):19780-19794.

Zhang K, Wong P, Zhang L, Jacobs B, Borden EC, et al. A Notch1-
neuregulinl autocrine signaling loop contributes to melanoma
growth. Oncogene. 2012 Oct;31(43):4609-4618.

Shao H, Kong R, Ferrari ML, Radtke F, Capobianco A], et al. Notch1
Pathway Activity Determines the Regulatory Role of Cancer-
Associated Fibroblasts in Melanoma Growth and Invasion. PLoS
One. 2015 Nov;10(11):e0142815.

Du Y, Shao H, Moller M, Prokupets R, Tse YT, et al. Intracellular
Notchl Signaling in Cancer-Associated Fibroblasts Dictates the
Plasticity and Stemness of Melanoma Stem/Initiating Cells. Stem
Cells. 2019 Jul;37(7):865-875.

Fattore L, Marra E, Pisanu ME, Noto A, de Vitis C, et al. Activation
of an early feedback survival loop involving phospho-ErbB3 is a
general response of melanoma cells to RAF/MEK inhibition and is
abrogated by anti-ErbB3 antibodies. ] Transl Med. 2013 Jul;11:180.

Capparelli C, Rosenbaum S, Berger AC, Aplin AE. Fibroblast-derived
neuregulin 1 promotes compensatory ErbB3 receptor signaling in
mutant BRAF melanoma. ] Biol Chem. 2015 Oct;290(40):24267-
24277.

Capparelli C, Purwin TJ, Heilman SA, Chervoneva I, McCue PA, et
al. ErbB3 Targeting Enhances the Effects of MEK Inhibitor in Wild-
Type BRAF/NRAS Melanoma. Cancer Res. 2018 Oct;78(19):5680-
5693.

Nwani NG, Deguiz ML, Jimenez B, Vinokour E, Dubrovskyi O, et al.
Melanoma Cells Block PEDF Production in Fibroblasts to Induce
the Tumor-Promoting Phenotype of Cancer-Associated Fibroblasts.
Cancer Res. 2016 Apr;76(8):2265-2276.

Li Z, Zhang ], Zhou ], Lu L, Wang H, et al. Nodal Facilitates
Differentiation of Fibroblasts to Cancer-Associated Fibroblasts
that Support Tumor Growth in Melanoma and Colorectal Cancer.
Cells. 2019 Jun;8(6):538.

Gunderson AJ], Yamazaki T, McCarty K, Fox N, Phillips M, et al. TGF
beta suppresses CD8(+) T cell expression of CXCR3 and tumor
trafficking. Nat Commun. 2020 Apr;11(1):1749.

Kaur A, Ecker BL, Douglass SM, Kugel CH., 3rd; Webster MR, et
al. Remodeling of the Collagen Matrix in Aging Skin Promotes
Melanoma Metastasis and Affects Immune Cell Motility. Cancer
Discov. 2019 Jan;9(1):64-81.

Sotomayor EM, Borrello I, Tubb E, Allison JP, Levitsky HI. In vivo
blockade of CTLA-4 enhances the priming of responsive T cells but
fails to prevent the induction of tumor antigen-specific tolerance.
Proc Natl Acad Sci U S A. 1999 Sep;96(20):11476-11481.

Phan GQ, Yang JC, Sherry RM, Hwu P, Topalian SL, et al. Cancer
regression and autoimmunity induced by cytotoxic T lymphocyte-
associated antigen 4 blockade in patients with metastatic melanoma.
Proc Natl Acad Sci U S A. 2003 Jul;100(14):8372-8377.

Freeman GJ]. Structures of PD-1 with its ligands: sideways
and dancing cheek to cheek. Proc Natl Acad Sci U S A. 2008
Jul;105(30):10275-10276.

Dong H, Chen L. B7-H1 pathway and its role in the evasion of tumor
immunity. ] Mol Med (Berl). 2003 May;81(5):281-287.
SchadendorfD, Hodi FS, Robert C, Weber JS, Margolin K, et al. Pooled
Analysis of Long-Term Survival Data From Phase II and Phase 111

] Cancer Res Oncobiol

Volume: 3.1


https://pubmed.ncbi.nlm.nih.gov/20551065/
https://pubmed.ncbi.nlm.nih.gov/20551065/
https://pubmed.ncbi.nlm.nih.gov/20130576/
https://pubmed.ncbi.nlm.nih.gov/20130576/
https://pubmed.ncbi.nlm.nih.gov/20130576/
https://pubmed.ncbi.nlm.nih.gov/22356324/
https://pubmed.ncbi.nlm.nih.gov/22356324/
https://pubmed.ncbi.nlm.nih.gov/22356324/
https://pubmed.ncbi.nlm.nih.gov/24265155/
https://pubmed.ncbi.nlm.nih.gov/24265155/
https://pubmed.ncbi.nlm.nih.gov/24265155/
https://pubmed.ncbi.nlm.nih.gov/26091043/
https://pubmed.ncbi.nlm.nih.gov/26091043/
https://pubmed.ncbi.nlm.nih.gov/27048246/
https://pubmed.ncbi.nlm.nih.gov/27048246/
https://pubmed.ncbi.nlm.nih.gov/27048246/
https://pubmed.ncbi.nlm.nih.gov/27048246/
https://www.nature.com/articles/s41388-018-0632-2
https://www.nature.com/articles/s41388-018-0632-2
https://www.nature.com/articles/s41388-018-0632-2
https://www.nature.com/articles/s41388-018-0632-2
https://pubmed.ncbi.nlm.nih.gov/23352452/
https://pubmed.ncbi.nlm.nih.gov/23352452/
https://pubmed.ncbi.nlm.nih.gov/23352452/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1538552/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1538552/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1538552/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5599720/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5599720/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5599720/
https://pubmed.ncbi.nlm.nih.gov/22113612/
https://pubmed.ncbi.nlm.nih.gov/22113612/
https://pubmed.ncbi.nlm.nih.gov/22113612/
https://www.nejm.org/doi/full/10.1056/NEJMoa1105358
https://www.nejm.org/doi/full/10.1056/NEJMoa1105358
https://www.nejm.org/doi/full/10.1056/NEJMoa1105358
https://www.sciencedirect.com/science/article/pii/S153561081100479X
https://www.sciencedirect.com/science/article/pii/S153561081100479X
https://pubmed.ncbi.nlm.nih.gov/23354951/
https://pubmed.ncbi.nlm.nih.gov/23354951/
https://pubmed.ncbi.nlm.nih.gov/23354951/
https://pubmed.ncbi.nlm.nih.gov/23712190/
https://pubmed.ncbi.nlm.nih.gov/23712190/
https://pubmed.ncbi.nlm.nih.gov/23712190/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3026446/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3026446/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3026446/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3026446/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4226803/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4226803/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4226803/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4226803/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4226803/
https://pubmed.ncbi.nlm.nih.gov/25399551/
https://pubmed.ncbi.nlm.nih.gov/25399551/
https://pubmed.ncbi.nlm.nih.gov/25399551/
https://pubmed.ncbi.nlm.nih.gov/23020132/
https://pubmed.ncbi.nlm.nih.gov/23020132/
https://pubmed.ncbi.nlm.nih.gov/23020132/
https://pubmed.ncbi.nlm.nih.gov/28092667/
https://pubmed.ncbi.nlm.nih.gov/28092667/
https://pubmed.ncbi.nlm.nih.gov/28092667/
https://pubmed.ncbi.nlm.nih.gov/28092667/
https://pubmed.ncbi.nlm.nih.gov/31618628/
https://pubmed.ncbi.nlm.nih.gov/31618628/
https://pubmed.ncbi.nlm.nih.gov/31618628/
https://www.nature.com/articles/s43018-020-0077-8
https://www.nature.com/articles/s43018-020-0077-8
https://www.nature.com/articles/s43018-020-0077-8
https://www.nature.com/articles/s43018-020-0077-8
https://pubmed.ncbi.nlm.nih.gov/31216476/
https://pubmed.ncbi.nlm.nih.gov/31216476/
https://pubmed.ncbi.nlm.nih.gov/31216476/
https://europepmc.org/article/med/25117819
https://europepmc.org/article/med/25117819
https://europepmc.org/article/med/25117819
https://pubmed.ncbi.nlm.nih.gov/28423623/
https://pubmed.ncbi.nlm.nih.gov/28423623/
https://pubmed.ncbi.nlm.nih.gov/28423623/
https://pubmed.ncbi.nlm.nih.gov/28423623/
https://pubmed.ncbi.nlm.nih.gov/22249266/
https://pubmed.ncbi.nlm.nih.gov/22249266/
https://pubmed.ncbi.nlm.nih.gov/22249266/
https://pubmed.ncbi.nlm.nih.gov/26562315/
https://pubmed.ncbi.nlm.nih.gov/26562315/
https://pubmed.ncbi.nlm.nih.gov/26562315/
https://pubmed.ncbi.nlm.nih.gov/26562315/
https://pubmed.ncbi.nlm.nih.gov/30941836/
https://pubmed.ncbi.nlm.nih.gov/30941836/
https://pubmed.ncbi.nlm.nih.gov/30941836/
https://pubmed.ncbi.nlm.nih.gov/30941836/
https://pubmed.ncbi.nlm.nih.gov/23890105/
https://pubmed.ncbi.nlm.nih.gov/23890105/
https://pubmed.ncbi.nlm.nih.gov/23890105/
https://pubmed.ncbi.nlm.nih.gov/23890105/
https://pubmed.ncbi.nlm.nih.gov/26269601/
https://pubmed.ncbi.nlm.nih.gov/26269601/
https://pubmed.ncbi.nlm.nih.gov/26269601/
https://pubmed.ncbi.nlm.nih.gov/26269601/
https://pubmed.ncbi.nlm.nih.gov/30115691/
https://pubmed.ncbi.nlm.nih.gov/30115691/
https://pubmed.ncbi.nlm.nih.gov/30115691/
https://pubmed.ncbi.nlm.nih.gov/30115691/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873437/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873437/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873437/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4873437/
ncbi.nlm.nih.gov/pmc/articles/PMC6627322/
ncbi.nlm.nih.gov/pmc/articles/PMC6627322/
ncbi.nlm.nih.gov/pmc/articles/PMC6627322/
ncbi.nlm.nih.gov/pmc/articles/PMC6627322/
https://pubmed.ncbi.nlm.nih.gov/32273499/
https://pubmed.ncbi.nlm.nih.gov/32273499/
https://pubmed.ncbi.nlm.nih.gov/32273499/
https://pubmed.ncbi.nlm.nih.gov/30279173/
https://pubmed.ncbi.nlm.nih.gov/30279173/
https://pubmed.ncbi.nlm.nih.gov/30279173/
https://pubmed.ncbi.nlm.nih.gov/30279173/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC18058/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC18058/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC18058/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC18058/
https://pubmed.ncbi.nlm.nih.gov/12826605/
https://pubmed.ncbi.nlm.nih.gov/12826605/
https://pubmed.ncbi.nlm.nih.gov/12826605/
https://pubmed.ncbi.nlm.nih.gov/12826605/
https://pubmed.ncbi.nlm.nih.gov/18650389/
https://pubmed.ncbi.nlm.nih.gov/18650389/
https://pubmed.ncbi.nlm.nih.gov/18650389/
https://pubmed.ncbi.nlm.nih.gov/12721664/
https://pubmed.ncbi.nlm.nih.gov/12721664/
https://pubmed.ncbi.nlm.nih.gov/25667295/
https://pubmed.ncbi.nlm.nih.gov/25667295/

Journal Home: https://www.boffinaccess.com/journals/cancer-research-and-oncobiology/jcro

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Boffin Access

FOSTERING KNOWLEDGE

Trials of Ipilimumab in Unresectable or Metastatic Melanoma. ]
Clin Oncol. 2015 Jun;33(17):1889-1894.

Curran MA, Montalvo W, Yagita H, Allison JP. PD-1 and CTLA-4
combination blockade expands infiltrating T cells and reduces
regulatory T and myeloid cells within B16 melanoma tumors. Proc
Natl Acad Sci U S A. 2010 Mar;107(9):4275-4280.

Sharma P, Allison JP. Immune checkpoint targeting in cancer
therapy: toward combination strategies with curative potential.
Cell. 2015 Apr;161(2):205-214.

Wei SC, Anang NAS, Sharma R, Andrews MC, Reuben A, et al.
Combination anti-CTLA-4 plus anti-PD-1 checkpoint blockade
utilizes cellular mechanisms partially distinct from monotherapies.
PNAS. 2019 Nov;116(45)22699-22709.

Wei SC, Duffy CR, Allison JP. Fundamental Mechanisms of Immune
Checkpoint Blockade Therapy. Cancer Discov. 2018 Sep;8(9):1069-
1086.

Kulkarni A, Al-Hraishawi H, Simhadri S, Hirshfield KM, Chen S, et
al. BRAF Fusion as a Novel Mechanism of Acquired Resistance to
Vemurafenib in BRAF(V600E) Mutant Melanoma. Clin Cancer Res.
2017 Sep;23(18):5631-5638.

Vido M], Le K, Hartsough EJ, Aplin AE. BRAF Splice Variant
Resistance to RAF Inhibitor Requires Enhanced MEK Association.
Cell Rep. 2018 Nov;25(6):1501-1510.e3.

Hutchinson KE, Lipson D, Stephens PJ, Otto G, Lehmann BD, et al.
BRAF fusions define a distinct molecular subset of melanomas
with potential sensitivity to MEK inhibition. Clin Cancer Res.
2013;19:6696-6702.

Montagut C, Sharma SV, Shioda T, McDermott U, Ulman M, et al.
Elevated CRAF as a potential mechanism of acquired resistance to
BRAF inhibition in melanoma. Cancer Res. 2008 Jun;68(12):4853-
4861.

Heidorn §J, Milagre C, Whittaker S, Nourry A, Niculescu-Duvas I, et
al. Kinase-dead BRAF and oncogenic RAS cooperate to drive tumor
progression through CRAF. Cell. 2010 Jan;140(2):209-221.

Kim ], Novak D, Sachpekidis C, Utikal ], Larribere L. STAT3 Relays
a Differential Response to Melanoma-Associated NRAS Mutations.
Cancers (Basel). 2020 Jan;12(1):119.

Paraiso, K.H, Smalley, K.S. Making sense of MEK1 mutations in
intrinsic and acquired BRAF inhibitor resistance. Cancer Discov.
2012 May;2(5):390-392.

Carlino MS, Fung C, Shahheydari H, Todd JR, Boyd SC, et al.
Preexisting MEK1P124 mutations diminish response to BRAF
inhibitors in metastatic melanoma patients. Clin Cancer Res. 2015
Jan;21(1):98-105.

Silva JM, Deuker MM, Baguley BC, McMahon M. PIK3CA-mutated
melanoma cells rely on cooperative signaling through mTORC1/2
for sustained proliferation. Pigment Cell Melanoma Res. 2017
May;30(3):353-367.

Shi H, Hugo W, Kong X, Hong A, Koya RC, et al. Acquired resistance
and clonal evolution in melanoma during BRAF inhibitor therapy.
Cancer Discov. 2014 Jan;4(1):80-93.

Wilson TR, Fridlyand ], Yan Y, Penuel E, Burton L, et al. Widespread
potential for growth-factor-driven resistance to anticancer kinase
inhibitors. Nature. 2012 Jul;487(7408):505-509.

Anastas N, Kulikauskas RM, Tamir T, Rizos H, Long GV, et al.
WNT5A enhances resistance of melanoma cells to targeted BRAF
inhibitors. ] Clin Invest. 2014 Jul;124(7):2877-2890.

Atzori MG, Ceci C, Ruffini F, Trapani M, Barbaccia ML, et al. Role of
VEGFR-1 in melanoma acquired resistance to the BRAF inhibitor
vemurafenib. ] Cell Mol Med. 2020 Jan;24(1):465-475.

Girotti MR, Marais R. Deja Vu: EGF receptors drive resistance to
BRAF inhibitors. Cancer Discov. 2013 May;3(5):487-490.

Girotti MR, Pedersen M, Sanchez-Laorden B, Viros A, Turajlic
S, et al. Inhibiting EGF receptor or SRC family kinase signaling
overcomes BRAF inhibitor resistance in melanoma. Cancer Discov.
2013 Feb;3(2):158-167.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Miao B, Ji Z, Tan L, Taylor M, Zhang ], et al. EPHA2 is a mediator
of vemurafenib resistance and a novel therapeutic target in
melanoma. Cancer Discov. 2015 Mar;5(3):274-287.

Krayem M, Aftimos P, Najem A, van den Hooven T, van den Berg
A, et al. Kinome Profiling to Predict Sensitivity to MAPK Inhibition
in Melanoma and to Provide New Insights into Intrinsic and
Acquired Mechanism of Resistance Short Title: Sensitivity
Prediction to MAPK Inhibitors in Melanoma. Cancers (Basel). 2020
Feb;12(2):512.

Gad SA, Ali HEA, Gaballa, R, Abdelsalam, R.M, Zerfaoui, M., et
al. Targeting CDC7 sensitizes resistance melanoma cells to
BRAF(V600E)-specific inhibitor by blocking the CDC7/MCM2-7
pathway. Sci Rep. 2019 Oct;9(1):14197.

Schmitt M, Sinnberg T, Nalpas NC, Maass A, Schittek B, et al.
Quantitative Proteomics Links the Intermediate Filament Nestin to
Resistance to Targeted BRAF Inhibition in Melanoma Cells. Mol Cell
Proteomics. 2019 Jun;18(6):1096-1109.

Cabrita, R, Mitra S, Sanna A, Ekedahl H, Lovgren K, et al. The Role of
PTEN Loss in Immune Escape, Melanoma Prognosis and Therapy
Response. Cancers (Basel). 2020 Mar;12(3):742.

Corcoran RB, Rothenberg SM, Hata AN, Faber AC, Piris A, et al.
TORC1 suppression predicts responsiveness to RAF and MEK
inhibition in BRAF-mutant melanoma. Science translational
medicine 2013 Jul;5(196):198.

Pedicord VA, Cross JR, Montalvo-Ortiz W, Miller ML, Allison JP.
Friends not foes: CTLA-4 blockade and mTOR inhibition cooperate
during CD8+ T cell priming to promote memory formation and
metabolic readiness. ] Immunol. 2015 Mar;194(5):2089-2098.

Liu T, Zhou L, Yang K, Iwasawa K, Kadekaro AL, et al. The beta-
catenin/YAP signaling axis is a key regulator of melanoma-
associated fibroblasts. Signal Transduct Target Ther. 2019
Dec;4:63.

Mohapatra P, Yadav V, Toftdahl M, Andersson T. WNT5A-Induced
Activation of the Protein Kinase C Substrate MARCKS Is Required
for Melanoma Cell Invasion. Cancers (Basel). 2020 Feb;12(2):346.

Janse van Rensburg HJ, Azad T, Ling M, Hao Y, Snetsinger, B., et al.
The Hippo Pathway Component TAZ Promotes Immune Evasion in
Human Cancer through PD-L1. Cancer Res. 2018 Mar;78(6):1457-
1470.

Imbert C, Montfort A, Fraisse M, Marcheteau E, Gilhodes ], et
al. Resistance of melanoma to immune checkpoint inhibitors
is overcome by targeting the sphingosine kinase-1. Nature
communications 2020 Jan;11:437.

Galvani E, Mundra PA, Valpione S, Garcia-Martinez P, Smith M, et
al. Stroma remodeling and reduced cell division define durable
response to PD-1 blockade in melanoma. Nat Commun. 2020
Feb;11(1):853.

Coe EA, Tan Y, Shapiro M, Louphrasitthiphol P, Bassett AR, et al. The
MITF-SOX10 regulated long non-coding RNA DIRC3 is a melanoma
tumour suppressor. PLoS Genet. 2019 Dec;15(12):e1008501.

Uka R, Britschgi C, Krattli A, Matter C, Mihic D, et al. Temporal
activation of WNT /beta-catenin signaling is sufficient to inhibit
SOX10 expression and block melanoma growth. Oncogene. 2020
Apr, 39:4132-4154.

Zhang Y, Cui N, Zheng G. Ubiquitination of P53 by E3 ligase
MKRN2 promotes melanoma cell proliferation. Oncol Lett. 2020
Mar;19(3):1975-1984.

Patkunarajah A, Stear JH, Moroni M, Schroeter L, Blaszkiewicz ], et
al. TMEM87a/Elkin1, a component of a novel mechanoelectrical
transduction pathway, modulates melanoma adhesion and
migration. Elife. 2020 Apr;9:e53308.

Snyder D, Wang Y, Kaetzel DM. A rare subpopulation of melanoma
cells with low expression of metastasis suppressor NME1 is
highly metastatic in vivo. Sci Rep. 2020 Feb;10(1):1971.

Zhao B, You Y, Wan Z, Ma Y, Huo Y, et al. Weighted correlation
network and differential expression analyses identify candidate
genes associated with BRAF gene in melanoma. BMC medical
genetics. 2019 Mar;20, 54.

J Cancer Res Oncobiol

Volume: 3.1


https://pubmed.ncbi.nlm.nih.gov/25667295/
https://pubmed.ncbi.nlm.nih.gov/25667295/
https://pubmed.ncbi.nlm.nih.gov/20160101/
https://pubmed.ncbi.nlm.nih.gov/20160101/
https://pubmed.ncbi.nlm.nih.gov/20160101/
https://pubmed.ncbi.nlm.nih.gov/20160101/
https://pubmed.ncbi.nlm.nih.gov/25860605/
https://pubmed.ncbi.nlm.nih.gov/25860605/
https://pubmed.ncbi.nlm.nih.gov/25860605/
https://www.pnas.org/content/116/45/22699
https://www.pnas.org/content/116/45/22699
https://www.pnas.org/content/116/45/22699
https://www.pnas.org/content/116/45/22699
https://pubmed.ncbi.nlm.nih.gov/30115704/
https://pubmed.ncbi.nlm.nih.gov/30115704/
https://pubmed.ncbi.nlm.nih.gov/30115704/
https://pubmed.ncbi.nlm.nih.gov/28539463/
https://pubmed.ncbi.nlm.nih.gov/28539463/
https://pubmed.ncbi.nlm.nih.gov/28539463/
https://pubmed.ncbi.nlm.nih.gov/28539463/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261462/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261462/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261462/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3880773/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3880773/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3880773/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3880773/
https://pubmed.ncbi.nlm.nih.gov/18559533/
https://pubmed.ncbi.nlm.nih.gov/18559533/
https://pubmed.ncbi.nlm.nih.gov/18559533/
https://pubmed.ncbi.nlm.nih.gov/18559533/
https://pubmed.ncbi.nlm.nih.gov/20141835/
https://pubmed.ncbi.nlm.nih.gov/20141835/
https://pubmed.ncbi.nlm.nih.gov/20141835/
https://pubmed.ncbi.nlm.nih.gov/31906480/
https://pubmed.ncbi.nlm.nih.gov/31906480/
https://pubmed.ncbi.nlm.nih.gov/31906480/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5764102/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5764102/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5764102/
https://pubmed.ncbi.nlm.nih.gov/25370473/
https://pubmed.ncbi.nlm.nih.gov/25370473/
https://pubmed.ncbi.nlm.nih.gov/25370473/
https://pubmed.ncbi.nlm.nih.gov/25370473/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5411292/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5411292/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5411292/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5411292/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3936420/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3936420/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3936420/
https://pubmed.ncbi.nlm.nih.gov/22763448/
https://pubmed.ncbi.nlm.nih.gov/22763448/
https://pubmed.ncbi.nlm.nih.gov/22763448/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4071371/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4071371/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4071371/
https://pubmed.ncbi.nlm.nih.gov/31758648/
https://pubmed.ncbi.nlm.nih.gov/31758648/
https://pubmed.ncbi.nlm.nih.gov/31758648/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3736320/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3736320/
https://pubmed.ncbi.nlm.nih.gov/23242808/
https://pubmed.ncbi.nlm.nih.gov/23242808/
https://pubmed.ncbi.nlm.nih.gov/23242808/
https://pubmed.ncbi.nlm.nih.gov/23242808/
https://pubmed.ncbi.nlm.nih.gov/25542448/
https://pubmed.ncbi.nlm.nih.gov/25542448/
https://pubmed.ncbi.nlm.nih.gov/25542448/
https://pubmed.ncbi.nlm.nih.gov/32098410/
https://pubmed.ncbi.nlm.nih.gov/32098410/
https://pubmed.ncbi.nlm.nih.gov/32098410/
https://pubmed.ncbi.nlm.nih.gov/32098410/
https://pubmed.ncbi.nlm.nih.gov/32098410/
https://pubmed.ncbi.nlm.nih.gov/32098410/
https://pubmed.ncbi.nlm.nih.gov/31578454/
https://pubmed.ncbi.nlm.nih.gov/31578454/
https://pubmed.ncbi.nlm.nih.gov/31578454/
https://pubmed.ncbi.nlm.nih.gov/31578454/
https://pubmed.ncbi.nlm.nih.gov/30890564/
https://pubmed.ncbi.nlm.nih.gov/30890564/
https://pubmed.ncbi.nlm.nih.gov/30890564/
https://pubmed.ncbi.nlm.nih.gov/30890564/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7140048/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7140048/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7140048/
https://stm.sciencemag.org/content/5/196/196ra98.full
https://stm.sciencemag.org/content/5/196/196ra98.full
https://stm.sciencemag.org/content/5/196/196ra98.full
https://stm.sciencemag.org/content/5/196/196ra98.full
https://pubmed.ncbi.nlm.nih.gov/25624453/
https://pubmed.ncbi.nlm.nih.gov/25624453/
https://pubmed.ncbi.nlm.nih.gov/25624453/
https://pubmed.ncbi.nlm.nih.gov/25624453/
https://pubmed.ncbi.nlm.nih.gov/31885878/
https://pubmed.ncbi.nlm.nih.gov/31885878/
https://pubmed.ncbi.nlm.nih.gov/31885878/
https://pubmed.ncbi.nlm.nih.gov/31885878/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7072258/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7072258/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7072258/
https://pubmed.ncbi.nlm.nih.gov/29339539/
https://pubmed.ncbi.nlm.nih.gov/29339539/
https://pubmed.ncbi.nlm.nih.gov/29339539/
https://pubmed.ncbi.nlm.nih.gov/29339539/
https://www.nature.com/articles/s41467-019-14218-7
https://www.nature.com/articles/s41467-019-14218-7
https://www.nature.com/articles/s41467-019-14218-7
https://www.nature.com/articles/s41467-019-14218-7
https://pubmed.ncbi.nlm.nih.gov/32051401/
https://pubmed.ncbi.nlm.nih.gov/32051401/
https://pubmed.ncbi.nlm.nih.gov/32051401/
https://pubmed.ncbi.nlm.nih.gov/32051401/
https://pubmed.ncbi.nlm.nih.gov/31881017/
https://pubmed.ncbi.nlm.nih.gov/31881017/
https://pubmed.ncbi.nlm.nih.gov/31881017/
https://www.nature.com/articles/s41388-020-1267-7
https://www.nature.com/articles/s41388-020-1267-7
https://www.nature.com/articles/s41388-020-1267-7
https://www.nature.com/articles/s41388-020-1267-7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7039176/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7039176/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7039176/
https://pubmed.ncbi.nlm.nih.gov/32228863/
https://pubmed.ncbi.nlm.nih.gov/32228863/
https://pubmed.ncbi.nlm.nih.gov/32228863/
https://pubmed.ncbi.nlm.nih.gov/32228863/
https://pubmed.ncbi.nlm.nih.gov/32029850/
https://pubmed.ncbi.nlm.nih.gov/32029850/
https://pubmed.ncbi.nlm.nih.gov/32029850/
https://bmcmedgenet.biomedcentral.com/articles/10.1186/s12881-019-0791-1
https://bmcmedgenet.biomedcentral.com/articles/10.1186/s12881-019-0791-1
https://bmcmedgenet.biomedcentral.com/articles/10.1186/s12881-019-0791-1
https://bmcmedgenet.biomedcentral.com/articles/10.1186/s12881-019-0791-1

	Title
	Article Information
	Abstract
	Article Highlights
	Introduction
	Pathway-driven Genetic Discriminants of Drug-Resistance in Melanoma: BRAF- and Beyond-BRAF Defects
	Geno-transcriptomics and Molecular Profiling of Cancer-Associated Fibroblasts (Cafs) in Melanoma Mic
	The T-Cell Receptor Co-Receptorial Systems in Malignant Melanoma Unleashing the Potential of Onco-ge
	Conclusions and Perspectives
	References
	Figure 1
	Table 1
	Figure 2

