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The rising incidence and mortality rate associated with the metastatic ability of
cutaneous melanoma represent a major public health concern. Cutaneous melanoma
is one of the most invasive human cancers, but the molecular mechanisms are
poorly understood. Moreover, currently available therapies are not efficient in avoiding
melanoma lethality. In this context, new biomarkers of prognosis, metastasis, and
response to therapy are necessary to better predict the disease outcome. Additionally,
the knowledge about the molecular alterations and dysregulated pathways involved
in melanoma metastasis may provide new therapeutic targets. Members of the Ras
superfamily of small GTPases regulate various essential cellular activities, from signaling
to membrane traffic and cytoskeleton dynamics. Therefore, it is not surprising that they
are differentially expressed, and their functions subverted in several types of cancer,
including melanoma. Indeed, Ras small GTPases were found to regulate melanoma
progression and invasion. Hence, a better understanding of the mechanisms regulated
by Ras small GTPases that are involved in melanoma tumorigenesis and progression
may provide new therapeutic strategies to block these processes. Here, we review the
current knowledge on the role of Ras small GTPases in melanoma aggressiveness
and the molecular mechanisms involved. Furthermore, we summarize the known
involvement of these proteins in melanoma metastasis and how these players influence
the response to therapy.

Keywords: ras Small GTPases, biomarkers, metastasis, cancer progression, cancer therapies, cutaneous
melanoma

Abbreviations: Arf, ADP-ribosylation factor; Arl, Arf-like; Akt, protein kinase B; AurkA, Aurora kinase; BMP, bone
morphogenetic protein; BRAF, V-raf murine sarcoma viral oncogene homolog B1; CREPT, cell-cycle-related and expression-
elevated protein in tumor; CTLA-4, cytotoxic T-lymphocyte-associated antigen 4; EPHB4, ephrin type-B receptor 4;
ERK, extracellular-signal-regulated kinase; FDA, Food and Drug Administration; GAP, GTPase-activating proteins; GDI,
guanosine nucleotide dissociation inhibitors; GDP, guanosine diphosphate; GEF, guanine nucleotide exchange factors; GTP,
guanosine-5′-triphosphate; Hras, Harvey rat sarcoma; Kras, Kirsten rat sarcoma; MEK, mitogen-activated protein kinase;
MITF, microphthalmia-associated transcription factor; MMP, metalloproteinases; NF2, neurofibromatosis type 2; Nras,
neuroblastoma rat sarcoma; OS, overall survival; PAK, P21-activated kinase; PD-1, programmed cell-death protein 1; PFS,
progression free survival; PI3K, phosphatidylinositol 3-kinase; RAF, rapidly accelerated fibrosarcoma; Rho, Ras homologous;
Ran, Ras-like nuclear; Rab, Ras-like proteins in brain; Ras, Rat Sarcoma; ROCK, RHO kinase; UV, ultraviolet; VEGF-C,
vascular endothelial growth factor-C.
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INTRODUCTION

Melanoma derives from the malignant transformation of
melanocytes, which are melanin-producing cells located in the
epidermis, eyes, meninges, esophagus, and mucous membranes
(Ali et al., 2013). According to the site of origin of this
malignancy, three main subtypes of melanoma are defined:
cutaneous, uveal, and mucosal (Kuk et al., 2016). While
cutaneous melanoma accounts for 90% of all melanoma
cases, uveal and mucosal melanomas are relatively rare
(Leonardi et al., 2018).

Cutaneous melanoma, herein referred to as melanoma,
represents the most lethal skin neoplasm, leading to 60–75% of
the mortality rate related to skin malignancies, even though it
accounts for only 5% of all skin tumors (Bandarchi et al., 2010;
Potrony et al., 2015; Esteva et al., 2017). Despite the efforts to
prevent and detect melanoma early on, the incidence of this type
of cancer has been increasing worldwide (Guy et al., 2015; Siegel
et al., 2019). Presently, the staging of melanoma (I–IV) is based
on tumor thickness, presence or absence of ulceration, lymph
node involvement, and distant metastasis (Zbytek et al., 2008).
Essentially, stage I and II melanoma show no evidence of regional
or distant metastasis, in contrast to stage III and IV melanoma,
which are characterized by lymph node and distant metastasis,
respectively (Mohr et al., 2009). Early-stage melanoma is often
associated with a favorable prognosis, with a 5-year survival rate
of up to 90% (Luke et al., 2017; Allemani et al., 2018). On the
other hand, stage IV melanoma is characterized by a 5-year
survival rate of only 16% (Luke et al., 2017; Allemani et al., 2018;
Cronin et al., 2018).

The most aggressive melanomas spread from the primary
tumor site to surrounding tissues and frequently demonstrate
a tendency to resist to available therapies (reviewed in Luís
et al., 2020). Indeed, the high mortality rate of melanoma
patients is mainly associated with its elevated metastatic ability
(Zbytek et al., 2008). Currently, the treatment of advanced-
stage melanoma is based on surgical excision, targeted therapies,
and immunotherapies. BRAF and MEK inhibitors are targeted
therapies approved by the FDA for the treatment of patients with
BRAF-mutant melanomas (Grimaldi et al., 2017). The treatment
of metastatic melanoma patients with highly selective BRAF-
inhibitors improves both overall and progression-free survival
(OS and PFS) (Sosman et al., 2012; Wong and Ribas, 2016;
Domingues et al., 2018). However, only half of these patients
demonstrate a positive response to targeted therapies and this
response tends to be limited over time (Eroglu and Ribas, 2016).

The immunotherapies also available for advanced-stage
melanoma are based on CTLA-4 and PD-1 blockers, which
confer a survival benefit and more durable responses, compared
to targeted therapies (Luke et al., 2017; O’Donnell et al., 2019;
Yu et al., 2019). However, primary resistance occurs in 40–65
and 70% of metastatic melanoma patients submitted to anti-PD-
1 and anti-CTLA-4 therapies, respectively. Moreover, from the
initial responders, around 20–30% develop secondary resistance
(Gide et al., 2018). Recently, it was shown in stage III melanoma
patients that the neoadjuvant treatment with immunotherapies
and targeted therapies is associated with higher rates of OS,

disease, recurrence, and metastasis free-survival, resulting in
a more efficient therapeutic approach to impair melanoma
progression (Eggermont et al., 2016, 2018; Long et al., 2017;
Weber et al., 2017; Maio et al., 2018; Song et al., 2019).

Despite the growing understanding of melanoma biology
and the improvement in its treatment over the last decades,
the genetic basis of melanoma metastasis is unclear (Liu and
Sheikh, 2014). Consequently, the unveiling of signaling pathways
and complex interactions contributing to melanoma progression
could provide relevant knowledge for the development of novel
and efficient therapies (Damsky et al., 2011).

Rat sarcoma (Ras) superfamily of small guanosine-5′-
triphosphate (GTP)ases regulate many essential cellular activities
such as cell signaling, membrane trafficking and cytoskeleton
dynamics (Vetter and Wittinghofer, 2001; Zhen and Stenmark,
2015; Casalou et al., 2016, 2019; Toma-Fukai and Shimizu,
2019). Although Ras small GTPases control crucial physiological
functions in cell homeostasis, several superfamily members are
involved in the aberrant activation of signaling cascades that play
a central role in a broad spectrum of human diseases, including
cancer (Aspenström, 2018; Casalou et al., 2020; Gopal Krishnan
et al., 2020). In recent years, a growing interest in the functions of
small GTPases in the context of cancer has emerged. Considering
the multiplicity of cellular processes in which these proteins are
involved, it is essential to understand their usefulness as potential
biomarkers and/or therapeutic targets. Notably, in melanoma, the
dysregulated expression and/or activity of these proteins has been
associated with cancer cell migration and invasion (Wong and
Ribas, 2016; Liu W.N. et al., 2017; Liu et al., 2019; Wen et al.,
2017; Huang et al., 2018). Therefore, the normal functions of
small GTPases can be subverted by melanoma cells to spread
and invade, leading to metastasis (Wong and Ribas, 2016; Huang
et al., 2018). As such, melanoma, which is one of the most invasive
types of cancer, is a suitable and useful model to explore the
mechanisms underlying the roles of Ras superfamily members in
cancer aggressiveness.

Here, we review the current evidence supporting the role
of several Ras small GTPases in melanoma aggressiveness,
progression, and response to therapy. Indeed, a considerable
number of proteins from this superfamily are dysregulated in
melanoma, mostly being over-activated and implicated in various
molecular networks involved in melanoma growth, metastasis,
and resistance to therapy.

RAS SUPERFAMILY OF SMALL GTPases:
NOMENCLATURE AND REGULATION

Ras superfamily members regulate cytoskeleton remodeling,
membrane trafficking, cell signaling, and nuclear transport, being
essential for several cellular processes such as cell proliferation,
differentiation and motility (Vetter and Wittinghofer, 2001;
Zhen and Stenmark, 2015; Casalou et al., 2016, 2019; Toma-
Fukai and Shimizu, 2019). Interestingly, Ras was the first small
GTPase identified (Feinberg et al., 1983) and there are now more
than 150 known members of this superfamily, based on their
sequence homology and biochemical and functional similarities
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(Wennerberg et al., 2005; Rojas et al., 2012; Liu W.N. et al., 2017).
The Ras superfamily comprises 5 families: Ras, Rho, Rab, Ran,
and Arf (Rojas et al., 2012).

A distinguishing feature of these proteins is that they alternate
between an inactive GDP-bound and an active GTP-bound state
(Cherfils and Zeghouf, 2013; Lin et al., 2018; Toma-Fukai and
Shimizu, 2019). This molecular switch is mediated by GAPs,
responsible for GTP hydrolysis to GDP, and GEFs, which catalyze
the exchange of GDP to GTP (Bos et al., 2007) (Figure 1). Besides
these two regulators, GDIs are a distinct class of proteins that
interact with small GTPases, preventing GDP dissociation and
maintaining these proteins in their inactive form (Rak et al.,
2003). In general, active small GTPases localize to the plasma
membrane or intracellular membranes; when these proteins are
inactive, they are not membrane-bound and localize to the
cytoplasm (Jackson and Bouvet, 2014; Kim et al., 2018; Goryachev
and Leda, 2019) (Figure 1). GEFs, GAPs, and GDIs are essential
regulators of small GTPase activity, allowing their spatiotemporal
control and activation.

RAS FAMILY MEMBERS INVOLVED IN
MELANOMA GROWTH,
AGGRESSIVENESS, AND RESPONSE TO
THERAPY

The Ras family was the first from the superfamily to be
described, comprising approximately 36 members, divided into
six subfamilies: Ras, Ral, Rap, Rad, Rheb, and Rit (Wennerberg
et al., 2005; Goitre et al., 2014). Notably, the Ras subfamily
includes 3 isoforms: Hras, Nras, and Kras, described several
decades ago due to their oncogenic activation in several tumors
(reviewed in Hobbs et al., 2016; Kano et al., 2016; Zhou et al.,
2016). Previous studies demonstrated that 27% of all human
cancers contain missense gain of function mutations in RAS
genes (Prior et al., 2012; Hobbs et al., 2016).

Indeed, 28% of all melanoma cases have mutations in the
NRAS gene, being after BRAF mutations the second most
frequent oncogenic alteration in this type of cancer (Akbani
et al., 2015). More than 80% of NRAS mutations occur in
codon 61 and induce conformational changes in NRAS motifs,
blocking GTP hydrolysis by GAPs and promoting the prevalence
of GTP-bound NRAS (Akbani et al., 2015; Parker and Mattos,
2018). Consequently, the constitutive activation of these proteins
triggers the aberrant activation of Ras/RAF/MEK/ERK and
PI3K/Akt signal transduction pathways, which regulate cell
proliferation, growth, differentiation, and survival (McCubrey
et al., 2015; Santos and Crespo, 2018) (Figure 2). Additionally,
NRAS upregulation was verified in melanoma samples, when
compared to normal skin tissues (Liu S. et al., 2017). As
expected, NRAS silencing in melanoma cell lines significantly
reduces cell proliferation, migration, and invasion and promotes
cell apoptosis (Table 1) (Liu S. et al., 2017). Consistently,
in vivo experiments showed a decrease in melanoma growth
after NRAS depletion, associated with the suppression of
Ras/RAF/MEK/ERK and PI3K/Akt pathways (Liu S. et al., 2017).

Therefore, the overactivation of these signaling pathways
promotes the uncontrolled proliferation of melanoma cells,
contributing to melanoma growth and aggressiveness (Yajima
et al., 2012; Liu S. et al., 2017).

NRAS mutations are frequently detected in elderly melanoma
patients, and they are preferentially found in the most aggressive
histological subtype of melanoma, i.e., nodular melanoma,
compared to the other histological subtypes (Lee et al., 2011;
Hacker et al., 2013). Some authors reported that NRAS mutations
are not prognostic factors for metastatic melanoma patients
(Carlino et al., 2014; Sperduto et al., 2017). Both studies
focused on a subset of metastatic melanoma patients with brain
metastases and no MAPK inhibitor therapy, respectively (Carlino
et al., 2014; Sperduto et al., 2017). Nevertheless, NRAS mutational
status was described as a prognostic factor of shorter OS for
stage IV non-uveal metastatic melanoma and primary invasive
melanoma patients (Devitt et al., 2011; Jakob et al., 2012). The
differences found between these studies could be explained by
sampling size (varying between 193 and 823 patients) and by
the subset of patients included in each study (Devitt et al.,
2011; Jakob et al., 2012; Carlino et al., 2014; Sperduto et al.,
2017). In this context, it would be important to clarify the
role of these mutations in the prognosis of melanoma patients
by staging to understand whether NRAS mutations could be
important biomarkers to predict the behavior of this disease.
Additionally, NRAS mutations were categorized as a type of
mutation characteristic of intermediate skin lesions (Shain et al.,
2015). In contrast, in benign lesions, these alterations are absent,
suggesting their essential role during melanoma progression
(Table 1) (Shain et al., 2015). Presently, there is evidence that
NRAS mutations are associated with thicker melanomas, elevated
mitotic rates, and a higher propensity for lymph node metastasis,
highlighting the importance of these alterations in the clinical
setting (Devitt et al., 2011; Ellerhorst et al., 2011; Heppt et al.,
2017). Thus, NRAS mutational analysis should be included in
melanoma routine diagnosis, given its relevance as a biomarker
of melanoma aggressiveness and easy evaluation.

Considering that NRAS mutations are present in almost
one third of melanoma cases, a successful targeted therapy
would be expected by now. However, despite the enthusiasm,
the therapeutic strategies developed so far have been mainly
focused on KRAS and no effective NRAS targeted therapies have
been approved (Kirchberger et al., 2018). Interestingly, MEK
inhibitors have demonstrated a modest improvement in the PFS
of NRAS-mutant melanoma patients even when compared with
chemotherapy with dacarbazine (Ascierto et al., 2013; Shain
et al., 2015; Kirchberger et al., 2018). MEK-targeted therapies
involve cell-cycle arrest, which is in agreement with the in vivo
studies showing melanoma growth suppression in mice treated
with MEK inhibitors (Vogel et al., 2015). Moreover, according
to one study, patients with NRAS-mutant melanomas would
benefit from the administration of anti-CTLA-4 and anti-PD-
1 therapies, since they demonstrated a better response to any
kind of immunotherapy and an improved PFS, compared to
patients with wild-type melanomas or BRAF-mutant melanomas
(Johnson et al., 2015). Additionally, this response tends to be
more stable and durable in NRAS-mutant melanoma patients,
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FIGURE 1 | Overview of Ras superfamily small GTPase regulation. Ras superfamily protein regulation mechanisms and downstream interaction with effectors, which
control cytoskeleton remodeling, membrane traffic, nuclear transport, and cell signaling. Guanine-nucleotide exchange factors (GEFs) and GTPase-activating
proteins (GAPs) are pivotal regulators for small GTPase activation and inactivation, respectively. Besides these two regulators, guanosine nucleotide dissociation
inhibitors (GDIs) are a distinct class of proteins that interact with small GTPases, preventing GDP dissociation and maintaining these proteins in their inactive form.
Guanosine triphosphate (GTP)-bound and guanosine diphosphate (GDP)-bound GTPases are represented in blue and brown, respectively. The small black curved
arrows represent the input and output of GDP and GTP during the cycles of GTPases activation and inactivation, as well as the release of the phosphate group. The
specific names of the membrane and receptors are not mentioned, because these proteins can be present in distinct organelles.

probably due to the higher levels of PD-L1 in these tumors
(Johnson et al., 2015). This finding reinforces the idea that NRAS
mutational analysis should be included in routine diagnosis as a
predictive biomarker of response to therapy, to select the group
of patients that would benefit more from the administration of
immunotherapies, even though specific therapeutic options do
not exist for NRAS-mutant melanoma patients.

Undoubtedly, Nras is the GTPase belonging to the Ras
superfamily with the most significant impact in melanoma.
However, Ral and Rap1 also play an important role in the
context of melanoma. RAL was described as an inducer of
proliferation in melanoma cell lines, even in the presence
of NRAS and/or BRAF oncogenic mutations (Mishra et al.,
2010; Zipfel et al., 2010) (Table 1). Likewise, RAP1 is
upregulated in melanoma cell lines and mediates melanoma
cell proliferation and invasion, contributing to resistance to
MAPK inhibitors (Hernández-Varas et al., 2011; Rodríguez
et al., 2017; Zhou et al., 2020) (Table 1). Moreover, RAP1
inhibition reduces melanoma cell adhesion and migration
by suppressing tumor cell extravasation and consequently

lung colonization in in vivo models (Freeman et al., 2010).
However, the molecular mechanisms by which RAL and
RAP1 influence cell proliferation and migration and their
respective prognostic value in melanoma patients have not
yet been explored. Overall, the imminent role of NRAS
mutations in melanoma aggressiveness and response to
therapy has been well established, although much is still
to discover about the impact of the remaining Ras family
members in melanoma pathophysiology and as putative
therapeutic targets.

RHO FAMILY MEMBERS INVOLVED IN
MELANOMA MIGRATION AND INVASION

The Rho family was the first to be associated with
cell migration (Hall, 2012). Indeed, the approximately
20 known members of this family were found to be
involved in actin cytoskeleton dynamics, membrane
traffic, cell polarity and tissue morphogenesis (Figure 2)
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FIGURE 2 | Schematic representation of the most important functions of Ras, Rho, Rab, Ran, and Arf family members. Ras proteins are mainly involved in the
activation of the Ras/RAF/MEK/ERK and PI3K-Akt signaling pathways, fundamental for cell survival, proliferation, and differentiation; receptor tyrosine kinase (RTK)
(1). Rho family members are essentially associated with actin cytoskeleton remodeling, pivotal for cell migration and spreading (2). Rab proteins are key in ensuring
the specificity of vesicular transport. Particularly, they also have an important role in the formation, distribution, and secretion of melanosomes from melanocytes and
melanoma cells to keratinocytes. (3). Ran proteins regulate the transport of cargoes between nucleus and cytoplasm (4). Arf family proteins are key regulators of
membrane traffic, controlling vesicle budding, tethering, and actin cytoskeleton organization (5).

(Jaffe and Hall, 2005; Heasman and Ridley, 2008; Sadok and
Marshall, 2014; Ridley, 2015). The structural architecture
and the continuous cytoskeleton remodeling are crucial for
cell motility and adaptation to different microenvironments
(Sadok and Marshall, 2014).

In the last decades, the role of Cdc42, Rac, and RhoA,
the best-characterized members of this family, was extensively
explored in relation to melanoma cell motility (Haga and
Ridley, 2016). Specifically, these proteins are known to be
involved in two mechanisms of melanoma cell migration, the
amoeboid and mesenchymal types, which are interconvertible
(Friedl and Wolf, 2003). Amoeboid migration is the preferential
motility type shown by cells when they traverse the extracellular
matrix. During this process, cells display a round shape (Sahai
and Marshall, 2003). Moreover, it is mediated by RhoA and
ROCK, which induce actomyosin contractility, essential for cell
locomotory force against the microenvironment (Sahai and
Marshall, 2003; Wilkinson et al., 2005). In contrast, cells present
an elongated morphology during mesenchymal migration, which
is a Rac-dependent and RhoA-independent process (Sahai and
Marshall, 2003; Stengel and Zheng, 2011). Furthermore, the
expression of Cdc42 constitutively active mutants induces cells
to adopt a rounded shape increasing melanoma cell invasion and
consequently allowing a mesenchymal–amoeboid transition. In
contrast, Cdc42 depletion and expression of dominant negative
mutants impair mesenchymal migration (Gadea et al., 2008)
(Table 1). As such, Cdc42 is involved not only in amoeboid
migration regulation but also in controlling mesenchymal

migration. Nevertheless, the mechanisms involved are not known
(Gadea et al., 2008). As melanoma cells can alternate between
both types of migration in order to adapt to microenvironment
changes (Friedl and Wolf, 2003), the targeting of both migration
modes is likely to be required to block melanoma metastasis
(Gadea et al., 2008).

Furthermore, CDC42 expression is upregulated in nodular
melanoma patients who died from metastatic disease, compared
to disease-free patients (Tucci et al., 2007). Additionally, a
positive association between CDC42 expression and thickness
was verified in metastatic melanoma patients (Tucci et al., 2007).
Accordingly, CDC42 expression was suggested as a prognostic
marker of shorter OS in melanoma patients (Tucci et al.,
2007; Stengel and Zheng, 2011). Interestingly, a recent study
showed that melanoma cell lines resistant to a BRAF inhibitor
(PLX4032) display increased CDC42 activity compared to non-
resistant melanoma cells (Mohapatra et al., 2019) (Table 1).
As such, pharmacological drugs capable of interfering with
CDC42 activity could induce conformational alterations in the
actin cytoskeleton, impairing the invasiveness of BRAF-resistant
melanoma cells (Mohapatra et al., 2019).

Despite mutations in Rho GTPase-encoding genes
representing uncommon events, it was described that RAC1-
activating mutations are present in approximately 4–9% of
melanomas (Krauthammer et al., 2012; Araiza-Olivera et al.,
2018; del Maldonado and Dharmawardhane, 2018). Particularly,
the P29S substitution is the most common RAC1 mutation found
in malignant melanomas, inducing RAC1 spontaneous activation
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TABLE 1 | Summary of the known roles of RAS superfamily small GTPases in cutaneous melanoma progression, resistance to therapy and clinical relevance.

Family Member
name

Expression Effect on cutaneous melanoma References

Ras NRAS ↑ No consensus regarding prognostic value Devitt et al., 2011; Jakob et al., 2012; Carlino et al.,
2014; Sperduto et al., 2017

Absent in benign lesions Shain et al., 2015

Increased proliferation, invasion, and migration Yajima et al., 2012; Liu S. et al., 2017

Thicker melanomas, elevated mitotic rate Devitt et al., 2011; Ellerhorst et al., 2011; Heppt et al.,
2017

RAL ↑ Tumorigenic growth Zipfel et al., 2010

Malignant phenotypes Mishra et al., 2010

RAP1 ↑ Melanoma growth and invasion Hernández-Varas et al., 2011; Rodríguez et al., 2017

Resistance to MAPK inhibitors Zhou et al., 2020

Rho CDC42 ↑ Mesenchymal–amoeboid transition Gadea et al., 2008

Poor prognostic factor Tucci et al., 2007

Resistance to BRAF inhibitors Mohapatra et al., 2019

RAC1 ↑ Increased melanoma thickness, mitotic rate and
ulceration

Mar et al., 2014

Melanoma growth and invasion Revach et al., 2016; Mohan et al., 2019

Promotes tumorigenesis Lionarons et al., 2019

Resistance to BRAF and MEK inhibitors Watson et al., 2014; Revach et al., 2016; Mohan et al.,
2019

Modulates melanoma immunogenicity Vu et al., 2015

RHOA ↑ Regulates cell proliferation, migration, invasion Guo et al., 2016; Wen et al., 2017; Liu et al., 2019

UV protection of melanoma cells Espinha et al., 2016

Smaller tumors and absence of metastases Kaczorowski et al., 2019

Prognosis biomarker of prolonged OS Kaczorowski et al., 2019

RAB3A N.A. Melanosome transport and distribution Araki et al., 2000

RAB4A N.A. Production of pro-Cathepsin L Barbarin and Frade, 2011

RAB5A ↑ Melanoma migration, invasion, and metastasis Silva et al., 2016

RAB7 ↑ Upregulated in earlier stages of tumorigenesis Alonso-Curbelo et al., 2014

Increased proliferative rate Alonso-Curbelo et al., 2014

↓ Low expression in more aggressive phenotypes Alonso-Curbelo et al., 2014

Expression pattern contributes for tumorigenesis and
metastasis regulation

Alonso-Curbelo et al., 2014, 2015

Rab RAB8 N.A. Melanosome transport and distribution Chakraborty et al., 2003

RAB17 N.A. Melanosome transport and distribution Beaumont et al., 2011

Melanoma growth Gilot et al., 2017

RAB22A ↑ Prognostic factor of poor outcome Su et al., 2016

RAB27A ↑ Melanosome distribution Hume et al., 2001

Regulates cell invasion and metastasis Guo et al., 2019

Prognostic biomarker of poor outcome Guo et al., 2019

RAB38 ↑ Regulates cell invasion and metastasis Huang et al., 2018

Prognostic biomarker of poor outcome Huang et al., 2018

Ran RAN ↑ High levels in metastatic melanoma Pathria et al., 2012; Caputo et al., 2015

Arf ARF6 ↑ Increased metastatic disease burden Tague et al., 2004; Muralidharan-Chari et al., 2009;
Hongu et al., 2016; Wong and Ribas, 2016

Promotes lung colonization Grossmann et al., 2013; Hongu et al., 2016; Wong and
Ribas, 2016

Early and late stages of melanoma progression Grossmann et al., 2013; Wong and Ribas, 2016

Promotes lymphangiogenesis Lin et al., 2017

↑, upregulated; ↓, downregulated; N.A., data not available.

through the constitutive GDP/GTP nucleotide exchange (Hodis
et al., 2012; Davis et al., 2013). From a clinical point of view,
RAC1P29S mutation is associated with increased melanoma
thickness, high mitotic rate, ulceration, and the occurrence of

the nodular melanoma subtype (Mar et al., 2014) (Table 1).
Remarkably, the increased mitotic rate observed is due to the
formation of lamellipodia, which are dependent on continuous
actin polymerization and activate proliferative signaling cascades
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by inhibiting the neurofibromatosis type 2 (NF2)/Merlin tumor
suppressor (Mohan et al., 2019). Consequently, NF2/Merlin
inhibition by phosphorylation of the Rac effector PAK promotes
melanoma cell resistance to MAPK inhibitors (Mohan et al.,
2019) (Table 1). Consistently, the ectopic expression of RAC1P29S

in melanoma cell lines increases resistance to BRAF and MEK
inhibitor therapies (Van Allen et al., 2014; Watson et al., 2014;
Araiza-Olivera et al., 2018). Indeed, using a mouse xenograft
model, the authors observed that this mutation enhances
melanoma growth and invasion and confers drug resistance
against BRAF and MEK kinase inhibitors (Revach et al., 2016;
Mohan et al., 2019) (Table 1). More recently, using transgenic
mouse models, it was also demonstrated that Rac1P29S can
cooperate with BRAFV600E to promote melanoma tumorigenesis
(Lionarons et al., 2019). Besides triggering molecular cascades
that are pivotal for melanoma aggressiveness and response
to therapy, RAC1P29S can also alter the immune background
of these tumors. Accordingly, an increased PD-L1 expression
was found in patients with RAC1P29S mutant melanomas,
compared with wild-type RAC1 melanoma patients (Vu et al.,
2015) (Table 1). Hence, these studies suggest that the P29S
mutation can modulate melanoma immunogenicity to suppress
the immune response against the tumor. Considering the impact
of RAC1P29S mutation in melanoma, it would be interesting
to assess its relevance as a predictive biomarker of response to
anti-PD-1 therapies, since it could select the patients who would
most benefit from this therapy (Vu et al., 2015).

In addition to CDC42 and RAC1 GTPases, RHOA is also
part of molecular networks crucial for the control of melanoma
proliferation, migration, and invasion (Wen et al., 2017). Indeed,
it was described that CREPT promotes melanoma progression via
RHOA upregulation and activation (Liu et al., 2019). Likewise,
the inhibition of the RHOA GEF-H1 by a microRNA (miR-194)
suppresses RHOA activation and consequently melanoma cell
proliferation and invasion (Guo et al., 2016).

Recently, the role of RHOA in the effects caused by UV
radiation in metastatic melanoma cells was assessed. For that
purpose, RHOA was constitutively expressed or silenced in
melanoma cells and subsequently the cells were exposed to UV.
RHOA silencing was found to induce an increase in melanoma
sensitivity to UV, increasing the number of DNA damages caused
and dramatically reducing melanoma cell motility and invasion
(Espinha et al., 2016). As such, RHOA can regulate DNA repair
mechanisms, playing a central role in protection against UV
radiation, by mediating genomic stability of melanoma cells
(Espinha et al., 2016) (Table 1). Hence, this protein was suggested
as a promising therapeutic target to sensitize melanoma cells
to genotoxic damages (Espinha et al., 2016). Nevertheless,
in the clinical context, immunohistochemical analyses showed
that there is an increase in RHOA expression associated with
smaller tumors and an increase of tumor-infiltrating lymphocytes
(Kaczorowski et al., 2019) (Table 1). Furthermore, RHOA
expression is also correlated with the absence of metastases and
prolonged OS of melanoma patients (Kaczorowski et al., 2019).
In contrast to other published studies (Guo et al., 2016; Wen
et al., 2017), Kaczorowski et al. (2019) showed that RHOA might
have an antitumoral activity in primary melanomas. Despite the

reduced number of samples (n = 134), this is the first published
study to analyze RHOA expression in patient-derived melanoma
samples. Thus, the contradictory results could be explained by
the distinct methodological approaches and melanoma models
used, and the absence of a clear distinction between the impact
of RHOA expression on primary vs. metastatic melanoma.
Additionally, the results obtained could also be influenced by the
detection of other isoforms of Rho GTPases. Thus, further studies
employing murine models and using larger cohorts of patients
should be performed to clarify the impact of RHOA expression
in melanoma aggressiveness and progression.

Altogether, the studies described demonstrate that
cytoskeleton dynamics, controlled by Rho GTPases, plays a
critical role in cell signaling, which consequently dictates the
mechanisms of melanoma cell proliferation and motility. Hence,
cell morphology can be a key factor to promoting melanoma
cell growth and metastasis. Clinically, CDC42, RAC1, and
RHOA expression in patient samples can provide relevant
knowledge about melanoma thickness, ulceration, prognosis,
and drug resistance. Similar to RAS family proteins, the interest
in targeting RHO GTPases for melanoma patients treatment
is increasing, although few drugs passed beyond an earlier
preclinical stage (Lin and Zheng, 2015).

RAB FAMILY PROTEINS AND THEIR
ROLE IN MELANOMA METASTASIS AND
MICROENVIRONMENT MODULATION

Rab GTPases represent the largest evolutionary conserved
family within the Ras superfamily, containing almost 70
members described in humans (Wandinger-Ness and Zerial,
2014; Guadagno and Progida, 2019). Early studies demonstrated
that these proteins are present in almost all cell compartments
and ensure the specificity and directionality of membrane traffic
(Stenmark and Olkkonen, 2001; Zhen and Stenmark, 2015)
(Figure 2). Indeed, Rab proteins are known to regulate all steps of
membrane traffic, namely, vesicle formation, motility, tethering,
docking, and fusion (Bhuin and Roy, 2014) (Figure 2).

Rab proteins have been one of the families of the Ras
superfamily mostly studied (Guadagno and Progida, 2019).
However, their role in tumor progression emerged more
recently. A broad study using a directed proteomic quantification
approach evaluated the differential expression of Ras small
GTPases in primary and metastatic melanoma cell lines, in order
to establish a general profile of the most relevant ones (Huang
et al., 2018). Based on this, RAB27A and RAB38 were found
upregulated in metastatic melanoma, relative to the matched
primary melanoma cell lines derived from human samples
(Huang et al., 2018).

The localization of Rab27a to melanosomes and its role
in controlling the distribution of these melanin-containing
compartments in melanoma cells was described almost two
decades ago (Hume et al., 2001). Both Rab27a and Rab38
promote cell invasion, although the mechanisms used by each
one are distinct. On the one hand, RAB27A induces melanoma
invasion through the production of pro-invasive exosomes
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carrying out protein cargos such as EPHB4, Glypican1, and BMP
1, previously described as a pivotal protein for melanoma cell
motility (Yang et al., 2006; Aikawa et al., 2008; Peinado et al.,
2012; Guo et al., 2019, 2020). On the other hand, RAB38 regulates
melanoma cell invasion by increasing the expression and activity
of two MMPs, MMP-2 and -9 (Huang et al., 2018). This effect is
also mediated by the MITF, the master regulator of melanocyte
development, which leads to an increase in RAB38 expression in
metastatic melanoma (Huang et al., 2018). Considering the role
of these proteins in melanoma invasion and the observation that
RAB27A and RAB38 expression were associated with shorter OS
of melanoma patients, these GTPases were proposed as drivers
of melanoma metastasis (Huang et al., 2018; Guo et al., 2019)
(Table 1). Similarly, RAB22A expression is also a prognostic
factor of poor outcome in melanoma patients, showing an
increased expression in primary melanomas compared with
benign nevi (Su et al., 2016; Zhou et al., 2017). Notably, this
protein was associated with the proliferation, migration, and
invasion ability of melanoma cells, being proposed as a potential
therapeutic target in melanoma (Table 1).

Additionally, RAB7 has a relevant role not only in the earlier
stages of melanoma, regulating melanoma cell proliferation, but
also in the late stages of this disease (Alonso-Curbelo et al., 2014;
Zhao et al., 2017) (Table 1). Interestingly, RAB7 preferentially
accumulates in melanoma cell lines and samples compared to
other types of cancer, as part of a lysosomal-associated signature
(Alonso-Curbelo et al., 2014, 2015). Indeed, RAB7 regulates
lysosomal-associated proteolytic activity in melanoma cell lines.
However, immunohistochemical analysis of normal skin and
primary and metastatic melanoma tissues derived from patients
revealed that RAB7 expression levels are not constant during
melanoma progression (Zhao et al., 2017). In earlier stages of
melanoma development, this protein is upregulated (Zhao et al.,
2017). In contrast, when melanoma cells start to acquire a
more aggressive phenotype displaying invasive features, RAB7 is
found downregulated (Zhao et al., 2017). Therefore, low levels
of RAB7 expression in primary tumors are associated with an
increased risk of melanoma metastasis (Alonso-Curbelo et al.,
2014). The discovery of this melanoma cell-specific mechanism
suggests that RAB7 expression pattern can be important to
understand the mechanisms of melanoma aggressiveness and
metastasis (Table 1).

In addition to Rab27a, other Rab proteins such as Rab3a,
Rab8, and Rab17 are involved in melanosome transport and
distribution (Figure 2), including in melanoma cells, playing an
important function in the transfer of melanin from melanocyte
dendrites to keratinocytes (Araki et al., 2000; Chakraborty et al.,
2003; Beaumont et al., 2011) (Table 1). Despite being involved in
melanosome transport, RAB17 also enhances melanoma growth
in vivo (Gilot et al., 2017) (Table 1). Indeed, Rab proteins not
only are involved in several molecular mechanisms subverted
by cancer cells but also contribute for tumor microenvironment
modification, conferring appropriate conditions for melanoma
progression. For example, RAB4A expression directly affects
the production of pro-cathepsin L, a cysteine protease that
contributes for the resistance to complement-mediated cell
lysis in melanoma cells (Barbarin and Frade, 2011) (Table 1).

Hence, RAB4A upregulation promotes an increase in pro-
cathepsin L secretion, although the mechanisms by which this
occurs are unknown. Moreover, under hypoxia conditions, Rab5a
expression is upregulated and seems to be required for melanoma
migration, invasion, and metastasis in vivo (Silva et al., 2016),
although its prognosis value was not determined (Table 1).

Several studies have reported the dysregulation of Rab
proteins in melanoma, although few have yet elucidated the
molecular networks involved, which could be important to
identify new potential therapeutic targets (Huang et al., 2018).
It is widely accepted that exosomes are mediators of cell–cell
communication and the ones derived from tumor cells can
carry factors that induce malignant transformation (Maia et al.,
2018). Since the formation and delivery of exosomes is mediated
by Rab proteins, it is crucial to test their association with
metastasis molecular signatures to uncover effective biomarkers
of melanoma progression. In the clinical setting, these studies
would be of extreme relevance to understand whether there is
some correlation between the expression of RAB proteins and
melanoma thickness, ulceration, and metastasis.

DIFFERENTIAL EXPRESSION OF RAN
FAMILY PROTEINS DURING MELANOMA
PROGRESSION

The Ran family is composed by one single member in humans,
which is the most abundant small GTPase and is mainly found in
the interphase nucleus (Zheng, 2004; Wennerberg et al., 2005).
In contrast to the other families, Ran GTPase is specialized
in the transport of cargoes between the cytoplasm and the
nucleus through the nuclear pore complex (Güttler and Görlich,
2011) (Figure 2). The communication between these two cellular
compartments promotes the import of transcriptional factors
that are essential for genome transcription (Matchett et al., 2014).
Inside the nucleus, Ran GTPase is predominantly present in the
GTP-bound form, being essential to maintain the exportin–cargo
interaction, while in the cytoplasm, Ran is mainly found in the
GDP-bound form, required for the cargo release (Cavazza and
Vernos, 2016). The switch from GTP-bound to GDP-bound Ran
is required for the export of macromolecules to the cytoplasm,
by stabilizing the complex formed between the exportin and the
bound cargo (Kuersten et al., 2001). In the cytoplasm, where
GTP-bound Ran is inactivated, the complexes formed by the
exportin and the cargoes are disassembled in order to release the
cargo (Dahlberg and Lund, 1998). In contrast, GDP-bound Ran
is required in the cytoplasm for nuclear cargo import and during
this process GTP-bound Ran is only needed for the final release
of the imported cargo (Lui, 2009). Besides controlling cytoplasm-
nucleus trafficking, Ran also regulates mitotic spindle assembly
during mitosis (Zheng, 2004).

According to a study by Caputo et al. (2015) increased
RAN expression levels were detected in 48% of metastatic
melanoma patients (Table 1). Additionally, RAN upregulation
was also found in melanoma cell models, compared to normal
melanocytes and in metastatic melanoma, compared to primary
melanoma samples and melanocytic nevi (Pathria et al., 2012;
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Caputo et al., 2015). Moreover, it was described that AurkA
could be a downstream target of Ran, as Ran silencing reduces
AurkA expression (Caputo et al., 2015). Since Ran regulates
mitotic spindle assembly, its downregulation may generate
genomic instability and decrease melanoma cell proliferation, as
previously verified for ovarian and pancreatic cancer cell lines
(Barrès et al., 2010; Deng et al., 2013). Nevertheless, the role
of this protein in melanoma proliferation and invasion was not
explored yet. Indeed, the nucleocytoplasmic transport of several
molecules could be enhanced by Ran upregulation, increasing
the cytoplasmic accumulation of several proteins pivotal for cell
proliferation and invasion. As such, further studies should be
performed to evaluate whether Ran could be an important player
during melanoma tumorigenesis and progression.

ARF FAMILY MEMBERS CONTROL
MELANOMA METASTASIS THROUGH
THE ACTIVATION OF SEVERAL
MOLECULAR NETWORKS

Similar to the other members of the Ras superfamily, Arf family
proteins are key regulators of membrane traffic, controlling
vesicle budding, tethering, and actin cytoskeleton organization
(Chavrier and Goud, 1999; D’Souza-Schorey and Chavrier, 2006)
(Figure 2). This family includes 6 members (Arf1–6; Arf2
is not expressed in humans), which are classified into three
classes according to their sequence homology: class I (Arf1 and
Arf3), class II (Arf4 and Arf5), and class III (Arf6) (Donaldson
and Jackson, 2011). Based on their structural similarity, Arl
proteins are also included in the Arf family (Kahn et al., 2006).
Overall, this family includes a total of 30 members in humans
(Sztul et al., 2019).

Currently, among Arfs, only Arf6 was reported as playing a
critical role in melanoma. Despite the difficulties related with
the measurement of Arf6 activation state due to GTP instability,
the aberrant activation of this protein was confirmed in human
melanoma samples compared with matched normal skin tissue
(Wong and Ribas, 2016). Additionally, ARF6 ectopic expression
reduces tumor growth and increases the invasive ability of
melanoma cells in an immunocompromised mouse model
(Muralidharan-Chari et al., 2009). Similarly, Arf6 overexpression
increases metastatic disease burden, accelerating melanoma
metastasis and lung colonization in an immunocompetent
mouse model (Hongu et al., 2016; Wong and Ribas, 2016)
(Table 1). Indeed, Arf6 can modulate distinct molecular networks
essential for early and late stages of melanoma metastasis
(Grossmann et al., 2013; Wong and Ribas, 2016). Particularly,
Arf6 role on melanoma progression and tumorigenesis is
mediated by Ras/RAF/MEK/ERK signaling pathway, which
activates Rac1, leading to cytoskeleton remodeling and the
formation of invadopodia (Tague et al., 2004; Muralidharan-
Chari et al., 2009). In addition to Ras/RAF/MEK/ERK, the
PI3K-Akt pathway is also required for Arf6-mediated metastasis.
Moreover, Arf6 was described to increase PI3K protein levels and
be sufficient and indispensable for PI3K/Akt activation, kinases

that are mainly located in peripheral cellular compartments
and induce melanoma invasion (Wong and Ribas, 2016).
Furthermore, WNT5A has emerged as an important player of
cancer invasion. As expected, WNT5A activates ARF6 also in
melanoma, controlling the shuttling of β-catenin between the
plasma membrane and cytoplasm (Grossmann et al., 2013). In
this context, ARF6 disrupts N-cadherin and β-catenin complexes,
weakening adherens junctions, in order to regulate melanoma
invasiveness and promote pulmonary metastasis (Grossmann
et al., 2013). The role of Arf6 in several pathways related to
melanoma dissemination has been extensively explored, and
there is evidence that this protein also contributes for the
lymphangiogenesis process occurring under physiological and
pathological conditions (Lin et al., 2017). This effect is mediated
by β1-integrin internalization, which is pivotal for the VEGF-C-
associated cell migration and consequently for vascular network
formation in melanoma (Lin et al., 2017) (Table 1).

In contrast with Arf proteins, the biochemical characterization
and knowledge about the functions of Arls is lagging behind.
Previously, the presence of a specific ARL1 variant (C148R) was
assessed in 351 familial and sporadic melanomas and associated
with an increased risk for heterozygous carriers to develop
melanoma (Frank et al., 2006). To our knowledge, this is the
only study describing the role of an Arl protein in melanoma.
Considering the essential functions of Arls in membrane traffic
and their impact in the tumorigenesis and progression of several
types of cancer, it is likely that they play important roles in
melanoma tumorigenesis and progression. Therefore, further
studies are warranted to evaluate the role of Arl proteins in
melanoma and the molecular pathways involved.

TARGETING RAS SMALL GTPases

In the last decade, several inhibitors have been proposed to target
Ras GTPases as an attempt to reduce cell migration and invasion,
thereby impairing tumor progression (Prieto-Dominguez et al.,
2019). Indeed, Ras small GTPases have been suggested as good
candidate therapeutic targets, although to date there are no
drugs currently available in the clinical practice that target these
proteins (del Maldonado and Dharmawardhane, 2018; Prieto-
Dominguez et al., 2019). The first therapeutic strategies designed
for this purpose were aimed to inhibit their expression. However,
Ras GTPases have been referred to as undruggable targets due
to their structural features with limited small-molecule binding
pockets (O’Bryan, 2019). Additionally, one of the main barriers
to the success of these approaches is the ubiquitous expression
of most of these proteins among human tissues and their
essential physiological functions for cell homeostasis and survival
(Casalou et al., 2020). Hence, the targeting of Ras GTPases could
have harmful effects on tissues not affected by the disease. In this
context, a growing interest in blocking GEF and GAP activities,
inhibiting GTP or membrane binding, as well as in targeting of
downstream effectors of these proteins is underway. Indeed, this
strategy could overcome the damaging effects caused by the direct
inhibition of proteins that play essential functions in most or all
the cells in the body.
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For instance, salirasib is a Ras inhibitor that blocks the membrane
association of Ras proteins, whose safety and tolerability were
already assessed in patients with refractory/relapsed tumors in
a phase I trial (Furuse et al., 2018). This drug was indicated
for phase II trials and seems to be a promising therapeutic
strategy for patients with RAS mutations who have no specific
therapeutic options (Furuse et al., 2018). EHT1864 is an
inhibitor with high affinity for Rac GTPases, impairing their
activity by inhibiting GTP binding (Katz et al., 2012). This
inhibitor suppresses cell invasion and proliferation in triple-
negative breast cancer cell lines by reducing the PI3K-Akt
pathway activation (Hampsch et al., 2017). NSC23766 is another
Rac1 inhibitor that blocks the interaction of Rac1 with its
GEFs TRIO and TIAM1. Despite several in vitro assays having
demonstrated a reduction in the invasion ability of distinct
types of tumor cells after NSC23766 treatment, this inhibitor
has been described as inefficient for clinical administration due
to its low efficacy (Bid et al., 2013). LM11, a specific inhibitor
of GEF binding to Arf1, reduces cell proliferation, migration,
and metastasis in a zebrafish model of breast cancer (Xie
et al., 2016). Rab7 was the first member of the Rab GTPase
family to be the target of an inhibitor, namely, CID1067700
(Agola et al., 2012). Moreover, Rab25 is a target of the RFP14
peptide, which impairs Rab25 binding to GTP (Mitra et al.,
2017). The design of small molecules targeting Rab GTPases is
delayed compared with the discovery of inhibitors for other Ras
GTPase families. The specificity of the inhibitors is of extreme
importance to prevent the inhibition of other proteins that are
not dysregulated.

Despite the difficulties associated with the design of efficient
inhibitors for Ras GTPases, advances in the knowledge of the
mechanisms involved in the function of these proteins could shed
light on new promising therapeutic approaches.

CONCLUSION AND FUTURE
PERSPECTIVES

The Ras superfamily members play distinct and pivotal roles
during melanoma tumorigenesis and progression (Table 1).
Specifically, they are associated with melanoma patients’ response
to targeted and immunotherapies, reinforcing their importance
as potential predictive biomarkers. Rho GTPases play a prevalent
function in melanoma metastatic processes, being fundamental
to determining the mechanisms underlying amoeboid and
mesenchymal types of migration. Rab proteins can mediate a vast
number of invasion mechanisms, although it would be interesting
to further assess their role in melanoma microenvironment
modification, since there is evidence supporting the influence
of these proteins in metabolic pathways to promote resistance
to immune responses. Unfortunately, the current knowledge
about the action of Ran and Arf family members in melanoma
is limited, specifically in the case of Arl proteins, whose
involvement in melanoma oncobiology remains unknown.

The metabolic heterogeneity of melanoma cells is another
important factor contributing for their ability to adapt to the

microenvironment conditions and induce tumor progression
and metastasis. In this perspective, it would be interesting
to investigate the mechanisms involved in the interplay
between Ras small GTPases, tumor microenvironment, and
metabolic pathways. Even more important than understanding
the individual role of these proteins is to explore their
cooperative contribution for complex metabolic–molecular–
immune networks, given that compensatory mechanisms could
mask their individual contribution. Considering the invasive
properties of melanoma, Ras small GTPases could be important
mediators to elucidate what patients show more propensity
to develop a worse prognosis, defining the subset of patients
requiring adjuvant therapy to prevent metastatic disease.

The use of Ras superfamily members as therapeutic targets
may be an efficient approach for metastatic melanoma patients
since they are master regulators of melanoma cell migration
and invasion. Indeed, targeting the main pathways involved in
melanoma metastasis could be the most promising strategy to
decrease the aggressiveness and lethality of this type of neoplasm.
Thus, the study of regulators and effectors that interact with
Ras small GTPases should be a focus of research to develop
therapeutic strategies that ensure the specific targeting of tumor
cells. Furthermore, this specificity can also be achieved by
resorting to drug delivery systems that only target the tumor.

Considering the complexity of the Ras superfamily members
functions, much is still to discover about the singular and
cooperative effects, as well as the spatiotemporal regulation of
its members in melanoma. The understanding of melanoma
biology will allow us to gain insight about the mechanisms
involved in its progression and simultaneously on how to
impair these processes. Overall, further studies are required
to develop efficient and specific strategies to target these
proteins, as an attempt to improve melanoma patients’ OS
and life quality.
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(2018). Global surveillance of trends in cancer survival 2000–14 (CONCORD-
3): analysis of individual records for 37 513 025 patients diagnosed with one
of 18 cancers from 322 population-based registries in 71 countries. Lancet 391,
1023–1075. doi: 10.1016/S0140-6736(17)33326-3

Alonso-Curbelo, D., Osterloh, L., Cañón, E., Calvo, T. G., Martínez-Herranz,
R., Karras, P., et al. (2015). RAB7 counteracts PI3K-driven macropinocytosis
activated at early stages of melanoma development. Oncotarget 6, 2583–2584.
doi: 10.18632/oncotarget.4055

Alonso-Curbelo, D., Riveiro-Falkenbach, E., Pérez-Guijarro, E., Cifdaloz, M.,
Karras, P., Osterloh, L., et al. (2014). RAB7 controls melanoma progression by
exploiting a lineage-specific wiring of the endolysosomal pathway. Cancer Cell
26, 61–76. doi: 10.1016/j.ccr.2014.04.030

Araiza-Olivera, D., Feng, Y., Semenova, G., Prudnikova, T. Y., Rhodes, J., and
Chernoff, J. (2018). Suppression of RAC1-driven malignant melanoma by group
A PAK inhibitors. Oncogene 37, 944–952. doi: 10.1038/onc.2017.400

Araki, K., Horikawa, T., Chakraborty, A. K., Nakagawa, K., Itoh, H., Oka, M.,
et al. (2000). Small GTPase Rab3A is associated with melanosomes in melanoma
cells. Pigment Cell Res. 13, 332–336. doi: 10.1034/j.1600-0749.2000.130505.x

Ascierto, P. A., Schadendorf, D., Berking, C., Agarwala, S. S., van Herpen, C. M. L.,
Queirolo, P., et al. (2013). MEK162 for patients with advanced melanoma
harbouring NRAS or Val600 BRAF mutations: a non-randomised, open-label
phase 2 study. Lancet Oncol. 14, 249–256. doi: 10.1016/S1470-2045(13)70024-X

Aspenström, P. (2018). Activated Rho GTPases in cancer—the beginning of a new
paradigm. Int. J. Mol. Sci. 19:3949. doi: 10.3390/ijms19123949

Bandarchi, B., Ma, L., Navab, R., Seth, A., and Rasty, G. (2010). From melanocyte
to metastatic malignant melanoma. Dermatol. Res. Pract. 2010:583748. doi:
10.1155/2010/583748

Barbarin, A., and Frade, R. (2011). Procathepsin L secretion, which triggers tumour
progression, is regulated by Rab4a in human melanoma cells. Biochem. J. 437,
97–107. doi: 10.1042/BJ20110361

Barrès, V., Ouellet, V., Lafontaine, J., Tonin, P. N., Provencher, D. M., and Mes-
Masson, A. M. (2010). An essential role for Ran GTPase in epithelial ovarian
cancer cell survival. Mol. Cancer 9:272. doi: 10.1186/1476-4598-9-272

Beaumont, K. A., Hamilton, N. A., Moores, M. T., Brown, D. L., Ohbayashi, N.,
Cairncross, O., et al. (2011). The recycling endosome protein Rab17 regulates
melanocytic filopodia formation and melanosome trafficking. Traffic 12, 627–
643. doi: 10.1111/j.1600-0854.2011.01172.x

Bhuin, T., and Roy, J. K. (2014). Rab proteins: the key regulators of intracellular
vesicle transport. Exp. Cell Res. 328, 1–19. doi: 10.1016/j.yexcr.2014.07.027

Bid, H. K., Roberts, R. D., Manchanda, P. K., and Houghton, P. J. (2013). RAC1: an
emerging therapeutic option for targeting cancer angiogenesis and metastasis.
Mol. Cancer Ther. 12, 1925–1934. doi: 10.1158/1535-7163.MCT-13-0164

Bos, J. L., Rehmann, H., and Wittinghofer, A. (2007). GEFs and GAPs: critical
elements in the control of small G proteins. Cell 129, 865–877. doi: 10.1016/j.
cell.2007.05.018

Caputo, E., Wang, E., Valentino, A., Crispi, S., De Giorgi, V., Fico, A., et al. (2015).
Ran signaling in melanoma: implications for the development of alternative
therapeutic strategies. Cancer Lett. 357, 286–296. doi: 10.1016/j.canlet.2014.
11.033

Carlino, M. S., Haydu, L. E., Kakavand, H., Menzies, A. M., Hamilton, A. L., Yu, B.,
et al. (2014). Correlation of BRAF and NRAS mutation status with outcome, site
of distant metastasis and response to chemotherapy in metastatic melanoma.
Br. J. Cancer 111, 292–299. doi: 10.1038/bjc.2014.287

Casalou, C., Faustino, A., and Barral, D. C. (2016). Arf proteins in cancer cell
migration. Small GTPases 7, 270–282. doi: 10.1080/21541248.2016.1228792

Casalou, C., Faustino, A., Silva, F., Ferreira, I. C., Vaqueirinho, D., Ferreira,
A., et al. (2019). Arl13b regulates breast cancer cell migration and invasion
by controlling integrin-mediated signaling. Cancers 11:1461. doi: 10.3390/
cancers11101461

Casalou, C., Ferreira, A., and Barral, D. C. (2020). The role of ARF family
proteins and their regulators and effectors in cancer progression: a therapeutic
perspective. Front. Cell Dev. Biol. 8:217. doi: 10.3389/fcell.2020.00217

Cavazza, T., and Vernos, I. (2016). The RanGTP pathway: from nucleo-cytoplasmic
transport to spindle assembly and beyond. Front. Cell Dev. Biol. 3:82. doi:
10.3389/fcell.2015.00082

Chakraborty, A. K., Funasaka, Y., Araki, K., Horikawa, T., and Ichihashi, M.
(2003). Evidence that the small GTPase Rab8 is involved in melanosome traffic
and dendrite extension in B16 melanoma cells. Cell Tissue Res. 314, 381–388.
doi: 10.1007/s00441-003-0773-6

Chavrier, P., and Goud, B. (1999). The role of ARF and Rab GTPases in membrane
transport. Curr. Opin. Cell Biol. 11, 466–475. doi: 10.1016/S0955-0674(99)
80067-2

Cherfils, J., and Zeghouf, M. (2013). Regulation of small GTPases by GEFs, GAPs,
and GDIs. Physiol. Rev. 93, 269–309. doi: 10.1152/physrev.00003.2012

Cronin, K. A., Lake, A. J., Scott, S., Sherman, R. L., Noone, A. M., Howlader, N.,
et al. (2018). Annual report to the nation on the status of cancer, part I: national
cancer statistics. Cancer 124, 2785–2800. doi: 10.1002/cncr.31551

Dahlberg, J. E., and Lund, E. (1998). Functions of the GTPase Ran in RNA export
from the nucleus. Curr. Opin. Cell Biol. 10, 400–408. doi: 10.1016/S0955-
0674(98)80017-3

Damsky, W. E., Rosenbaum, L. E., and Bosenberg, M. (2011). Decoding melanoma
metastasis. Cancers 3, 126–163. doi: 10.3390/cancers3010126

Davis, M. J., Ha, B. H., Holman, E. C., Halaban, R., Schlessinger, J., and Boggon,
T. J. (2013). RAC1P29S is a spontaneously activating cancer-associated GTPase.
Proc. Natl. Acad. Sci. U.S.A. 110, 912–917. doi: 10.1073/pnas.1220895110

del Maldonado, M. M., and Dharmawardhane, S. (2018). Targeting Rac and Cdc42
GTPases in cancer. Cancer Res. 176, 139–148. doi: 10.1158/0008-5472.CAN-18-
0619

Deng, L., Lu, Y., Zhao, X., Sun, Y., Shi, Y., Fan, H., et al. (2013). Ran GTPase
protein promotes human pancreatic cancer proliferation by deregulating the
expression of Survivin and cell cycle proteins. Biochem. Biophys. Res. Commun.
440, 322–329. doi: 10.1016/j.bbrc.2013.09.079

Devitt, B., Liu, W., Salemi, R., Wolfe, R., Kelly, J., Tzen, C. Y., et al. (2011).
Clinical outcome and pathological features associated with NRAS mutation in
cutaneous melanoma. Pigment Cell Melanoma Res. 24, 666–672. doi: 10.1111/j.
1755-148X.2011.00873.x

Domingues, B., Lopes, J., Soares, P., and Populo, H. (2018). Melanoma treatment
in review. ImmunoTargets Ther. 7, 35–49. doi: 10.2147/itt.s134842

Donaldson, J. G., and Jackson, C. L. (2011). ARF family G proteins and their
regulators: roles in membrane transport, development and disease. Nat. Rev.
Mol. Cell Biol. 12, 362–375. doi: 10.1038/nrm3117

D’Souza-Schorey, C., and Chavrier, P. (2006). ARF proteins: roles in membrane
traffic and beyond. Nat. Rev. Mol. Cell Biol. 7, 347–358. doi: 10.1038/nrm1910

Eggermont, A. M. M., Blank, C. U., Mandala, M., Long, G. V., Atkinson, V., Dalle,
S., et al. (2018). Adjuvant pembrolizumab versus placebo in resected stage III
melanoma. N. Engl. J. Med. 378, 1789–1801. doi: 10.1056/NEJMoa1802357

Eggermont, A. M. M., Chiarion-sileni, V., Grob, J. J., Dummer, R., Wolchok,
J. D., Schmidt, H., et al. (2016). Prolonged survival in stage III melanoma with
ipilimumab adjuvant therapy. N. Engl. J. Med. 375, 1845–1855. doi: 10.1056/
NEJMoa1611299

Ellerhorst, J. A., Greene, V. R., Ekmekcioglu, S., Warneke, C. L., Johnson, M. M.,
Cooke, C. P., et al. (2011). Clinical correlates of NRAS and BRAF mutations in
primary human melanoma. Clin. Cancer Res. 17, 229–235. doi: 10.1158/1078-
0432.CCR-10-2276

Eroglu, Z., and Ribas, A. (2016). Combination therapy with BRAF and MEK
inhibitors for melanoma: latest evidence and place in therapy. Ther. Adv. Med.
Oncol. 8, 48–56. doi: 10.1177/1758834015616934

Espinha, G., Osaki, J. H., Costa, E. T., and Forti, F. L. (2016). Inhibition of the RhoA
GTPase activity increases sensitivity of melanoma cells to UV radiation effects.
Oxid. Med. Cell. Longev. 2016:2696952. doi: 10.1155/2016/2696952

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 September 2020 | Volume 8 | Article 575223

https://doi.org/10.1021/cb3001099
https://doi.org/10.1172/JCI32412
https://doi.org/10.1016/j.cell.2015.05.044
https://doi.org/10.1016/j.ejcsup.2013.07.012
https://doi.org/10.1016/S0140-6736(17)33326-3
https://doi.org/10.18632/oncotarget.4055
https://doi.org/10.1016/j.ccr.2014.04.030
https://doi.org/10.1038/onc.2017.400
https://doi.org/10.1034/j.1600-0749.2000.130505.x
https://doi.org/10.1016/S1470-2045(13)70024-X
https://doi.org/10.3390/ijms19123949
https://doi.org/10.1155/2010/583748
https://doi.org/10.1155/2010/583748
https://doi.org/10.1042/BJ20110361
https://doi.org/10.1186/1476-4598-9-272
https://doi.org/10.1111/j.1600-0854.2011.01172.x
https://doi.org/10.1016/j.yexcr.2014.07.027
https://doi.org/10.1158/1535-7163.MCT-13-0164
https://doi.org/10.1016/j.cell.2007.05.018
https://doi.org/10.1016/j.cell.2007.05.018
https://doi.org/10.1016/j.canlet.2014.11.033
https://doi.org/10.1016/j.canlet.2014.11.033
https://doi.org/10.1038/bjc.2014.287
https://doi.org/10.1080/21541248.2016.1228792
https://doi.org/10.3390/cancers11101461
https://doi.org/10.3390/cancers11101461
https://doi.org/10.3389/fcell.2020.00217
https://doi.org/10.3389/fcell.2015.00082
https://doi.org/10.3389/fcell.2015.00082
https://doi.org/10.1007/s00441-003-0773-6
https://doi.org/10.1016/S0955-0674(99)80067-2
https://doi.org/10.1016/S0955-0674(99)80067-2
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1002/cncr.31551
https://doi.org/10.1016/S0955-0674(98)80017-3
https://doi.org/10.1016/S0955-0674(98)80017-3
https://doi.org/10.3390/cancers3010126
https://doi.org/10.1073/pnas.1220895110
https://doi.org/10.1158/0008-5472.CAN-18-0619
https://doi.org/10.1158/0008-5472.CAN-18-0619
https://doi.org/10.1016/j.bbrc.2013.09.079
https://doi.org/10.1111/j.1755-148X.2011.00873.x
https://doi.org/10.1111/j.1755-148X.2011.00873.x
https://doi.org/10.2147/itt.s134842
https://doi.org/10.1038/nrm3117
https://doi.org/10.1038/nrm1910
https://doi.org/10.1056/NEJMoa1802357
https://doi.org/10.1056/NEJMoa1611299
https://doi.org/10.1056/NEJMoa1611299
https://doi.org/10.1158/1078-0432.CCR-10-2276
https://doi.org/10.1158/1078-0432.CCR-10-2276
https://doi.org/10.1177/1758834015616934
https://doi.org/10.1155/2016/2696952
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-575223 September 20, 2020 Time: 11:5 # 12

Brito et al. Ras GTPases in Melanoma Aggressiveness

Esteva, A., Kuprel, B., Novoa, R. A., Ko, J., Swetter, S. M., Blau, H. M., et al. (2017).
Dermatologist-level classification of skin cancer with deep neural networks.
Nature 542, 115–118. doi: 10.1038/nature21056

Feinberg, A. P., Vogelstein, B., Droller, M. J., Baylin, S. B., and Nelkin, B. D. (1983).
Mutation affecting the 12th amino acid of the c-Ha-ras oncogene product
occurs infrequently in human cancer. Science 220, 1175–1177. doi: 10.1126/
science.6304875

Frank, B., Meyer, P., Boettger, M. B., Hemminki, K., Stapelmann, H., Gast, A., et al.
(2006). ARLTS1 variants and melanoma risk. Int. J. Cancer 119, 1736–1737.
doi: 10.1002/ijc.22008

Freeman, S. A., McLeod, S. J., Dukowski, J., Austin, P., Lee, C. C. Y., Millen-
Martin, B., et al. (2010). Preventing the activation or cycling of the Rap1 GTPase
alters adhesion and cytoskeletal dynamics and blocks metastatic melanoma cell
extravasation into the lungs. Cancer Res. 70, 4590–4601. doi: 10.1158/0008-
5472.CAN-09-3414

Friedl, P., and Wolf, K. (2003). Tumour-cell invasion and migration: diversity and
escape mechanisms. Nat. Rev. Cancer 3, 362–374. doi: 10.1038/nrc1075

Furuse, J., Kurata, T., Okano, N., Fujisaka, Y., Naruge, D., Shimizu, T., et al.
(2018). An early clinical trial of Salirasib, an oral RAS inhibitor, in Japanese
patients with relapsed/refractory solid tumors. Cancer Chemother. Pharmacol.
82, 511–519. doi: 10.1007/s00280-018-3618-4

Gadea, G., Sanz-Moreno, V., Self, A., Godi, A., and Marshall, C. J. (2008).
DOCK10-mediated Cdc42 activation is necessary for amoeboid invasion of
melanoma cells. Curr. Biol. 18, 1456–1465. doi: 10.1016/j.cub.2008.08.053

Gide, T. N., Wilmott, J. S., Scolyer, R. A., and Long, G. V. (2018). Primary and
acquired resistance to immune checkpoint inhibitors in metastatic melanoma.
Clin. Cancer Res. 24, 1260–1270. doi: 10.1158/1078-0432.CCR-17-2267

Gilot, D., Migault, M., Bachelot, L., Journé, F., Rogiers, A., Donnou-Fournet, E.,
et al. (2017). A non-coding function of TYRP1 mRNA promotes melanoma
growth. Nat. Cell Biol. 19, 1348–1357. doi: 10.1038/ncb3623

Goitre, L., Trapani, E., Trabalzini, L., and Retta, S. F. (2014). The Ras superfamily
of small GTPases: the unlocked secrets. Methods Mol. Biol. 1120, 1–18. doi:
10.1007/978-1-62703-791-4_1

Gopal Krishnan, P. D., Golden, E., Woodward, E. A., Pavlos, N. J., and Blancafort,
P. (2020). Rab GTPases: emerging oncogenes and tumor suppressive regulators
for the editing of survival pathways in cancer. Cancers 12:259. doi: 10.3390/
cancers12020259

Goryachev, A. B., and Leda, M. (2019). Autoactivation of small GTPases by
the GEF–effector positive feedback modules. F1000Res. 8:1676. doi: 10.12688/
f1000research.20003.1

Grimaldi, A. M., Simeone, E., Festino, L., Vanella, V., Strudel, M., and Ascierto,
P. A. (2017). MEK inhibitors in the treatment of metastatic melanoma and solid
tumors. Am. J. Clin. Dermatol. 18, 745–754. doi: 10.1007/s40257-017-0292-y

Grossmann, A. H., Yoo, J. H., Clancy, J., Sorensen, L. K., Sedgwick, A., Tong,
Z., et al. (2013). The small GTPase ARF6 stimulates β-catenin transcriptional
activity during WNT5A-mediated melanoma invasion and metastasis. Sci.
Signal. 6:ra14. doi: 10.1126/scisignal.2003398

Guadagno, N. A., and Progida, C. (2019). Rab GTPases: switching to human
diseases. Cells 8:909. doi: 10.3390/cells8080909

Guo, B., Hui, Q., Zhang, Y., Chang, P., and Tao, K. (2016). miR-194 is a negative
regulator of GEF-H1 pathway in melanoma. Oncol. Rep. 36, 2412–2420. doi:
10.3892/or.2016.5020

Guo, D., Beaumont, K. A., Sharp, D. M., Lui, G. Y. L., Weninger, W., Haass, N. K.,
et al. (2020). Abrogation of RAB27A expression transiently affects melanoma
cell proliferation. Pigment Cell Melanoma Res. doi: 10.1111/pcmr.12903 [Epub
ahead of print].

Guo, D., Lui, G. Y. L., Lai, S. L., Wilmott, J. S., Tikoo, S., Jackett, L. A., et al. (2019).
RAB27A promotes melanoma cell invasion and metastasis via regulation
of pro-invasive exosomes. Int. J. Cancer 144, 3070–3085. doi: 10.1002/ijc.
32064

Güttler, T., and Görlich, D. (2011). Ran-dependent nuclear export mediators: a
structural perspective. EMBO J. 30, 3457–3474. doi: 10.1038/emboj.2011.287

Guy, G. P., Thomas, C. C., Thompson, T., Watson, M., Massetti, G. M., Richardson,
L. C., et al. (2015). Vital signs: melanoma incidence and mortality trends and
projections - United States, 1982-2030. MMWR Morb. Mortal. Wkly. Rep. 64,
591–596.

Hacker, E., Nagore, E., Cerroni, L., Woods, S. L., Hayward, N. K., Chapman,
B., et al. (2013). NRAS and BRAF mutations in cutaneous melanoma and

the association with MC1R genotype: findings from Spanish and Austrian
populations. J. Invest. Dermatol. 133, 1027–1033. doi: 10.1038/jid.2012.385

Haga, R. B., and Ridley, A. J. (2016). Rho GTPases: regulation and roles in
cancer cell biology. Small GTPases 7, 207–221. doi: 10.1080/21541248.2016.12
32583

Hall, A. (2012). Rho family GTPases. Biochem. Soc. Trans. 40, 1378–1382. doi:
10.1042/BST20120103

Hampsch, R. A., Shee, K., Bates, D., Lewis, L. D., Désiré, L., Leblond, B., et al.
(2017). Therapeutic sensitivity to Rac GTPase inhibition requires consequential
suppression of mTORC1, AKT, and MEK signaling in breast cancer. Oncotarget
8, 21806–21817. doi: 10.18632/oncotarget.15586

Heasman, S. J., and Ridley, A. J. (2008). Mammalian Rho GTPases: new insights
into their functions from in vivo studies. Nat. Rev. Mol. Cell Biol. 9, 690–701.
doi: 10.1038/nrm2476

Heppt, M. V., Siepmann, T., Engel, J., Schubert-Fritschle, G., Eckel, R., Mirlach,
L., et al. (2017). Prognostic significance of BRAF and NRAS mutations in
melanoma: a German study from routine care. BMC Cancer 17:536. doi: 10.
1186/s12885-017-3529-5

Hernández-Varas, P., Coló, G. P., Bartolomé, R. A., Paterson, A., Medraño-
Fernández, I., Arellano-Sánchez, N., et al. (2011). Rap1-GTP-interacting
adaptor molecule (RIAM) protein controls invasion and growth of melanoma
cells. J. Biol. Chem. 286, 18492–18504. doi: 10.1074/jbc.M110.189811

Hobbs, G. A., Der, C. J., and Rossman, K. L. (2016). RAS isoforms and mutations
in cancer at a glance. J. Cell Sci. 129, 1287–1292. doi: 10.1242/jcs.182873

Hodis, E., Watson, I. R., Kryukov, G. V., Arold, S. T., Imielinski, M., Theurillat, J.,
et al. (2012). A landscape of driver mutations in melanoma. Cell 150, 251–263.
doi: 10.1016/j.cell.2012.06.024

Hongu, T., Yamauchi, Y., Funakoshi, Y., Katagiri, N., Ohbayashi, N., and
Kanaho, Y. (2016). Pathological functions of the small GTPase Arf6 in cancer
progression: tumor angiogenesis and metastasis. Small GTPases 7, 47–53. doi:
10.1080/21541248.2016.1154640

Huang, M., Qi, T. F., Li, L., Zhang, G., and Wang, Y. (2018). A targeted quantitative
proteomic approach assesses the reprogramming of small GTPases during
melanoma metastasis. Cancer Res. 78, 5431–5445. doi: 10.1158/0008-5472.
CAN-17-3811

Hume, A. N., Collinson, L. M., Rapak, A., Gomes, A. Q., Hopkins, C. R., and Seabra,
M. C. (2001). Rab27a regulates the peripheral distribution of melanosomes in
melanocytes. J. Cell Biol. 152, 795–808. doi: 10.1083/jcb.152.4.795

Jackson, C. L., and Bouvet, S. (2014). Arfs at a glance. J. Cell Sci. 127, 4103–4109.
doi: 10.1242/jcs.144899

Jaffe, A. B., and Hall, A. (2005). Rho GTPases: biochemistry and biology. Annu. Rev.
Cell Dev. Biol. 21, 247–269. doi: 10.1146/annurev.cellbio.21.020604.150721

Jakob, J. A., Bassett, R. L., Ng, C. S., Curry, J. L., Joseph, R. W., Alvarado, G. C., et al.
(2012). NRAS mutation status is an independent prognostic factor in metastatic
melanoma. Cancer 118, 4014–4023. doi: 10.1002/cncr.26724

Johnson, D. B., Lovly, C. M., Flavin, M., Panageas, K. S., Ayers, G. D., Zhao, Z.,
et al. (2015). Impact of NRAS mutations for patients with advanced melanoma
treated with immune therapies. Cancer Immunol. Res. 3, 288–295. doi: 10.1158/
2326-6066.CIR-14-0207

Kaczorowski, M., Biecek, P., Donizy, P., Pieniazek, M., Matkowski, R., and
Halon, A. (2019). Low RhoA expression is associated with adverse outcome
in melanoma patients: a clinicopathological analysis. Am. J. Transl. Res. 11,
4524–4532.

Kahn, R. A., Cherfils, J., Elias, M., Lovering, R. C., Munro, S., and Schurmann, A.
(2006). Nomenclature for the human Arf family of GTP-binding proteins: ARF,
ARL, and SAR proteins. J. Cell Biol. 172, 645–650. doi: 10.1083/jcb.200512057

Kano, Y., Cook, J. D., Lee, J. E., and Ohh, M. (2016). New structural and functional
insight into the regulation of Ras. Semin. Cell Dev. Biol. 58, 70–78. doi: 10.1016/
j.semcdb.2016.06.006

Katz, E., Sims, A. H., Sproul, D., Caldwell, H., Dixon, J. M., Meehan, R. R., et al.
(2012). Targeting of Rac GTPases blocks the spread of intact human breast
cancer. Oncotarget 3, 608–619. doi: 10.18632/oncotarget.520

Kim, J. G., Islam, R., Cho, J. Y., Jeong, H., Cap, K. C., Park, Y., et al. (2018).
Regulation of RhoA GTPase and various transcription factors in the RhoA
pathway. J. Cell. Physiol. 233, 6381–6392. doi: 10.1002/jcp.26487

Kirchberger, M. C., Ugurel, S., Mangana, J., Heppt, M. V., Eigentler, T. K., Berking,
C., et al. (2018). MEK inhibition may increase survival of NRAS-mutated
melanoma patients treated with checkpoint blockade: results of a retrospective

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 September 2020 | Volume 8 | Article 575223

https://doi.org/10.1038/nature21056
https://doi.org/10.1126/science.6304875
https://doi.org/10.1126/science.6304875
https://doi.org/10.1002/ijc.22008
https://doi.org/10.1158/0008-5472.CAN-09-3414
https://doi.org/10.1158/0008-5472.CAN-09-3414
https://doi.org/10.1038/nrc1075
https://doi.org/10.1007/s00280-018-3618-4
https://doi.org/10.1016/j.cub.2008.08.053
https://doi.org/10.1158/1078-0432.CCR-17-2267
https://doi.org/10.1038/ncb3623
https://doi.org/10.1007/978-1-62703-791-4_1
https://doi.org/10.1007/978-1-62703-791-4_1
https://doi.org/10.3390/cancers12020259
https://doi.org/10.3390/cancers12020259
https://doi.org/10.12688/f1000research.20003.1
https://doi.org/10.12688/f1000research.20003.1
https://doi.org/10.1007/s40257-017-0292-y
https://doi.org/10.1126/scisignal.2003398
https://doi.org/10.3390/cells8080909
https://doi.org/10.3892/or.2016.5020
https://doi.org/10.3892/or.2016.5020
https://doi.org/10.1111/pcmr.12903
https://doi.org/10.1002/ijc.32064
https://doi.org/10.1002/ijc.32064
https://doi.org/10.1038/emboj.2011.287
https://doi.org/10.1038/jid.2012.385
https://doi.org/10.1080/21541248.2016.1232583
https://doi.org/10.1080/21541248.2016.1232583
https://doi.org/10.1042/BST20120103
https://doi.org/10.1042/BST20120103
https://doi.org/10.18632/oncotarget.15586
https://doi.org/10.1038/nrm2476
https://doi.org/10.1186/s12885-017-3529-5
https://doi.org/10.1186/s12885-017-3529-5
https://doi.org/10.1074/jbc.M110.189811
https://doi.org/10.1242/jcs.182873
https://doi.org/10.1016/j.cell.2012.06.024
https://doi.org/10.1080/21541248.2016.1154640
https://doi.org/10.1080/21541248.2016.1154640
https://doi.org/10.1158/0008-5472.CAN-17-3811
https://doi.org/10.1158/0008-5472.CAN-17-3811
https://doi.org/10.1083/jcb.152.4.795
https://doi.org/10.1242/jcs.144899
https://doi.org/10.1146/annurev.cellbio.21.020604.150721
https://doi.org/10.1002/cncr.26724
https://doi.org/10.1158/2326-6066.CIR-14-0207
https://doi.org/10.1158/2326-6066.CIR-14-0207
https://doi.org/10.1083/jcb.200512057
https://doi.org/10.1016/j.semcdb.2016.06.006
https://doi.org/10.1016/j.semcdb.2016.06.006
https://doi.org/10.18632/oncotarget.520
https://doi.org/10.1002/jcp.26487
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-575223 September 20, 2020 Time: 11:5 # 13

Brito et al. Ras GTPases in Melanoma Aggressiveness

multicentre analysis of 364 patients. Eur. J. Cancer 98, 10–16. doi: 10.1016/j.
ejca.2018.04.010

Krauthammer, M., Kong, Y., Ha, B. H., Evans, P., Bacchiocchi, A., McCusker, J. P.,
et al. (2012). Exome sequencing identifies recurrent somatic RAC1 mutations
in melanoma. Nat. Genet. 44, 1006–1014. doi: 10.1038/ng.2359

Kuersten, S., Ohno, M., and Mattaj, I. W. (2001). Nucleocytoplasmic transport:
Ran, beta and beyond. Trends Cell Biol. 11, 497–503. doi: 10.1016/S0962-
8924(01)02144-4

Kuk, D., Shoushtari, A. N., Barker, C. A., Panageas, K. S., Munhoz, R. R., Momtaz,
P., et al. (2016). Prognosis of mucosal, uveal, acral, nonacral cutaneous, and
unknown primary melanoma from the time of first metastasis. Oncologist 21,
848–854. doi: 10.1634/theoncologist.2015-0522

Lee, J. H., Choi, J. W., and Kim, Y. S. (2011). Frequencies of BRAF and NRAS
mutations are different in histological types and sites of origin of cutaneous
melanoma: a meta-analysis. Br. J. Dermatol. 164, 776–784. doi: 10.1111/j.1365-
2133.2010.10185.x

Leonardi, G. C., Falzone, L., Salemi, R., Zanghì, A., Spandidos, D. A., Mccubrey,
J. A., et al. (2018). Cutaneous melanoma: from pathogenesis to therapy
(Review). Int. J. Oncol. 52, 1071–1080. doi: 10.3892/ijo.2018.4287

Lin, H., Wei, S., Hurt, E. M., Green, M. D., Zhao, L., Vatan, L., et al. (2018). Host
expression of PD-L1 determines efficacy of PD-L1 pathway blockade–mediated
tumor regression. J. Clin. Invest. 128, 805–815. doi: 10.1172/jci96113

Lin, Y., and Zheng, Y. (2015). Approaches of targeting Rho GTPases in cancer
drug discovery. Expert Opin. Drug Discov. 10, 991–1010. doi: 10.1517/17460441.
2015.1058775

Lin, Y.-C., Ohbayashi, N., Hongu, T., Katagiri, N., Funakoshi, Y., Lee, H., et al.
(2017). Arf6 in lymphatic endothelial cells regulates lymphangiogenesis by
controlling directional cell migration. Sci. Rep. 7:11431. doi: 10.1038/s41598-
017-11240-x

Lionarons, D. A., Hancock, D. C., Rana, S., East, P., Moore, C., Murillo, M. M.,
et al. (2019). RAC1P29S induces a mesenchymal phenotypic switch via serum
response factor to promote melanoma development and therapy resistance.
Cancer Cell 36, 68–83.e9. doi: 10.1016/j.ccell.2019.05.015

Liu, H., Seynhaeve, A. L. B., Brouwer, R. W. W., van IJcken, W. F. J., Yang, L., Wang,
Y., et al. (2019). CREPT promotes melanoma progression through accelerated
proliferation and enhanced migration by RhoA-mediated actin filaments and
focal adhesion formation. Cancers 12:33. doi: 10.3390/cancers12010033

Liu, S., Gao, G., Yan, D., Chen, X., Yao, X., Guo, S., et al. (2017). Effects of miR-145-
5p through NRAS on the cell proliferation, apoptosis, migration, and invasion
in melanoma by inhibiting MAPK and PI3K/AKT pathways. Cancer Med. 6,
819–833. doi: 10.1002/cam4.1030

Liu, W. N., Yan, M., and Chan, A. M. (2017). A thirty-year quest for a role of R-Ras
in cancer: from an oncogene to a multitasking GTPase. Cancer Lett. 403, 59–65.
doi: 10.1016/j.canlet.2017.06.003

Liu, Y., and Sheikh, M. S. (2014). Melanoma: molecular pathogenesis and
therapeutic management. Mol. Cell. Pharmacol. 6, 31–44. doi: 10.4255/
mcpharmacol.14.03

Long, G. V., Hauschild, A., Santinami, M., Atkinson, V., Mandal, M., Chiarion-
Sileni, V., et al. (2017). Adjuvant dabrafenib plus trametinib in stage III
BRAF-mutated melanoma. N. Engl. J. Med. 377, 1813–1823. doi: 10.1056/
NEJMoa1708539

Lui, K. (2009). RanGTPase: a key regulator of nucleocytoplasmic trafficking. Mol.
Cell. Pharmacol. 1, 148–156. doi: 10.4255/mcpharmacol.09.19

Luís, R., Brito, C., and Pojo, M. (2020). “Melanoma metabolism: cell survival and
resistance to therapy,” in Tumor Microenvironment. Advances in Experimental
Medicine and Biology, ed. J. Serpa (Cham: Springer), 203–223. doi: 10.1007/978-
3-030-34025-4_11

Luke, J. J., Flaherty, K. T., Ribas, A., and Long, G. V. (2017). Targeted agents and
immunotherapies: optimizing outcomes in melanoma. Nat. Rev. Clin. Oncol.
14, 463–482. doi: 10.1038/nrclinonc.2017.43

Maia, J., Caja, S., Strano Moraes, M. C., Couto, N., and Costa-Silva, B. (2018).
Exosome-based cell-cell communication in the tumor microenvironment.
Front. Cell Dev. Biol. 6:18. doi: 10.3389/fcell.2018.00018

Maio, M., Lewis, K., Demidov, L., Mandalà, M., Bondarenko, I., Ascierto,
P. A., et al. (2018). Adjuvant vemurafenib in resected, BRAFV600 mutation-
positive melanoma (BRIM8): a randomised, double-blind, placebo-controlled,
multicentre, phase 3 trial. Lancet Oncol. 19, 510–520. doi: 10.1016/S1470-
2045(18)30106-2

Mar, V. J., Wong, S. Q., Logan, A., Nguyen, T., Cebon, J., Kelly, J. W., et al. (2014).
Clinical and pathological associations of the activating RAC1 P29S mutation
in primary cutaneous melanoma. Pigment Cell Melanoma Res. 27, 1117–1125.
doi: 10.1111/pcmr.12295

Matchett, K. B., McFarlane, S., Hamilton, S. E., Eltuhamy, Y. S. A., Davidson,
M. A., Murray, J. T., et al. (2014). “Ran GTPase in nuclear envelope formation
and cancer metastasis,” in Cancer Biology and the Nuclear Envelope. Advances
in Experimental Medicine and Biology, ed. J. de las Heras (New York, NY:
Springer), 323–351. doi: 10.1007/978-1-4899-8032-8_15

McCubrey, J. A., Steelman, L. S., Chappell, W. H., Abrams, S. L., Franklin, R. A.,
Montalto, G., et al. (2015). Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR
cascade inhibitors: how mutations can result in therapy resistance and how to
overcome resistance. Oncotarget 3, 1068–1111. doi: 10.18632/oncotarget.659

Mishra, P. J., Ha, L., Rieker, J., Sviderskaya, E. V., Bennett, D. C., Oberst, M. D., et al.
(2010). Dissection of RAS downstream pathways in melanomagenesis: a role for
Ral in transformation. Oncogene 29, 2449–2456. doi: 10.1038/onc.2009.521

Mitra, S., Montgomery, J. E., Kolar, M. J., Li, G., Jeong, K. J., Peng, B., et al.
(2017). Stapled peptide inhibitors of RAB25 target context-specific phenotypes
in cancer. Nat. Commun. 8:660. doi: 10.1038/s41467-017-00888-8

Mohan, A. S., Dean, K. M., Isogai, T., Kasitinon, S. Y., Murali, V. S., Roudot, P., et al.
(2019). Enhanced dendritic actin network formation in extended lamellipodia
drives proliferation in growth-challenged Rac1 P29S melanoma cells. Dev. Cell
49, 444.e–460.e. doi: 10.1016/j.devcel.2019.04.007

Mohapatra, P., Prasad, C. P., and Andersson, T. (2019). Combination therapy
targeting the elevated interleukin-6 level reduces invasive migration of BRAF
inhibitor-resistant melanoma cells. Mol. Oncol. 13, 480–494. doi: 10.1002/1878-
0261.12433

Mohr, P., Eggermont, A. M. M., Hauschild, A., and Buzaid, A. (2009). Staging of
cutaneous melanoma. Ann. Oncol. 20, 14–21. doi: 10.1093/annonc/mdp256

Muralidharan-Chari, V., Hoover, H., Clancy, J., Schweitzer, J., Suckow, M. A.,
Schroeder, V., et al. (2009). ADP-ribosylation factor 6 regulates tumorigenic and
invasive properties in vivo. Cancer Res. 69, 2201–2209. doi: 10.1158/0008-5472.
CAN-08-1301

O’Bryan, J. P. (2019). Pharmacological targeting of RAS: recent success with direct
inhibitors. Pharmacol. Res. 139, 503–511. doi: 10.1016/j.phrs.2018.10.021

O’Donnell, J. S., Teng, M. W. L., and Smyth, M. J. (2019). Cancer immunoediting
and resistance to T cell-based immunotherapy. Nat. Rev. Clin. Oncol. 16,
151–167. doi: 10.1038/s41571-018-0142-8

Parker, J. A., and Mattos, C. (2018). The K-Ras, N-Ras, and H-Ras isoforms: unique
conformational preferences and implications for targeting oncogenic mutants.
Cold Spring Harb. Perspect. Med. 8:a031427. doi: 10.1101/cshperspect.a031427

Pathria, G., Wagner, C., and Wagner, S. N. (2012). Inhibition of CRM1-mediated
nucleocytoplasmic transport: triggering human melanoma cell apoptosis by
perturbing multiple cellular pathways. J. Invest. Dermatol. 132, 2780–2790.
doi: 10.1038/jid.2012.233
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