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Genetic alterations affecting RAS proteins are commonly found in human cancers. Roughly a fourth of melanoma
patients carry activating NRAS mutations, rendering this malignancy particularly challenging to treat. Although
the development of targeted as well as immunotherapies led to a substantial improvement in the overall survival
of non-NRAS™ melanoma patients (e.g. BRAF™), patients with NRAS™" melanomas have an overall poorer
prognosis due to the high aggressiveness of RAS™" tumors, lack of efficient targeted therapies or rapidly
emerging resistance to existing treatments. Understanding how NRAS-driven melanomas develop therapy
resistance by maintaining cell cycle progression and survival is crucial to develop more effective and specific
treatments for this group of melanoma patients. In this review, we provide an updated summary of currently
available therapeutic options for NRAS™" melanoma patients with a focus on combined inhibition of MAPK
signaling and CDK4/6-driven cell cycle progression and mechanisms of the inevitably developing resistance to
these treatments. We conclude with an outlook on the most promising novel therapeutic approaches for mela-
noma patients with constitutively active NRAS.

Statement of significance: An estimated 75000 patients are affected by NRAS™ " melanoma each year and these
patients still have a shorter progression-free survival than BRAF™" melanomas. Both intrinsic and acquired
resistance occur in NRAS-driven melanomas once treated with single or combined targeted therapies involving
MAPK and CDK4/6 inhibitors and/or checkpoint inhibiting immunotherapy. Oncolytic viruses, mRNA-based
vaccinations, as well as targeted triple-agent therapy are promising alternatives, which could soon contribute
to improved progression-free survival of the NRAS™" melanoma patient group.

additional risk factor accounting for the cumulative mutational burden
under UV exposure due to deterioration of DNA repair mechanisms and
modifications of cell division [8].

Regarding genetic susceptibility, several germline mutations
affecting genes such as CDKN2A, CDK4, MITF, TERT, MCI1R, and IDH1
have been associated with an increased risk of familial cutaneous mel-

Introduction

Cutaneous melanoma is a highly aggressive malignancy with a
growing incidence accounting for around 290 000 cases (1.6%) of all
newly diagnosed cancers worldwide and more than 60 000 deaths in
2018 [1,2]. Exogenous and endogenous risk factors cause malignant

transformation of melanocytes, which are neural crest-derived and
melanin-producing cells [2-4]. Exposure to ultraviolet (UV) radiation
and a history of sunburns are the main carcinogens responsible for the
onset of melanoma and other skin cancers, causing the highest tumor
mutational burden (TMB) in somatic cells of all cancer types (median
TMB of melanoma 14.4 mutations/Mb, squamous cell carcinoma 45.2,
and basal cell carcinoma 47.3 mutations/Mb) [5-7]. Ageing is an
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anoma [9-11]. The most frequent germline alterations affect the
CDKN2A locus, and pathogenic mutations in this tumor-suppressor gene
coding for p14ARF and p16INK4A are found in ~20-40% of melanoma-
prone families [10,12]. Based on the somatic mutational status, cuta-
neous melanomas are divided into four subtypes: i) B-Raf proto-
oncogene serine/threonine kinase mutant (BRAF™Y) ii) NRAS proto-
oncogene GTPase mutant (NRAS™Y), iii) neurofibromin 1 mutant
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(NF1™"), and iv) none of the three, triple BRAF/NRAS/NF1 wild-type
(WT) [13-15]. Genetic mutations in RAS isoforms, namely NRAS,
KRAS, and HRAS, are among the most prevalent oncogenic alterations
detected in around 16-25% of all cancers [16,17]. In melanomas, KRAS
and HRAS mutations are detected infrequently in approximately 5% of
patients, whereas NRAS mutations are found in ~25% of cases making
NRAS the second most frequent mutation type, after BRAF, which affects
~40-45% of all cases [17-20].

Although early diagnosis and surgical removal of cutaneous mela-
noma indisputably improve the patient’s survival rates, once melanoma
metastasizes, successful treatment becomes more challenging accom-
panied by a dismal prognosis for most patients [21,22]. In comparison to
BRAF™* or triple WT subtypes, NRAS™" melanomas are more aggres-

sive resulting in lower median overall survival [23,24]. This poor sur-
vival is also due to a delayed development of targeted therapies: while
the first BRAF inhibitors received FDA/EMA approval almost a decade
ago, followed by the introduction of even more successful combination
therapies targeting BRAF and MEK [25], therapeutic options for
NRAS™' melanoma patients lag behind. Immunotherapies represent
another leap forward and recent years have seen remarkable improve-
ment in progression-free survival (PFS) and overall survival (OS) of

A) Normal melanocyte
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melanoma patients independent of mutational status [26]. However, the
frequent and rapid development of drug resistance against current
treatments and clinical relapse call for novel therapeutic approaches.
Here, we provide an overview of the NRAS™" signaling pathways
and the currently available therapies for melanoma patients harboring
this type of mutation, followed by a summary of known mechanisms of

resistance to single and combined treatments. We conclude with an up-
to-date overview of ongoing clinical trials and promising novel thera-

peutic approaches all aiming at markedly improving the clinical
outcome for NRAS™" melanoma patients.

Wild-type NRAS signaling

RAS proteins are small intracellular GTPases and in normal human
melanocytes both GTP-bound active and GDP-bound inactive states exist
[27]. Receptor tyrosine kinase (RTK) signaling induces transition to-
wards the NRAS active state that is mediated by the recruitment of
guanine nucleotide exchange-factors (GEFs; e.g. SOS1, SOS2, and

RASGRF10) and adaptor molecules, like growth factor receptor-bound

protein 2 (GRB2) [28,29]. GTPase-activating proteins (GAPs) catalyze

hydrolysis and RAS reversion to the inactive form [28,29] (Fig. 1A).
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Fig. 1. Schematic representation of NRAS"T versus NRAS™" signaling pathways. (A) NRAS signaling under normal physiological conditions. Upon ligand-mediated

dimerization and auto-phosphorylation of RTKs (e.g. EGFR and VEGFR, FGFR, the AXL subfamily, and c-KIT), NRAS is activated by GRB2 and GEF recruitment.

Active NRAS promotes MAPK and PI3K signaling. MAPK cascade induces AP-1-mediated expression of D-type cyclins (cyclin D1, D2, and D3), supporting cell cycle
progression. PI3K leads to the recruitment and activation of AKT kinase, which regulates mTOR and its downstream effector S6K, which further contributes to cell
cycle progression by enhanced translation of cyclin D1. Catalytic activation of D-type cyclins and complex formation with CDK4/6 has an essential role in early G1

death protein 1.

cell cycle commitment. (B) NRAS-induced constitutive activation of oncogenic signal transduction can trigger emergence and sustained melanoma progression

predominantly through MAPK signaling, cyclin D1 overexpression, and p16INK4A inactivation. Additionally, melanoma cells expressing PDL1 lead to immune
evasion by reducing effector T cell activity through PD1L and PD1 interaction.

EGFR and VEGFR, epidermal and vascular endothelial growth factor receptor;

FGFR, fibroblast growth factor receptor; 4E-BP1, factor 4E-binding protein 1; MHC, major histocompatibility complex; TCR, T cell receptor; PD1, programmed cell
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Active RAS GTPases can stimulate a variety of cellular processes such as
proliferation and survival, differentiation, but also apoptosis, cell-cell
and cell-extracellular matrix interactions [28,30,31]. The most studied
RAS-mediated downstream effector pathways are the mitogen-activated
protein kinase (MAPK) pathway and the phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) cascade [32] (Fig. 1).

Due to the high affinity of NRAS to bind to its effector BRAF in
healthy melanocytes, MAPK signaling is preferably mediated by BRAF
activation rather than other RAF-isoforms (e.g. CRAF) [28] (Fig. 1A).
Activated RAF initiates a signaling cascade resulting in phosphorylation
of extracellular signal-regulated protein kinase (ERK)1/2, which regu-
lates approximately 500 substrates [33]. Among others, p-ERK triggers
cell proliferation by stabilization of FOS and subsequent formation of
activator protein 1 (AP-1) complexes, consisting of members of the FOS
and JUN protein families [30,34]. AP-1 transcriptional activity induces
expression of D-type cyclins and consequently supports a transition from
the G1 to S phase of the cell cycle [30,34]. Cyclin D-CDK4/6 complex-
mediated hyperphosphorylation and inactivation of the retinoblas-
toma protein (RB) releases E2F-induced transcriptional activity [35-37],
which in turn leads to the expression of E-type cyclins (cyclin E1 and E2)
(Fig. 1) that form complexes with CDKs (CDK1, 2, 3). CDK2 further
phosphorylates RB, finally leading to G1-S cell cycle transition
[35,38,39]. As mentioned above, RAS activates the PI3K pathway,
which is also involved in cell cycle progression and is required for
metabolic processes during the S phase of the cell cycle, while inhibition
of PI3K signaling is associated with a prolonged S phase [34] (Fig. 1).

S™ melanoma

Cell signaling in NRA

Aberrant RAS function in RAS™" human tumors is mainly caused by
oncogenic missense mutations at codons 12, 13, or 61 [40]. NRAS®6!
occurs in 90% of all NRAS™" melanomas and induces constitutive RAS-
GTPase activity and conformational changes towards the GTP-bound
active state, whereas oncogenic alterations at codons 12 or 13 impair
mechanisms of GTP hydrolysis [27,32]. Interestingly, the Q61R substi-
tution at codon 61 (NRAS?®'R) has been shown to possess an inherently
higher efficiency of tumor initiation in melanocytes than G12D at codon
12 (NRAS®'?) [41].

In contrast to normal melanocytes, the activation of the MAPK
pathway in NRAS™" melanoma is achieved through activation of the
NRAS effector CRAF rather than BRAF [28,42,43] (Fig. 1B). Although
previous findings implicated both individual and concomitant activa-
tions of MAPK and PI3K pathways, a predominant signaling through the
MAPK pathway has been demonstrated for NRAS™' melanomas
[28,43,44] (Fig. 1B). The downstream effector of mammalian target of
rapamycin (mTOR), p70 ribosomal S6 kinase (P70S6K, also known as
S6K1), as well as the downstream effector of the MAPK pathway, p90
ribosomal S6 kinase (RSK), have been shown to phosphorylate the ri-
bosomal protein S6. Therefore, S6 represents an intersection point be-
tween the MAPK and PI3K pathways (Fig. 1). Under normal
physiological conditions, S6 phosphorylation mainly depends on S6K1,
whereas it is regulated by RSK in case of MAPK pathway hyperactivation
[45] (Fig. 1B).

NRAS™"* melanomas often display a dysregulated cell cycle, which is
characterized by the upregulation of cyclin D1 and loss of tumor sup-
pressor p16INK4A [46]. Loss of p16INK4A, a specific inhibitor of the
CDK4/6-cyclin D1 complex, may support NRAS™" melanoma progres-
sion due to its dependency on CDK4/6 [41,47]. Indeed, deficiency of
INK4A in transgenic mice expressing oncogenic NRAS®'X resulted in
frequent formation of melanoma with short latency [48]. Inactivation or
loss of p14ARF and p16INK4A compromises MDM2 inhibition resulting
in elevated MDM2-mediated p53 ubiquitination [49,50]. Overall, these
cell cycle-related alterations enhance CDK4/6 activity and subsequently
lead to early G1-S cell cycle transition [51]. Moreover, TP53 is
commonly mutated gene in NRAS™"" melanoma, occurring in up to 17%
of cases [52]. Mutated TP53 maximizes RAS activity through hnRNPK-
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mediated splicing that induces the cytosine-rich exons inclusion
within GAPs. Therefore, p53-mediated recruitment of the RNA-binding
protein hnRNPK has been implicated in sustained GTP-binding and
RAS™" tumor growth [53].

Pharmacological approaches for treatment of NRAS™""
melanoma

Current clinical treatments

To date, the first-line treatment for surgically incurable NRAS™"
melanoma at stage III/IV is immunotherapy with checkpoint inhibitors
of programmed cell death protein (anti-PD-1), nivolumab, or pem-
brolizumab [54]. The potency of immunotherapies in NRAS™" mela-
noma treatment remains controversial. The immunosuppressive
microenvironment in NRAS™" melanoma has been shown to limit the
effects of immunotherapy [55]. Still, Johnson et al. reported an overall
better response to immunotherapies in patients harboring NRAS muta-
tions (n = 60) versus those with NRAS™' melanomas [56]. The recent
study also demonstrated the association of longer PFS and the presence
of NRAS mutations in melanoma patients who received anti-PD1 as a
first-line monotherapy [57]. Combined anti-PD-1 and anti-cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4) blockade with ipilimumab
has also been assessed in first-line administration in NRAS™"* melanoma
[54] with conflicting results [55,58,59]. In another recent retrospective
study, Rose and colleagues showed significantly improved PFS and OS in
NRAS™" melanoma patients treated with anti-PD1 + anti-CTLA4 co-
therapy (HR 0.34, 95% CI 0.16 to 0.71 and HR 0.24, 95% CI 0.10 to
0.62) in comparison to anti-PD1 monotherapy. Therefore, the NRAS
mutational status has been suggested as a biomarker for an immuno-
therapeutic regimen [60].

Second-line NRAS™" melanoma treatment may involve MEK inhi-
bition, yet with modest responses compared to the traditional cytostatic
dacarbazine treatment [54,61]. Furthermore, for selected NRAS™Ut
melanoma patients, oncolytic viral therapy (talimogene laherparepvec,
T-VEC) may serve as an additional treatment option in patients with
injectable tumor lesions [54]. In this context, a combination of anti-PD-1
immunotherapies with oncolytic viruses yielded encouraging results for
melanoma patients [62].

In both preclinical and clinical settings, different therapies targeting
oncogenic signaling downstream of NRAS have been extensively
researched as alternative first- or second-line treatments and are sum-
marized below. Altogether, the therapeutic success of available drugs for
NRAS™ melanoma is limited, emphasizing the need to identify new
targeted combinations that are at least as efficacious as available
treatments for BRAF™" patients.

RAS inhibitors

Attempts to develop efficient GTP-competitive drugs that directly
target RAS proteins have been largely unsuccessful, due to their pico-
molar affinity to bind GTP and the lack of druggable pockets outside of
the nucleotide-binding site [31]. Previous attempts to develop RAS in-
hibitors focused on restricting RAS activation and translocation to the
plasma membrane by inhibiting farnesyltransferase activity, that is
crucial for the post-translational modification on the CAAX motif at the
RAS C-terminus, or disabling RAS interaction with prenyl-binding pro-
tein phosphodiesterase-5 (PDES) [31]. While some farnesyltransferase
inhibitors (FTIs) showed effects when targeting HRAS™" tumors in
preclinical settings, FTIs could not effectively block NRAS- and KRAS-
cell membrane association due to the NRAS/KRAS alternative pre-
nylation by geranylgeranyl transferase type 1 [31,63]. Although RAS
mutations have been notoriously challenging to target, recent success
has been achieved in pharmacological targeting of the KRAS®*2C onco-
protein with the specific compound ARS-1620 and similar agents
[31,40,64]. Moreover, regulating the upstream NRAS activity by ATP-
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competitive focal adhesion kinase (FAK) inhibition is currently being
evaluated in a phase I clinical trial (Table 1) (no data available yet).

Inhibitors of MAPK signaling

Despite the evident anti-tumor effects of ATP-competitive BRAFi (e.
g. dabrafenib, vemurafenib, or encorafenib) in BRAF™' melanoma,
these agents paradoxically activate MAPK signaling in RAS™" cancer
cells [18,65-69]. A signaling switch from BRAF to CRAF and RAF
dimerization in RAS™" tumors have all been described as mechanisms
underlying BRAFi insensitivity [42,70]. In NRAS™" melanoma, 20%
partial response (PR) and 3.7 months PFS were scored in a phase II
clinical trial when using MEK targeted therapy (binimetinib) [71]. In a
subsequent open-label phase III clinical study, monotherapy of
advanced NRAS™" melanoma with binimetinib resulted in 15% OR and
2.8 months median PFS, compared to 1.5 months median PFS in the
dacarbazine single treatment group [61]. Patients previously treated
with immunotherapy benefit more from MEK inhibition, with 5.5
months PFS compared to 1.6 months PFS in the dacarbazine chemo-
therapy arm [61]. Currently, clinical efficacy and safety of two novel
MEK inhibitors (HL-085 and FCN-159), with an allegedly 10x higher
selectivity for MEK1/2 are assessed in ongoing phase I trials (Table 1).
Additionally, several clinical trials are ongoing to test ERK1/2 inhibitors
in the treatment of NRAS™" melanoma (Table 1).

Combinatorial treatments for NRAS™" melanoma

It is now well established that MEK inhibition works in melanoma
patients who have constitutively active MAPK signaling due to either
BRAF or NRAS mutations. However, as outlined above, MEKi alone is
not sufficient to provide sustained responses and significant PFS. Rapid
resistance to single agent therapies hampers successful long-term
treatment. Therefore, many drug combinations are currently being
evaluated to enhance the therapeutic efficacy of MEKi.

Co-targeting MEK and NRAS downstream signaling pathways

CRAF-mediated RAS signaling significantly reduces the effectiveness
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of MEKi, suggesting that CRAF silencing in KRAS™" and NRAS™"" tu-
mors could improve the effects of MEKi [72]. However, Dorard et al
have demonstrated that CRAF ablation does not affect tumor progres-
sion in NRAS™' melanoma due to a rapid switch to BRAF-driven
signaling. Strikingly, upon simultaneous CRAF and BRAF ablation,
resistant cells emerged, which exhibited strong ARAF-mediated ERK
activation [73]. Indeed, the RAF inhibitory compound LXH254 prevents
BRAF and CRAF dimerization and highlights the therapeutic option for
NRAS™" tumors but failed to inhibit ARAF [74]. Subsequently, the
novel and well-tolerated pan-RAFi belvarafenib demonstrated improved
anti-tumor effects in patients with advanced RAS™/RAF™" solid tu-
mors [75] (Fig. 2). Therefore, dual therapies involving pan-RAF and
MEK inhibitory compounds hold promise for NRAS™' melanoma
(Fig. 2), and are currently in clinical trials [75,76] (Table 2). Indeed,
combining a pan-RAFi and trametinib (MEKi) had anti-proliferative
properties in vitro, where sensitive cells showed higher MAPK pathway
dependency and down-regulation of cyclin D1 after treatment [77].

As ERK1/2-mediated MAPK pathway reactivation often occurs in
MEKi-treated NRAS™" melanoma, co-targeting MEK and ERK is a
worthwhile clinical approach to support sensitivity to MAPK pathway
inhibition [78,79]. Combined MEKi (AZD6244) and ERKi (VTX-11e)
suppressed cyclin D1 reactivation in a synergistic manner resulting in
increased apoptosis and delayed resistance compared to MEKi in com-
bination with CDK4/6i or PI3Ki [79]. Despite these promising results,
concomitant MEKi/ERKi treatment has considerable side effects and
toxicities [80]. The novel ATP-competitive ERK1/2i ulixertinib was
better tolerated and demonstrated anti-proliferative capacity in cancers
resistant to therapies targeting the MAPK pathway [81] (Fig. 2). In
addition, co-administration of MEKi/ERK5i effectively reduced the
growth of NRAS™" melanoma cells in vitro and in vivo [82].

To avoid crosstalk between the MAPK and PI3K pathways, inhibition
of PI3K signaling is another promising option to prevent or delay ac-
quired resistance to MAPKi in melanoma [44,45,83]. In both BRAF™"
and NRAS™ melanoma, combined MAPK and PI3K/mTOR inhibition
had synergistic effects in vitro and in vivo [44,45,84] (Fig. 2), and tar-
geting the mTOR-mediated activation of S6K1 has been shown to
decrease cell proliferation [45].

However, drug combinations based on horizontal inhibition of

Table 1
Targeted monotherapies for NRAS™* melanoma in clinical trials.
Identifier Target Agent Study designPatient Population Efficacy Time frame
NCT01320085 MEK1/2 Binimetinib Untreated and pretreated AJCC disease stage advanced or mPFS: 3.7 months (95% CI March
[71] (MEK162) patients; Non-Randomized; metastatic (IIIB to IV) NRAS™" (n = 2-5-5-4); PR: 20% 20110ngoing
30) and
Phase II studyBRAF'°*° melanoma
NCT01763164 MEK1/2 Binimetinib Untreated and pretreated AJCC stage advanced (IIIC) or mPFS: 2.8 months (95% CI 2.8-  July 2013-
[61] (MEK162) metastatic patients; Randomized; (IV) NRAS™* melanoma (n = 3.6); OS: 11 months June 2019
269)
Phase III study
NCT01693068 MEK1/2 Pimasertib Untreated patients; Locally advanced or metastatic malignant mPFS: 13 wks; ORR: odds ratio December
[139] Randomized; Phase II study NRAS™" melanoma (n = 191 2.24 (95% CI 1.00-4.98); PR: 20120ctober
(pimasertib n = 130, dacarbazine n = 61)) 9%; 0S: 11 months 2016
NCT03932253 MEK1/2 FCN-159 Pretreated patients; AJCC stage advanced (III or IV) NA March
[140] NonRandomized; Phase Ia/ melanoma harboring NRAS 20190ngoing
Ib study aberration (n = 37)
NCT03973151 MEK HL-085 Phase I/1I study AJCC stage advanced (Il or IV) ~ PFS: 17.4 wks; ORR: 33.3% September
[141] melanoma harboring NRAS™" with DCR 83.3% 20170ngoing
(n=54)
NCT00866177 MEK1/2 Selumetinib Phase II study Stage advanced (III or IV) mPFS: 2.2 months in the high March 2009pAKT cohort
BRAF™" or and 7.1 months in September 2013 the low pAKT
NRAS™" (n = 9) melanoma cohort
NCT04109456 Focal adhesion IN10018 Non-Randomized; Phase Ib Metastatic stage uveal NA March
kinase (FAK) study melanoma and 20200ngoing
NRAS™' melanoma (n = 52)
NCT01781429 ERK1/2 Ulixertinib Untreated and pretreated Advanced or metastatic PR: 18% March 2013-
[78] (BVD-523) patients; Phase I study malignant tumors, including September 2018

NRAS™' melanoma (n = 24)

AJCC, American Joint Committee on Cancer; PFS, progression-free survival; PR, partial response; OS, overall survival; ORR, overall response rate; NA, not available.
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Table 2
Combined therapies with MEKi for NRAS™" melanoma in clinical trials.
Identifier Targets Agents Study design Patient Population Efficacy Time frame
NCT01781572 MEK1/2 Binimetinib Non- Locally advanced or metastatic NRAS™" melanoma PR: 19.5% June 2013-
[100] + + Randomized; SD: 51.2%; February 2018
CDK4/6 LEEO11 (Ribociclib) Phase Ib/II
study
NCT02065063 MEK1/2 Trametinib Non- Advanced or metastatic solid tumors including NA February
[142] + + Randomized; BRAF"T cutaneous melanoma that are either NRASWT 2014June 2016
CDK4/6 Palbociclib Phase I/II or NRAS™Ut
study
NCT04109456 MEK1/2 Cobimetinib Non- Metastatic uveal melanoma or NRAS™" (n = 52) NA March
+ + Randomized; metastatic melanoma 20200ngoing
Focal adhesion IN10018 Phase Ib study
kinase (FAK)
NCT02974725 MEK1/2 + pan- Trametinib Non- Advanced or metastatic NA February
RAF + Randomized; KRAS™"'/BRAF™" NSCLC or 20170ngoing
LXH254 Phase Ib study ~ NRAS™" cutaneous melanoma
(n = 315)
NCT03284502 MEK1/2 + pan- Cobimetinib Non- Locally advanced or metastatic stage solid tumors, ORR: 44% May
RAF + Randomized; including NRAS™" melanoma 20170ngoing
Belvarafenib Phase Ib study m=9)
(HM95573)
NCT03979651 MEK/2 Trametinib Recruiting Locally advanced or metastatic NRAS™" melanoma NA October
+ + 20190ngoing
Autophagy Hydroxychloroquine

PR, partial response; SD, stable disease; ORR, overall response rate; NA, not available.

proliferative signaling pathways in solid tumors are marked by dose-

Combining MEK with cell cycle inhibitors

limiting toxicities that eventually influence the establishment of

optimal drug concentrations [83].

Aberrant cell cycle regulation is a hallmark of many cancers and
targeting the cyclin D-CDK4/6-RB signaling pathway and the subse-
quent disruption of cell cycle progression has been extensively
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researched and reviewed before [38,85-89]. The frequent cell cycle al-
terations and the upregulation of cyclin D1 in drug-naive and MEKi-
treated RAS™" tumors have spurred the targeting of cyclin D-CDK4/6-
RB signaling as a promising anti-proliferative therapy [90-93]. Inter-
estingly, a clinical phase II trial investigating the efficacy of the MEKi
binimetinib in patients with advanced NRAS™" melanoma showed
shorter PFS (<3.6 months) in patients who had CCND1 or CCND3 am-
plifications, confirming that constitutive cyclin D-CDK4/6-RB pathway
activation may affect MEKi efficacy [94]. Indeed, combined MEKi/
CDK4/6i treatment has been described as an effective approach across a
variety of cancers, including NRAS™" melanoma [38,92-95] (Fig. 2).
Highly ATP-selective CDK4/6i, namely PD0332991 (palbociclib),
LEEO11 (ribociclib), and LY2835219 (abemaciclib) obtained FDA
approval for anti-tumor treatment, and have been extensively investi-
gated in melanoma therapy [38,90,93,96,97].

Concomitant MEKi/CDK4/6i promotes cell cycle arrest in Gl in
drug-naive and CDK4/6i resistant cancer cells, suggesting a role for
MAPK signaling in inducing a CDK4/6i resistant phenotype [90,95].
Different preclinical studies substantiated the benefit of dual MEKi/
CDK4/6i therapy versus single MEKi by monitoring its anti-tumor effects
across different patient-derived NRAS™"" melanoma cell lines in vitro, as
well as in melanoma xenografts [98]. Yet, cooperative therapy did not
enhance growth regression in all NRAS™" melanoma cell lines [98]. In
this context, Hayes et al. found that, when investigating the vulnera-
bilities of NRAS™" melanoma to combined MEKi (trametinib) plus
CDK4/6i (palbociclib), NRAS-dependent cells showed a heterogeneous
response to dual therapy with subpopulations undergoing both cell cycle
arrest and apoptosis [99].

Encouraging results of dual MEKi/CDK4/6i in the treatment of
NRAS™"* melanoma were reported in an ongoing clinical trial investi-
gating concurrent binimetinib plus ribociclib therapy [100] (Table 2).
Noteworthy, continuous single CDK4/6i therapy in clinical trials has
been associated with dose-dependent toxicities, and applying additional
inhibitory compounds may worsen CDK4/6i-induced side effects
[101,102]. Subsequent efforts have focused on dose optimization and
titration with minimal side effects and maximal therapeutic potential.
Accordingly, scheduled treatment comprising continuous MEKi plus
intermittent CDK4/6i has been prioritized as the best therapeutic arm
when compared to continuous CDK4/6i plus intermittent MEKi or
intermittent MEKi plus CDK4/6i combination therapies, leading to a
complete melanoma regression in 3 out of 8 xenograft in vivo models
[102].

Alternative ways to enhance MEKi effects

The quest for alternative compounds to accompany MEKi in com-
bined therapies attracted great interest in recent years. Activation of the
Rho/MRTF-pathway has been associated with intrinsic resistance of
NRAS™" melanoma to MEKi [103]. Cooperative engagement of MEKi
and a Rho-associated coiled-coil-containing protein kinase 1 (ROCK, a
serine/threonine kinase that is activated when bound to the GTP-bound
form of Rho) inhibitor (GSK269962A) triggered apoptosis by increasing
the expression of BIM-extra long (Bimgg ), poly (ADP-ribose) polymerase
(PARP), and p53 upregulated modulator of apoptosis (PUMA) [104].
Synergetic effects of Rho/MRTF pathway inhibitor CCG-222740 and
MEKi have been recently demonstrated in NRAS™" melanoma cells
[103].

Co-administration of MEKi with the autophagy inhibitor chloroquine
(Fig. 2) has been shown to have synergistic anti-proliferative effects in
treatment of RAS™" cancers [105]. Chloroquine provokes apoptosis of
melanoma cells by BH3-dependent PUMA modulation [106]. Combined
trametinib and hydroxychloroquine therapy is currently in a clinical
trial for NRAS™ melanoma patients (Table 2). Furthermore, combina-
tions of trametinib with the pan-histone deacetylase (HDAC) inhibitor
vorinostat or the class I-HDACi entinostat have promising effects in
preclinical settings [107] (Fig. 2).
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Activation of apoptotic signaling and MEKi resistance evasion in
NRAS™"* melanoma have also been achieved by direct p53 reactivation
with PRIMA-1™' (APR-246) regardless of TP53 mutational status and by
knockdown of the anti-apoptotic protein Bcl-2 [108]. Next, the over-
expression of polo-like kinase 1 (PLK1), which is required for mitotic
entry and centrosome maturation in late G2 phase/early prophase, was
observed in NRAS™" melanoma and thereby points to another prom-
ising combinatorial therapy involving MEKi and PLK1li [109,110].
Indeed, MEKi/PLK1i co-therapy synergistically enhanced p53 signaling,
both G1 and G2/M phase arrest of cell cycle progression, and eventually
apoptosis [109].

The transition of fast-growing melanoma cells towards a slow-
cycling phenotype under stress conditions has been described as a
hallmark of drug resistance in BRAF™' melanoma [111,112]. This
process is also attributed to high levels of Wnt5A and subsequent
expression of p53, partially accomplished by phosphorylation of MDM2
[113]. Following DNA damage, Wnt5A inhibits p53-mediated apoptotic
signaling in melanoma cells through activation of the inhibitor of
apoptosis stimulating protein p53 (IASPP) [113]. Webster et al. there-
fore proposed inhibition of p53 together with MAPK signaling in slow-
cycling melanoma cells to prevent BRAFi/MEKi resistance [113]. Such
an approach might be worthwhile testing in NRAS™"* melanoma.

Next, the bromodomain and extra-terminal (BET) protein family
members (e.g. BRD2, BRD4) are often overexpressed in melanoma [114-
116]. NRAS™" melanoma patients with elevated expression of BRD4
exhibited overall poorer survival in comparison to patients harboring
low levels of BRD4, suggesting therapeutic criticality of BETi [114].
Therefore, concomitant NRAS™"* melanoma administration with MEKi
(PD901) and BETi (OTX-015 or JQ-1) perturbed cell cycle progression of
NRAS™"* melanoma cells at different phases and promoted apoptosis in
vitro and tumor growth suppression in vivo. Combined MEKi/BETi
therapy resulted in hypophosphorylation of RB, reduced levels of PLK1
and cyclin D1, upregulation of p27 and was accompanied by down-
regulation of TCF19 transcriptional activity. Notably, the unaltered ac-
tivity of TCF19 upon targeting MEK/BET was characteristic for non-
responding melanoma cells [114].

Simultaneous inhibition of phosphoglycerate dehydrogenase
(PHGDH) and MEK in MEKi-resistant NRAS™" melanoma cells reduced
cell tolerance to oxidative stress, marked by decreased levels of oxidized
glutathione, and a subsequent re-sensitization to MEKi (PD901) treat-
ment. NRAS™" melanoma cells that harbor higher levels of PHGDH
were more prone to respond to combined PHGDHi/MEKi in comparison
to cells with lower expression of this enzyme [117]. Concerning mela-
noma metabolic processes, we have previously shown that MAPKi
treatment leads to phosphorylation of pyruvate dehydrogenase (PDH) in
both BRAF™ and NRAS™' cell lines, through ROS production and
activation of the PDH upstream repressor pyruvate dehydrogenase ki-
nase (PDK) [118]. Interestingly, the pan-PDKi (AZD7545) also inhibited
the growth of NRAS™"" cells [118].

Lastly, the combination of targeted drugs with oncolytic viruses
might become a very rewarding avenue for some melanoma patients. In
melanoma, concurrent MEKi and T-VEC therapy promoted T-VEC
replication, viral protein production, and MEKi-induced apoptosis
[119].

Other combinatorial approaches

Additional therapeutic strategies have been tested in melanoma to
evade escape from cell cycle arrest initially induced by CDK4/6i. Protein
arginine methyltransferase 5 (PRMT5) inhibition in combination with
CDK4/6i profoundly reduced PRMT5-mediated MDM4 activity and
subsequently enhanced p53 signaling in TP53"" melanoma cells [120].
PRMTS5i also increased expression of the p53 transcriptional target genes
MDM2 and CDKN1A (encoding p21) in CDK4/6i resistant cells [120].
Considering activation of CDK2-cyclin E1 in CDK4/6i resistant mela-
noma cells, inactivation of CDK2 by MDM4-p53-induced p21 is a
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promising strategy to evade melanoma drug resistance and prolifera-
tion. Therefore, concomitant CDK4,/6i/PRMT5i treatment proved to be a
well-tolerated curative strategy that improved CDK4/6i efficacy in both
drug naive and CDK4/6i resistant melanoma [120]. The amplification of
CDK4 has been associated with simultaneous amplification of MDM2,
arguing that MDM2 and CDK4 co-inhibition might be an effective anti-
tumor approach [121]. Indeed, co-administration of CDK4/6i/MDM2i
inhibited melanoma cell growth and remained effective even upon
weeklong treatment intermissions, which was also confirmed in vivo
[122].

Resistance mechanisms
Resisting MEK inhibition

MEKi monotherapy is only beneficial for a small subset of patients
[59] as intrinsic and acquired resistance rapidly lead to MEKi insensi-
tivity and disease relapse. Initially, MEKi induce a strong reduction of p-
ERK levels in NRAS™" melanoma; however, p-ERK signaling is rapidly
restored and remains constant during drug renewal over prolonged ex-
amination periods [79,99]. Several specific mechanisms of MAPK
signaling reactivation, which are driving MEKi resistance in NRAS™"
melanoma cells, have been elucidated: e.g. ERK5 was shown to be
upregulated upon MEKi through platelet-derived growth factor receptor
beta (PDGFR) signaling and was implicated in acquired drug resistance,
reflected by sustained cell survival [82]. Activation of pro-survival
signaling involving MITF, increased activity of Bcl-2, as well as activa-
tion of the metabolic enzyme PHGDH, have all been reported as critical
nodes leading to a survival advantage of NRAS™" melanoma under
MEKi [108,117]. Recent studies have revealed several markers with
prominent expression changes under MEKi in different NRAS™"* cancer
cell lines (e.g. KEAP1, FBX042, CIC), making them interesting candi-
dates involved in cell fate decisions leading to resistance [99,123,124].

Inconsistent findings regarding AKT activity have been reported,
suggesting both unaltered and increased p-AKT levels upon MEKi, which
could be explained by the heterogeneity of melanoma cells [98,99]. In
NRAS™"* melanoma cell lines expressing AKT1, PI3K, or EGFR, MEKi
treatment did not reduce p-ERK levels, implicating that MEKi resistance
is not induced by reactivation of MAPK signaling [99]. Instead, p-S6
levels were increased in response to AKT, PI3K, or EGFR expression upon
MEKi, suggesting recovery of its upstream activator mTOR and
involvement of mTOR signaling in the modulation of MEKi sensitivity
[99]. Similarly, constitutive phosphorylation of S6 has been reported as
a contributor to acquired resistance in MEKi-insensitive BRAF™ mela-
noma [45]. Targeting S6 with siRNAs resulted in GO/G1 cell cycle arrest
of resistant cells, evidenced by a strong downregulation of RB, cyclin D1,
and CDK6. These findings assign an important role to S6, promoting cell
cycle progression and proliferation as an underlying property when cells
evade MAPK inhibition [45]. Therefore, S6K1-mediated regulation of S6
is switched from MAPK signaling in MEKi-naive cells to PI3K signaling
pathway in resistant cells [45]. In addition, inconclusive data have been
published regarding the role of RB in MEKi resistance of NRAS™" mel-
anoma. NRAS™" melanoma cell lines overexpressing AKT, PI3K, or
EGFR constructs showed increased p-RB levels following MEK inhibi-
tion, although levels of p-RB varied among cell lines [99].

Resisting CDK4/6i-mediated cell cycle arrest

Responses to combined MEKi/CDK4/6i treatment provoke G1 cell
cycle arrest, however, upon prolonged therapy, cancer cells cope with
inhibitory stress and re-enter the cell cycle [85,99,125]. Amplification of
both CDK4 and CDK6 has been implicated in reduced CDK4/6i sensi-
tivity [126,127] with elevated cyclin D1 levels as an early indicator of
resistance to CDK4/6i across different cancer cell lines
[99,122,125,128]. During early CDK4/6i-adaptation, activated cyclin
D1 directly interacts with CDK2, consequently deactivating RB by
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phosphorylation, which in turn induces transcriptional E2F activity and
thus promoting cell cycle re-entry upon CDK4/6i therapy [38,85,128]
(Fig. 3).

Given that intact RB is necessary for CDK4/6 activity, intrinsic
resistance to CDK4/6i is also driven by RB loss in many cancer types
[129], hence RB knockout in NRAS™! melanoma cells resulted in
resistance to CDK4/6i therapy [99]. The overexpression of CDKN2,
mediated by CDKN2 family members (p16INK4A (CDKN2A), p15INK4B
(CDKN2B), pl8INK4C (CDKN2C), and p19INK4D (CDKNZ2D)), might
also contribute to intrinsic CDK4/6i resistance, by interacting with the
ATP-binding pocket of CDK4/6 [85,130]. However, there is no clear
evidence that low levels or knockout of CDKN2 enhance the binding of
CDK4/6 inhibitors to their target and thus increase melanoma sensitivity
to CDK4/6 inhibition [130,131].

Another escape mechanism from cell cycle arrest in CDK4/6i treated
melanoma cells involves the potential of activated cyclin D1 to bind and
sequester CDK inhibitors p21 and p27 [122]. Consistently, initial CDK4/
6i treatment showed many p21 and cyclin E1 complexes, which are
reduced in CDK4/6i resistant melanoma cells [120]. Inhibition of p21
and p27 can affect the activity of CDK1 and CDK2 to promote cell cycle
progression and influence the outcome of CDK4/6i monotherapy [122].
In this context, increased CDK2 levels may result in a hyperactivated
CDK2-cyclin E complex that phosphorylates RB, replacing CDK4/6
function in cell cycle progression [120]. Besides, CCNE1 overexpression
is a well-described mechanism of CDK4/6i cancer resistance [128,132].
Similar to MEKIi resistance, acquired or intrinsic alterations leading to
CDK4/6i resistance also involve the PI3K pathway, both in vivo and in
vitro [85,99,122,128,133]. These and other potential mechanisms
leading to cell cycle progression and acquired resistance to CDK4/6i
have been reviewed elsewhere [85,129].

Resisting combined MEK plus CDK4/6 inhibition

Despite promising pharmacological results, the development of
resistance to MEKi/CDK4/6i co-treatment in NRAS™" melanoma re-
mains a serious clinical issue. In a first study, following the clinical trial
NCT01781572, that aimed to characterize resistance mechanisms to
MEKi/CDK4/6i co-administration, whole-exome sequencing (WES) was
performed on serial longitudinal biopsies (pre-, on-, and post-treatment)
[134]. Post-treatment biopsy collection was conducted during follow-up
anti-PD-1 treatment from both responding and non-responding lesions
[134]. WES revealed a small fraction of pre-existing PIK3CA>**X mu-
tations at an early stage of MEK/CDK4/6 co-inhibition, suggesting a
resistant subpopulation with intrinsic potential to expand under drug
pressure. Functional validation of this finding confirmed that NRAS™""
melanoma cells expressing PIK3CA®>**K have reduced sensitivities to
single MEKi or combined MEKi (MEK162) plus CDK4/6i (LEE011)
[134].

Further, increased levels of p-S6K1 and its target ribosomal protein
S6 were identified in these NRAS™ and PIK3CA®***¥ mutant melanoma
cells [134]. Likewise, S6 activity has been implicated as a predictor of
resistance after analyzing BRAF™ melanoma samples derived from
clinical trials (NCT01543698 and NCT02159066), which evaluated tri-
ple BRAFi/MEKi/CDK4/6i treatment. Despite a limited number of pa-
tients, there was an evident induction of p-S6 in post- versus pre-
treatment patient samples with shorter therapy response. Notably, the
best responses were observed in patients with low p-S6 protein levels
[102]. The importance of upregulated mTOR-S6 signaling for acquired
resistance to MEKi/CDK4/6i has also been confirmed in both BRAF™"
and NRAS™" melanoma xenografts [102].

In addition, E2F transcription factor levels were elevated in mela-
nomas resistant to combined MEKi/CDK4/6i treatment, resulting in
tumor progression during drug holidays [102]. Therapeutic arms con-
sisting of continuous CDK4/6i and intermittent MEKi, or continuous
MEKi and intermittent CDK4/6i, retained stable and low E2F activity for
a prolonged period but rapid E2F increase was recorded after the third
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MEKi-free phase, confirming the association of E2F activity with drug
resistance [102]. Reduced survivin and p-RB levels accompanied
combinatorial MEKi/CDK4/6i treatment and have therefore been sug-
gested as potential indicators of treatment success [131]. Along these
lines, Tikvah and colleagues recently showed that increased levels of p-
RB, p-S6 and other cell cycle markers such as cyclin E2 and cyclin D1
were associated with resistance to MEKi/CDK4/6i in NRAS™" mela-
noma [99]. Lastly, activated KRAS®3P was among the top candidates to
overcome MEKi/CDK4/6i treatment followed by RB loss-of-function and
genes involved in MAPK and PI3K pathways [99] (Fig. 3).

Circumventing resistance to dual therapy

Melanoma cells resisting either CDK4/6i monotherapy or dual
MEKi/CDK4/6i share common molecular characteristics, including
frequent reactivation of CDK4/6-RB signaling and sensitivity to PI3K
pathway inhibitors, making these pathways interesting pharmacological
targets to prevent MEKi/CDK4/6i drug-insensitivity [102,122,131,135].
Given that inhibition of mTORC1/2 leads to decreased cyclin D1 levels,
RB deactivation and elevated E2F activity in pre-clinical settings, the
simultaneous CDK4/6 and PI3K pathway inhibition might be able to
maintain durable repression of cancer growth [135]. In estrogen (ER)-
positive breast cancer cells, combined targeting of mTORC1/2
(AZD2014) and CDK4/6 (palbociclib) suppressed E2F activity and
retained a quiescent-like state by postponing transition into a resistant
state [135]. Likewise, upregulated mTOR activity in both BRAF™" and
NRAS™" melanoma cell lines resistant to MEKi/CDK4/6i co-treatment
could be targeted using mTORC1/2i to delay melanoma progression.

Elevated phosphorylation of S6 during MEKi/CDK4/6i co-treatment of
melanoma cell lines as well as in biopsies from melanoma patients
treated with MEKi/CDK4/6i, support the inclusion of mTORC1/2i in a
triple treatment regimen [102]. Indeed, triple-drug approaches target-
ing MEK (PD'901), CDK4/6 (palbociclib), and mTORC1/2 (AZD2014)
disturbed colony formation and S6 phosphorylation in MEKi/CDK4/6i-
resistant melanoma, resulting in a significant increase in cell death, but
treatment success might be hampered by elevated toxicities [102].

Perspectives

To this date, there is an unmet clinical need for effective therapeutic
strategies for NRAS™" melanoma patients. Considerable efforts have
been invested in the inhibition of the MAPK pathway alone or in com-
bination with other drugs. Disrupting cell cycle-progression with spe-
cific drugs in combination with MEKi appears to be particularly effective
in several tumors, including NRAS™"" melanoma. Still, the emergence of
intrinsic and acquired resistance in this aggressive melanoma subtype
calls for innovative approaches. Novel classes of inhibitors such as the
proteolysis-targeting chimera (PROTAC) with enhanced efficacy in
BRAF™" melanoma are encouraging in this respect [136]. An entirely
different but exciting approach involves mRNA vaccines that stimulate a
targeted immune response against personalized tumor antigens, which,
when combined with checkpoint inhibition could be transforming the
way we treat melanoma in the not-so-far future [137].

A focus should be placed on determining the most beneficial treat-
ment schedules that involve the application of novel mono-, dual-, or
even triple-targeted therapies in treatment-naive patients or upon
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disease relapse following checkpoint inhibition. Longer median PFS
upon MEKi treatment was observed in a patient subgroup previously
exposed to immunotherapy in comparison with those patients that
received only MEKi, prioritizing inhibition of the MAPK pathway in a
post-immunotherapy setting [61]. Neoadjuvant therapy of local meta-
static lesions has recently been put forward as an encouraging approach
to improve surgical excision [138]. As indicated previously, triple-drug
therapy that combines dual MEKi/CDK4/6i with some of the herein
mentioned targets holds promise in the treatment of NRAS™" melanoma
patients. Still, there is a need to remedy toxicities and side effects and to
optimize dosing schedules. The prediction of patient subgroups that will
respond to combined therapies based on their genetic profiles may
facilitate NRAS™" melanoma drug-administration. Discovering specific
markers that correlate with drug sensitivity or emerging resistance will
greatly aid therapeutic interventions for all melanoma patients, BRAF-
mut NRAS™t, NF1™, or triple WT.

The inevitable intrinsic or acquired drug resistance and sometimes
intolerable toxicities and side effects call for additional treatment ave-
nues. Checkpoint inhibition, alone or in combination with targeted
compounds only shows durable responses in a fraction of patients.
Innovative concepts such as oncolytic viruses, mRNA vaccines, and/or
novel classes of pharmacological compounds will have to be considered
for the majority of advanced stage melanoma patients in order to have a
long and well-tolerated PFS.
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