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Melanoma, a highly aggressive form of skin cancer, poses a significant global health
burden, with 331,647 new cases and 58,645 deaths reported in 2022. The
development of melanoma is influenced by various factors, including sunlight
exposure and BRAF®°° mutations that activate the MAPK/ERK pathway. The
introduction of BRAF and MEK inhibitors has revolutionized the treatment
landscape for melanoma patients. However, innate and acquired therapeutic
resistance remains a significant challenge. This review provides a comprehensive
overview of the current state of BRAF-targeted therapies in melanoma,
highlighting the efficacy and limitations of FDA-approved combinations of BRAF
and MEK inhibitors such as vemurafenib, dabrafenib, trametinib, and cobimetinib.
The review also explores the off-target effects of BRAF inhibitors on endothelial
cells, emphasizing the need for more selective therapies to minimize vascular
complications and metastatic potential. The article also discusses potential
druggable targets, including ERK5, CD73, ALDH1Al1, PLALA, and DMKN, which
are promising in addressing diagnostic hurdles and guiding personalized
therapeutic decisions. Recent studies on regorafenib, ERK5 signaling, and CD73
inhibition are highlighted as novel strategies to overcome resistance and improve
treatment outcomes. The review also delves into the role of advanced therapeutic
tools, such as mRNA vaccines and CRISPR-Cas9, in revolutionizing personalized
oncology by targeting specific genetic mutations and enhancing immune
responses against melanoma. The ongoing synergy between advancing
research, targeted interventions, strategic treatment combinations, and cost-
effectiveness evaluations offers a promising pathway to elevate patient
outcomes in the persistent battle against melanoma significantly.
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1 Introduction

According to the Global Cancer Observatory, 331,647 new cases
and 58,645 deaths were globally reported in 2022 with melanoma, a
deadly skin cancer (1). BRAFV*%F mutations and exposure to
sunlight are considered risk factors for melanoma development.
The common BRAFY®” mutations in primary melanomas trigger
the activation of the Mitogen-Activated Protein Kinase (MAPK)/
extracellular Signal-Regulated Kinase (ERK) pathway. BRAF®"
mutations can mainly be found in BRAFY®%E 3nd BRAFYOK (2).
Introducing inhibitors targeting BRAF and MAPK Kinase (MEK),
crucial components of this pathway, marked a significant
breakthrough in treating this cancer. However, approximately 15-
20% of melanomas exhibit innate resistance to this therapy, and
patients frequently develop acquired resistance over time (3).
Resistance development is a primary concern, limiting the
effectiveness of these inhibitors as the initial treatments (4).

Using BRAF and MEK inhibitors (BRAFi/MEKi) has been a
cornerstone in treating melanoma, particularly for those with specific
genetic mutations like BRAFV*"°F, Drugs such as vemurafenib and
dabrafenib have shown significant efficacy in targeting these
mutations. Similarly, MEK inhibitors like trametinib and
cobimetinib provide alternative or combinatorial therapeutic
options for patients with RAS/RAF/MAP pathway-driven cancers.
However, a significant limitation of BRAF/MEKi-based therapies is
the frequent observation of therapeutic resistance. This resistance can
arise due to aberrant pathway activation, metabolic reprogramming,
and cancer cells’ genetic and epigenetic landscape alterations.
Understanding the specific mutations in the RAS/RAF/MAP
pathway is critical for developing effective targeted therapies (5, 6).

Moreover, the off-target effects of BRAF inhibitors on endothelial
cells have been found to cause significant vascular complications.
These drugs disrupt the MAPK/ERK signaling pathway that regulates
cytoskeletal dynamics and cell junction integrity, leading to increased
vascular permeability and potential risks such as enhanced metastatic
potential of tumor cells and complications related to vascular leakage.
These findings underscore the need for monitoring vascular health in
patients treated with BRAFi and developing strategies to mitigate
these side effects, such as adjunct therapies that protect endothelial
integrity or the development of more selective BRAFi that minimize
off-target effects (7).

In parallel, PD-1/PD-L1 and CTLA-4 inhibitors (Figure 1) have
significantly impacted the treatment landscape of melanoma,

Abbreviations: AKT, Protein Kinase B; BRAF, v-Raf murine sarcoma viral
oncogene homolog B; CNS, Central Nervous System; CRD, Cysteine-Rich
Domain; ERK, Extracellular Signal-Regulated Kinase; FDA, Food and Drug
Administration; GAB1, GRB2-Associated Binding Protein 1; GRB2, Growth
Factor Receptor-Bound Protein 2; ICI, Immune Checkpoint Inhibitor; MAPK,
Mitogen-Activated Protein Kinase; MEK, Mitogen-Activated Protein Kinase
Kinase; mTOR, mammalian Target of Rapamycin; ORR, Objective Response
Rate; OS, Overall Survival; PD, Progressive Disease; PD-1, Programmed Cell
Death Protein 1; PFS, Progression-Free Survival; PI3K, Phosphoinositide 3-
Kinase; PTEN, Phosphatase and Tensin Homolog; RAS, Rat sarcoma viral
oncogene; RBD, RAS-Binding Domain; RES, Recurrence-free survival; WHO,
World Health Organization.
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particularly in advanced stages. These immune checkpoint
inhibitors block cancer cells’ proteins to evade an immune
response, thereby allowing the immune system to recognize and
attack the cancer cells more effectively (8-10). One promising
alternative for patients who have failed prior treatments is
Tumor-Infiltrating Lymphocyte (TIL) therapy, particularly
lifileucel (LN-44). Lifileucel is currently under review by the FDA
for approval and involves expanding patient-specific TILs,
primarily CD8" and CD4" T cells with an effector memory
phenotype (11). This therapy has shown long-lasting and
profound responses, suggesting its potential as a therapeutic
option for advanced melanoma patients with high tumor burden.
However, while these results are promising, further research is
necessary to fully understand the potential and long-term benefits
of lifileucel therapy.

Regorafenib, a multitargeted kinase inhibitor, has shown
promise in advanced melanoma patients who had previously
progressed on anti-PD-1, anti-CTLA-4, and BRAF/MEK
inhibitors, 42.8% of BRAFY®" mutation-positive patients treated
with regorafenib combined with BRAFi/MEKi showed a partial
response, including regression of brain metastases. This suggests
that regorafenib, especially when combined with other targeted
therapies, may provide benefits for advanced melanoma patients
who have exhausted other treatments (12).

While PD-1/PD-L1 and CTLA-4 inhibitors have revolutionized
melanoma treatment, challenges such as resistance necessitate
exploring alternative and combinatorial therapies. Lifileucel TIL
therapy (11, 13), regorafenib (12), ERK5 inhibitors (14, 15), and
targeting CD73 (16) represent other promising avenues to enhance
treatment efficacy and manage resistance in advanced melanoma.

Our review manuscript uniquely contributes to the field by
offering a comprehensive analysis transcending the traditional focus
on BRAF-targeted therapy alone. While existing reviews
concentrate on specific aspects of BRAF-targeted treatment, we
provide a holistic perspective that translates findings from in vitro
studies to the clinical area, encompassing FDA-approved drugs and
their real-world implications. Moreover, our review goes beyond
the conventional scope by integrating the discussion of
immunotherapy with BRAF-targeted therapy, exploring the
synergies between these treatment modalities and their potential
impact on patient outcomes. By incorporating discussions on novel
developments and emerging biomarkers, we offer a forward-looking
perspective highlighting melanoma therapy’s evolving landscape
and the potential for more tailored and effective treatment
approaches. Overall, our review is distinguished by its
comprehensive approach that bridges the gap between preclinical
research, clinical application, FDA-approved therapies,
immunotherapy integration, and innovative markers in the
context of BRAF-targeted treatment for melanoma.

2 RAF/MEK signaling

ARAF, BRAF, and CRAF are part of a triad of protein-serine/
threonine kinases that hold pivotal positions within the RAS-RAF-
MEK-ERK signaling pathway. This intricate cascade orchestrates
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FIGURE 1

RTK/RAF/MAPK signaling in melanoma and its effects on immune cell activity. Receptor tyrosine kinase (RTK) upregulation enhances the RAF/MAPK
pathway, leading to increased TGF-p secretion by melanoma cells. TGF-B promotes the transition of CD4" T cells to regulatory T cells (Tregs) and
the polarization of M1 to M2 tumor-associated macrophages (TAMs), facilitating tumor progression and immune evasion. Additionally, immune
checkpoints PD-L1 and CD80/CD86 on melanoma cells bind to their counterparts PD-1 and CTLA4, respectively, to suppress immune cell activity
against tumor cells. Consequently, immunotherapies targeting these immune checkpoints can significantly improve the treatment of melanoma.

many fundamental cellular processes, encompassing apoptosis, cell
cycle progression, differentiation, proliferation, and the
transformation of cells into a malignant state. Several decades
ago, the primary mammalian MAPK, denominated ERK, was
discovered (17-19).

The MAPK/ERK pathway is triggered by upstream genomic
events or the activation of many signaling pathways that converge at
this crucial junction. This pathway maintains strict regulation
under normal circumstances through the actions of phosphatases
and bidirectional communication with other pathways, including
the protein kinase B/mammalian target of the rapamycin (AKT/
mTOR) pathway. Recent findings suggest that the MAPK/ERK
signaling hub can serve as both a tumor suppressor and a more
typical pro-oncogenic signal, with the dominant effect contingent
on signal intensity and the specific tissue or context in which the
signal becomes aberrantly activated (20).
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Notably, RAS mutations are prevalent in 15-30% of all human
cancers, while BRAF mutations are found in 30-60% of melanomas,
30-50% of thyroid cancers, and 5-20% of colorectal cancers. The
activation of RAF kinases necessitates a series of events, including
their interaction with RAS-GTP, followed by dephosphorylation/
phosphorylation facilitated by SRC family protein-tyrosine kinases
and other protein-serine/threonine kinases. Furthermore, forming
specific RAF dimers is crucial for achieving total kinase activity (21).
A significant turning point occurred when the v-RAF oncogene was
found to induce the constitutive activation of MAPK and MKK in
NIH-3T3 cells, highlighting RAF as a direct regulator of MKK. This
discovery further solidified RAF’s status within the MEK kinase
(MKKK) family (22).

Another vital component of the MAPK pathway is MEK1/2,
which undergoes direct activation through phosphorylation of serine
residues. These kinases, in turn, phosphorylate ERK1 and ERK2 at
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threonine and tyrosine residues. ERK1/2, the ultimate kinases in the
MAPK signaling cascade, significantly affects cell proliferation,
differentiation, and survival. Mutations affecting components of the
MAPK pathway are common in various cancer types, making the
inhibition of BRAF and MEK, and consequently the suppression of
downstream signaling, a promising therapeutic strategy. However,
unlike MEK, mutations in ERK are infrequent, with occurrence rates
of 8% in cervical cancers and 1.5% in head and neck squamous cell
carcinomas (Figure 2) (23).

Furthermore, activation of ERK relies on the phosphorylation of
specific threonine and tyrosine residues, with dephosphorylation
mediated by phosphatases countering this process (18). This led to
the postulation that an upstream kinase was responsible for ERK
phosphorylation. Indeed, a dual-specificity kinase was discovered,
subsequently referred to as MAP kinase activator, commonly
known as MKK or MEK. Intriguingly, like MAPK, MKK is
subject to negative regulation by phosphatases, implying the
presence of an upstream regulatory kinase for MKK (24).

Numerous negative feedback mechanisms tightly control
receptor tyrosine kinase (RTK(-mediated MAPK responses,
reflecting their central role in the core processes of the network.
Two crucial upstream regulators of MAPK (SOS and RAF) are also

GFs
(HGF, VEGF....)
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direct substrates of MAPK. The direct phosphorylation of SOS by
MAPK disrupts SOS/growth factor receptor-bound protein 2 (GRB2)
interactions, diminishing SOS recruitment to the membrane and
reducing RAS activation (25). Additionally, MAPK phosphorylates
RAF, its upstream regulator, reducing RAF kinase activity and
decreasing phosphorylation of MEK and MAPK. MAPK also
phosphorylates docking proteins, creating an additional negative
feedback mode. MAPK activation results in the phosphorylation of
GRB2-Associated Binding Protein 1 (GAB1), reducing its ability to
recruit and activate Phosphoinositide 3-Kinase (PI3K) (26, 27).

The well-established RAF-MEK-ERK signaling cascade, a
prominent segment of the MAPK pathway, has significant control
over cell proliferation and survival. This cascade kicks into gear
upon activating RTK (e.g., VEGFR2) and RAS (e.g., NRAS), setting
off a chain of events (28). Changes in this pathway represent some
of the most prevalent genetic changes observed in human cancers,
with numerous frequently occurring mutations such as BRAF"*°F,
These oncogenic mutations often disrupt normal regulatory
mechanisms, fostering uncontrolled cell growth and tumor
formation (29). Furthermore, interactions between the RAF-
MEK-ERK pathway and other signaling pathways significantly
amplify its role in promoting cancer growth (30).

Extracellular matrix

=
—

RAF

Cell proliferation,
differentiation,
and survival

S

Cell motility

FIGURE 2
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The BRAF/MAPK pathway. The RAF/MEK/ERK pathway is a critical signaling pathway in the cell that plays a pivotal role in various cellular processes,
including cell proliferation and metastasis. This pathway is often initiated by receptor tyrosine kinases (RTKs) and involves several key proteins, such

as GAB1, GRB2, RAF, MEK, and ERK.
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3 BRAF vs. MEK — structural features

3.1 RAF and MEK structures

RAF proteins are crucial components of the RAS/RAF/MEK/
ERK signaling pathway, responsible for transmitting signals from
RAS-activated proteins through MEK and ERK kinases. In
mammals, there are three closely related RAF genes: ARAF,
BRAF, and CRAF (Figure 3A). These RAF proteins have three
highly conserved regions: CR1, which includes the RAS binding
domain and a cysteine-rich domain; CR2, which contains

10.3389/fonc.2024.1504142

regulatory phosphorylation sites for serine and threonine; and
CR3, which features the P-loop or glycine-rich loop and the
kinase domain, including the activation segment.

A meaningful connection exists between BRAF and CRAF,
which is capable of initiating a BRAF-CRAF-MEK-ERK
signaling cascade in both cancerous and normal cells. As a result,
BRAF can activate MEK directly or indirectly through the activation
of CRAF via heterodimerization (Figure 3B) (31). The protein
kinase domain of RAF exhibits the typical structure observed in
all protein kinases, consisting of a small N-terminal lobe and a
larger C-terminal lobe. The small lobe primarily features an
antiparallel B-sheet structure and serves to anchor and position

Region Activation
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RAF and MEK isoforms and phosphorylation sites. (A) RAFs. Key structural features of different RAF isotypes. The three highly conserved regions (CR1,
CR2, and CR3) are indicated, with CR1 containing the RAS binding domain (RBD) and cysteine-rich domain (CRD), CR2 comprising serine and
threonine regulatory phosphorylation sites, and CR3 housing the P-loop or glycine-rich loop and the kinase domain, including the activation
segment. Phosphorylated CR2 (pS365) and the C-terminal region (pS729) of BRAF, as well as phosphorylated CR2 (pS259) and the C-terminal region
(pS621) of CRAF, act as binding sites for 14-3-3 proteins. Instead, KRAS is linked to the RAS-binding domain (RBD). (B) MEKs. Activated RAF
phosphorylates and activates MEK, which is a dual-specificity kinase. MEK has two kinase domains, and it phosphorylates a specific tyrosine and

S23
T25

FIGURE 3

threonine residue on ERK proteins.

Frontiers in Oncology 05

S216
S222
S226
T230
S293
S295
S306
S372
T3%4
T396

frontiersin.org


https://doi.org/10.3389/fonc.2024.1504142
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Imani et al.

ATP. A glycine-rich ATP-phosphate-binding loop, often called the
P-loop, is located in the N-terminal lobe (6).

Protein kinases possess two movable lobes that can be separated
or come together to open or close the cleft. ATP can access the
active site in the open configuration, while ADP can be released.
Conversely, the closed conformation aligns specific residues into a
catalytically active state. Each lobe has a polypeptide segment that
assumes either active or inactive conformations. In the small lobe,
this segment corresponds to the major a-helix, the oC-helix. The
0C-helix undergoes rotational and translational movements with
the rest of the lobe. This dynamic behavior influences the activation
or deactivation of a portion of the active site. As mentioned, two
RAF subunits combine to form side-to-side dimers involving the
regulatory o/C helices. In the large lobe, the activation segment
adapts to affect the ATP-binding site’s accessibility. The activation
segment in all protein kinases typically commences with a DFG
(Asp/Phe/Gly) amino acid sequence. In the inactive state, the
phenylalanine side chain occupies the ATP-binding pocket, and
the aspartate side chain faces away from the active site, a
configuration referred to as the DFG Asp-out conformation. In
contrast, the active state involves the rotation of the phenylalanine
side chain out of the ATP-binding pocket, with the aspartate
side chain directing into the ATP-binding pocket and
coordinating with Mg**. This arrangement is termed the DFG-
Asp in conformation (6).

Most protein kinases possess activation segments that contain
one or more phosphorylation sites. Enzymes typically phosphorylate
these sites belonging to the same protein kinase family, although
other protein kinases may also perform this function. For example,
the RAF kinases catalyze the phosphorylation of two serine residues
in the activation segment, activating MEK1/2. In many protein
kinases, a gatekeeper residue separates the adenine-binding site
from an adjoining hydrophobic pocket. Specific kinase inhibitors
bind to the adenine-binding site and extend into this hydrophobic
pocket. Specific kinase inhibitors target this site. The mutation of a
gatekeeper residue (threonine) to a larger one (methionine) can
prevent the binding of kinase inhibitory drugs. This mechanism is
one way to develop resistance to drugs in clinical settings and can be
employed experimentally to generate enzymes that do not interact
with a specific drug (32).

Subdomains are characterized by conserved amino acid residue
patterns constituting protein kinases’ catalytic core. Among these,
three amino acids forming a K/D/D (Lys/Asp/Asp) motif exemplify
BRAF’s catalytic properties. K578 in BRAF establishes salt bridges
with ATP’s y-phosphate. D576, a catalytic loop base, positions the
substrate protein’s serine or threonine group and extracts a proton
from the ~OH group, thereby facilitating the nucleophilic attack of
oxygen on the y-phosphorus atom of Mg**-ATP (33). In addition,
K578 is the primary site for ubiquitin attachment during EGF-
induced K63-linked polyubiquitination of BRAF, and this process
plays a critical role in the activation of ERK driven by EGF (34).

Furthermore, D594 marks the activation segment’s initial
residue. In most protein kinases, the activation segment begins
with DFG and ends with APE (Ala/Pro/Glu), while in ARAF, it ends
with AAE (Ala/Ala/Glu). D594 binds to Mg>", which coordinates
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ATP’s B- and y-phosphates. On the other hand, the large lobe is
predominantly composed of o-helical structures. It is responsible
for binding to its protein substrate, MEK1/2 (21).

3.2 RAF and MEK structural biology

The process of loading GTP onto RAS results in the activation
of RAF, which subsequently triggers the activation of MEK by
phosphorylating two serine residues in its activation loop (A-loop),
precisely, 218 and S222 (35). Notably, helix C in both MEK and
BRAF remains inactive and outward, and this state is stabilized by
the A-loop helix in MEK and the inhibitory turn in BRAF. In this
complex, specific residues, including BRAEFN®® BRAFN®! and
BRAF"®**, along with the MEK activation loop, create a binding
pocket (36).

A study aimed to investigate how mammalian 14-3-3 proteins
activate RAF kinases. It was observed that BRAF had a more diverse
association with 14-3-3 proteins in vivo compared to ARAF and CRAF.
In vitro tests also indicated that ARAF had lower affinities for specific
14-3-3 isoforms. This suggested that 14-3-3 proteins interacted
selectively with RAF isoforms. Homodimeric and heterodimeric
forms of 14-3-3 participate in RAF activation. Furthermore, the
research revealed that the activities of RAF isoforms were
differentially regulated by their C-terminal and internal 14-3-3
binding domains. The study also observed that prohibitin, a scaffold
protein, interfered with the internal 14-3-3 binding site in CRAF (37).

Furthermore, research has shown that the resurgence of MAPK
signaling, achieved through CRAF overexpression and irregularity, is
a mechanism for developing resistance to vemurafenib in melanoma.
Prohibitins (PHBs) are highly conserved proteins that regulate the
cell cycle, senescence, and tumor suppression (38). Prohibitins play a
role in governing the activation of CRAF kinase, which connects to
RAS in a GTP-dependent manner, thus triggering the MAPK
pathway. Prohibitin 1 (PHBI) is a crucial component for CRAF-
mediated activation of ERK1/2 via direct binding to CRAF. PHB1
forms stable heteromers with Prohibitin 2 (PHB2). Phosphorylation
of PHBI1 at Thr258, facilitated by AKT1, increases CRAF association,
resulting in the hyperactivation of ERK1/2 kinases, promoting the
metastasis of cervical cancer cells to lymph nodes (39, 40). On the
other hand, SHOC2 complex-mediated dephosphorylation of S259
CRAF is crucial for growth factor-induced RAF heterodimerization
and MEK dissociation from BRAF. In addition, there are SHOC2-
independent mechanisms for activating the RAFs and ERK pathways,
relying on the N-region phosphorylation of CRAF. While
heterodimerization of RAF kinases and removing an inhibitory site
marked “S259” are important steps for CRAF activation, the precise
mechanisms and dynamics remain unclear. A ternary complex
composed of SHOC2, KRAS, and PP1, known as the SHOC2
complex, serves as a CRAF §259 holophosphatase (Figure 4A) (41).

Additionally, BRAF remains in an inactive state when forming a
complex with its substrate MEK and a 14-3-3 dimer. In this
autoinhibited arrangement, the 14-3-3 dimer attaches to serine
phosphorylation sites situated on either side of the BRAF kinase
domain (pS365 and pS729). This interaction confines both the
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FIGURE 4

Activation mechanisms of CRAF and BRAF. (A) CRAF Activation. To activate CRAF, the SHOC2 complex removes phosphate groups from S259 of
CRAF. This dephosphorylation is vital, enabling CRAF to pair with other RAF kinases when stimulated by growth factors. The formation of these RAF
heterodimers and removing the inhibitory “S259" site are crucial for CRAF activation. Prohibitin 1 (PHB1) also plays a key role by directly interacting
with CRAF and stimulating ERK1/2. (B) BRAF Activation. BRAF activation resembles a lock-and-key mechanism. BRAF forms a complex with its
partner, MEK, and a 14-3-3 dimer in its inactive state. The 14-3-3 dimer acts like a lock, encircling specific sites (pS365 and pS729) on both sides of
the BRAF kinase domain. This interaction effectively keeps the BRAF inactive by preventing dimerization, a crucial step for activation. Two types of
14-3-3 proteins, single and mixed types, actively participate in RAF activation. In this arrangement, the cysteine-rich domain (CRD) is centrally
shielded from interactions with the cell membrane and RAS, while the RAS-binding domain (RBD) of BRAF is exposed and ready to interact with RAS.

BRAF kinase and cysteine-rich domains (CRD) within a protective
structure, preventing BRAF dimerization, which is essential for its
activation (42). The BRAF/MEK1 complex is considered to exist in
an autoinhibited state, but the maintenance of this inhibitory state
requires dimeric proteins known as 14-3-3s. Phosphorylated CR2
(pS365 in BRAF) and C-terminal (pS729 in BRAF) regions serve as
the binding sites for 14-3-3 proteins (43, 44). Nevertheless, KRAS is
connected to BRAF in an autoinhibited state when bound to MEK1
and a 14-3-3 dimer in the form of pentameric KRAS/BRAF/MEK1/
14-3-3 complex. KRAS is linked to the RAS-binding domain (RBD)
of BRAF and exists in two different orientations. Experiments
conducted to activate BRAF in vitro confirm that KRAS is
insufficient for BRAF activation without membrane recruitment.
The fundamental inhibitory interactions in the complex remain
unchanged even with KRAS binding (Figure 4B) (42, 45).
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4 Mechanistic inhibition of RAFs
and MEKs

4.1 BRAF mutations

The RAS/RAF/MAP signaling pathway is a critical regulator of
cellular proliferation, survival, and metastasis, making it a frequent
target for mutations in various cancers. These mutations can lead to
aberrant pathway activation, driving uncontrolled cell growth and
tumor development. The signaling cascade is initiated by growth
factors binding to RTKs on the cell surface (28). This triggers RTK
activation and subsequent autophosphorylation, creating docking
sites for adaptor proteins like GRB2. GRB2, in turn, recruits SOS, a
guanine nucleotide exchange factor that activates RAS proteins by
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facilitating the exchange of GDP for GTP. Activated RAS proteins
(NRAS, KRAS, or HRAS) initiate a downstream signaling cascade,
primarily by activating RAF kinases, including BRAF and CRAF.
These kinases subsequently phosphorylate and activate MEK1/2,
which then activates ERK1/2. Activated ERK1/2 translocates to the
nucleus, phosphorylating and regulating transcription factors that
control gene expression in cell cycle progression, survival, and
metastasis (46, 47). These critical transcription factors include AP-
1, TEAD, and STAT3, and their targets include genes like CCND1
and CDK4/6, which promote cell cycle progression (Figure 5).
Therefore, mutations in various components of this pathway are
frequently observed in cancer, leading to its dysregulation (48).
Similarly, mutations in BRAF, such as the V600E mutation
commonly found in melanoma, can also result in constitutive
kinase activity and downstream pathway activation (49).

O Increased activation
O Increased expression
. Copy number gain
i@ Copy number loss

vV

10.3389/fonc.2024.1504142

On the other hand, the PI3K/AKT pathway, a parallel signaling
cascade often dysregulated in cancer, is also interconnected with the
RAS/RAF/MAPK pathway. Mutations in PI3KCA and PI3KR1/2,
which encode catalytic and regulatory subunits of PI3K, can lead to
increased AKT activation, promoting cell growth and survival.
Additionally, loss of PTEN, a tumor suppressor that negatively
regulates PI3K/AKT signaling, is frequently observed in cancer and
further contributes to pathway hyperactivation (50).

Furthermore, mutations in negative regulators of the RAS/RAF/
MAPK pathway, such as DUSP4, which dephosphorylates and
inactivates ERK1/2, can further enhance pathway signaling (51).
When mutated, COT, a kinase capable of activating ERK1/2
independently of BRAF, can also contribute to pathway
dysregulation. These alterations ultimately converge on the
dysregulation of key transcription factors like SOX-10, JUN,
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The MAPK/ERK signaling pathway and its role in cancer development. The pathway governs cell proliferation, survival, and metastasis through
interactions among key proteins and enzymes like SRC, KRAS, BRAF, MEK1/2, and ERK1/2. Increased activation (green) and expression (yellow) of
pathway components often lead to uncontrolled cell growth and cancer progression. Mutations, such as KRAS mutations in colorectal cancer and
BRAF69%E mutations in melanoma and colorectal cancer, hyperactivate the pathway, promoting tumorigenesis and metastasis. Loss of the tumor
suppressor gene PTEN (red) activates the PI3K/AKT pathway, contributing to cancer progression by enhancing cell proliferation and survival. DUSP4,
a negative regulator of ERK1/2, may experience copy number loss, diminishing its ability to control pathway activity. The intricate nature of the
MAPK/ERK pathway and its crosstalk with other signaling pathways highlight the importance of targeted therapies to disrupt these interactions and

effectively combat cancer.
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MITF, and CREB, leading to the aberrant gene expression that
drives oncogenesis (Figure 5) (52, 53).

BRAF mutations fall into three distinct classes, categorized by their
specific effects. Most of these mutations are located in the kinase
domain. Class I mutations exclusively consist of V600 missense
mutations. In contrast, Classes II and III mutations exhibit a broader
range of diversity, involving different positions and types of mutations,
including missense mutations, insertions, deletions, insertion-deletions,
and gene fusions. Interestingly, depending on the variant, certain
positions can give rise to either class II or class III mutations. For
instance, BRAF p.G469A is classified as a class IT mutation, while BRAF
p-G469E falls into the class III category (54, 55). Presently, there have
been 373 reported BRAF mutations, with 76 of them associated with
pathogenic effects, leading to either an increase or decrease in protein
function. Out of these mutations, 52 mutations are located in the kinase
domain. Classes II and III predominantly revolve around the active site,
explicitly focusing on the region responsible for coordinating the
phosphate tail with Mg>". However, it is important to highlight two
exceptions to these trends. Positions E549 and E586 likely participate in
an unidentified mechanism involving another partner. Consequently,
they were excluded from the dataset, resulting in 50 well-characterized
mutations in the kinase domain: 26 were classified as class IT and 24 as
class IIT (56).

Patients with advanced melanoma can be categorized into two
groups based on their BRAF mutations: V600 and non-V600. These
distinct mutation classes can provide insights into how individuals
will respond to targeted therapies, which has significant implications
for future drug development (57). In a study involving 779 tumor
cases, an automated immunohistochemistry (IHC) staining method
using a mouse monoclonal anti-BRAFY*® (VE1) primary antibody
detected the presence of the BRAFY**°* mutation in 150 cases. These
cases included 38 out of 611 colorectal carcinomas (approximately
6%), 102 out of 127 papillary thyroid carcinomas (about 80%), and 10
out of 41 malignant melanomas (around 24%) (58). In 2011, the FDA
and EMA approved vemurafenib for treating metastatic melanoma
with BRAF® mutations. While some research suggests potential
benefits in continuing vemurafenib treatment after local therapy in
certain patients experiencing progressive disease (PD), those who
extended their vemurafenib treatment for more than 30 days
following local therapy for PD lesions had an indeterminable
median overall survival (OS). Patients who could not continue
treatment with vemurafenib had a median OS of 1.4 months from
the point of disease progression (59).

On the other hand, a combination of vemurafenib and
cobimetinib (GDC-0973), a potent and highly selective inhibitor
of MEK1/2, showed promise and completed a Phase III clinical trial
(CoBRIM; ClinicalTrials.gov identifier: NCT01689519). This
combination extended the median progression-free survival (PES)
for patients receiving cobimetinib and vemurafenib to 12.6 months
(with a 95% confidence interval of 9.5-14.8), while those taking a
placebo alongside vemurafenib had a median PFS of 7.2 months
(with a 95% confidence interval of 5.6-7.5) (60). Additionally,
dabrafenib (GSK2118436), designed for mutated BRAFs, and
trametinib, a specific MEK 1/2 inhibitor, gained FDA approval in
2013 as individual treatments for metastatic melanoma with BRAF
mutations. Their combined use has also received accelerated FDA
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approval. Both drugs target the MAPK pathway, with dabrafenib
inhibiting mutant BRAF and trametinib selectively inhibiting
MEKI1 and MEK2 proteins activated by RAF kinases (61).
Clinical studies have shown dabrafenib’s activity against a broader
range of BRAFY*"'P'R muytations (ClinicalTrials.gov identifier:
NCT01928940, ClinicalTrials.gov identifier: NCT01682213).

The phase III COLUMBUS trial (ClinicalTrials.gov identifier:
NCT01909453) provided a seven-year update on the long-term
efficacy and safety of the combination therapy of encorafenib and

FYVOPK_mutant melanoma (62). The

binimetinib in treating BRA
study compared the outcomes of 577 patients with locally advanced,
unresectable, or metastatic melanoma harboring the BRAFVO00F/K
mutation who were randomized to receive either encorafenib (450
mg once daily) combined with binimetinib (45 mg twice daily),
encorafenib alone (300 mg once daily), or vemurafenib alone (960 mg
twice daily). Results demonstrated that encorafenib and binimetinib
significantly improved PFS and OS compared to the monotherapy
groups. The combination therapy group also exhibited a higher
objective response rate (ORR), indicating a greater proportion of
patients achieving a partial or complete response to the treatment.
The combination of encorafenib and binimetinib was generally well-
tolerated, with adverse events consistent with previous reports and
manageable side effects such as nausea, vomiting, diarrhea, arthralgia,
and fatigue (230%) (62). The combination therapy was associated
with a lower incidence of certain adverse events than the
monotherapy groups, suggesting an improved safety profile. The
study concludes that the encorafenib and binimetinib combination
provides a durable and effective treatment option for patients with
BRAF*™X_mutant melanoma, offering significant improvements
in PFS and OS over monotherapy with vemurafenib or encorafenib.
These findings reinforce the value of combination therapies in
managing advanced melanoma and highlight the ongoing evolution
of targeted therapies in oncology, especially for genetically defined
subsets of cancer patients.

Table 1 concisely overviews pivotal clinical trials evaluating
BRAFi in melanoma patients, outlining key outcomes such as ORR,
PES, and OS.

As mentioned, BRAFi and MEKi have received approval for
treating advanced melanoma with BRAFY** mutations, achieving
response rates as high as 70%. Furthermore, targeted therapy
has demonstrated effectiveness in cases with various non-V600
BRAF mutations. Therefore, employing sensitive, precise, and
comprehensive methods for detecting BRAF alterations is crucial
to accurately match patients with the relevant, targeted treatments.
Moreover, multiple BRAF alterations were detected in melanoma
patients (75). The increased use of susceptible detection methods
like next-generation sequencing has led to the discovery of various
BRAF mutations beyond the V600E/K type in individuals with
melanoma. In patients diagnosed with stage III or IV melanoma,
non-V600 BRAF mutations such as V600R, V600_K601delinsE,
K601E, p.T599_V600insT, L597V, G466R, S467L, and A598T were
observed. BRAF“**°® and BRAF**?*T mutations were not
previously documented in melanoma cases. Four of these patients
received a combination of BRAFi/MEKi, two received BRAFi
monotherapy, and six underwent treatment with immune
checkpoint inhibitors (ICI) for advanced melanoma.
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TABLE 1 Key clinical trials assessing the efficacy of BRAFi in melanoma patients.

Clinical trial (O]3{3¢ Median PFS Median OS Treatment arms Reference
(Months) (Months) (number of patients)

BRIM-3 57% 6.9 13.6 Vemurafenib* (63)
9% 1.6 9.7 Dacarbazine®

BREAK-3 50% 6.9 20 Dabrafenib* (64, 65)
6% 2.7 15.6 Dacarbazine

METRIC 19% 4.9 15.6 Trametinib* (66, 67)
5% 1.6 113 Chemotherapy

COMBI-v 68% 12.1 26 Dabrafenib + Trametinib® (68)
53% 7.3 17.8 Vemurafenib

COMBI-d 70% 10.2 25.8 Dabrafenib + Trametinib (69)
54% 8.8 18.7 Dabrafenib

COMBI-i 68.5 16.2 Not Specified Spartalizumab® + Dabrafenib + Trametinib (70)
64.2 12 Dabrafenib + Trametinib

coBRIM 70% 12.6 22.5 Vemurafenib + Cobimetinib (71)
50% 7.2 17.4 Vemurafenib

COLUMBUS 63% 14.9 33.6 Encorafenib* + Binimetinib" (72-74)
51% 9.6 23.5 Encorafenib
40% 7.3 16.9 Vemurafenib

*BRAFi; iChemotherapy; TMEKi; *Anti—programmed cell death protein-1 (PD-1).
This table summarizes key clinical trials investigating the roles of BRAFi in patients with melanoma, including the ORR, PFS, and OS outcomes.

Additionally, four patients received adjuvant nivolumab,  for BRAFV*°°" mutants is based on their binding mechanism (84).
programmed cell death protein 1 (PD-1) inhibitor antibody (76).  The binding of these inhibitors necessitates the outward movement
Selecting the first-line treatment for those with advanced-stage  of the C-helix, a conformation easily accessible in the monomeric
BRAF-mutant melanoma has posed challenges. Although BRAF-  state (85, 86). This binding mechanism is called “Type 1.5” to
targeted therapy frequently generates higher response rates, ICIs  distinguish it from type I inhibitors, which also occupy the ATP site
typically provide more enduring responses (77). but do not require the C-helix-out conformation (87). When the

Furthermore, in a multicenter study involving metastatic = RAF kinase domain forms dimers, it stabilizes the inward, active
melanoma patients with well-defined BRAF mutations, 856  position of the C-helix, making it difficult for type 1.5 inhibitors to
individuals were selected to analyze BRAF mutation patterns,  bind effectively. As a result, these agents are ineffective against RAF
their response to MAPK pathway inhibitors, and survival  dimers and are termed RAF-monomer inhibitors (88, 89).
outcomes. Among these 856 patients, 51 (approximately 6%) had On the other hand, “Type II” RAF inhibitors have been
non-V600E/K BRAF mutations affecting codons V600 (24 out of  formulated as potent suppressors of RAF dimers (80). A range of
51, 47%, with V600G at 27.4% and V600R at 15.6%), K601 (6 out of ~ compounds that effectively inhibit RAF dimers has been developed.
51, 11.7%), and L597 (4 out of 51, 7.8%). The study revealed an =~ Most of these drugs follow a “Type II” binding pattern, which is
encouraging response to MAPK pathway inhibitors, such as BRAFi  characterized by a “DGF-out” configuration of the kinase (87). The
alone or in combination with MEKi, was observed in 56% (353 out =~ DFG motif, a conserved segment consisting of three residues (Asp-
of 631) of patients with V600E/K mutations with a median PFS of ~ Phe-Gly), is located at the beginning of the kinase activation loop.
7.7 months. Notably, the ORR was higher among patients treated =~ Type II inhibitors interact with or induce a conformational change
with BRAFi and MEKIi than those receiving BRAFi (78). However,  involving a rotational flip of the DFG segment. This repositioning
limited efficacy data is available for patients with less common  redirects the phenylalanine residue toward the ATP site (90).
BRAF mutations. Individuals with uncommon BRAF mutations  Inhibitors following a type II binding mode extend from the ATP
can exhibit a response to targeted treatment, although the  site and insert a hydrophobic group into the region vacated by the
effectiveness appears to be less pronounced when compared to  DFG phenylalanine. Tovorafenib (DAY101), TAK-580, and
V600E mutated melanoma. Combining BRAFi and MEKi offers the  naporafenib (LXH254) are examples of type II inhibitors
most promising treatment for V600 and non-V600 mutations (79).  currently undergoing clinical development (91, 92).

Prominent examples of type II inhibitors in clinical

development include tovorafenib (DAY101 and TAK-580) and

4.2 Classification of BRAFi/MEKi naporafenib (LXH254) (91, 92). These compounds have
demonstrated their potential to effectively inhibit RAF dimers and

Approved combinations of BRAFi and MEKi include represent a promising avenue in cancer treatment. The pyrimidine
dabrafenib/trametinib, vemurafenib/cobimetinib, and encorafenib/  ring of tovorafenib establishes two critical hydrogen bonds with the
binimetinib (Figure 6) (83). The selectivity of these BRAF inhibitors  kinase hinge: one with the backbone amide of C532 and another
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Structural insights into BRAF and interactions with BRAFi. The activation segment typically starts with a sequence of amino acid residues referred to
as DFG, which signifies Aspartate (D), Phenylalanine (F), and Glycine (G). In the inactive state (A, B), the phenylalanine side chain occupies the ATP-
binding pocket. In contrast, the aspartate side chain points away from the active site, resulting in the DFG-out conformation. The type Il BRAFi
naporafenib binds to BRAF in its inactive form [PDB ID: 8F7P (80)]. In contrast, the active state (C, D) involves the phenylalanine side chain rotating
out of the ATP-binding pocket, with the aspartate side chain turning inward to enter the ATP-binding pocket and coordinate with Mg?*, creating the
DFG-in conformation. In this configuration, BRAF is bound to (C) dabrafenib [PDB ID: 4XV2 (81)] and (D) two chemically linked vemurafenib

molecules [PDB ID: 5JRQ (82)]

with its carbonyl group. Moreover, tovorafenib’s trifluoromethyl-
substituted pyridine ring fits neatly within a hydrophobic pocket left
vacant by DFG phenylalanine (F595), forming critical interactions.
Similarly, naporafenib interacts with specific amino acid positions,
with its central phenyl ring occupying the space between T529 and
K483 and its trifluoromethyl pyridyl moiety nestled in the
hydrophobic pocket (80).

However, the complexities of RAF kinase inhibitors extend
beyond their binding mechanisms. The formation of homo- and
hetero-dimers involving different RAF isoforms has led to
paradoxical activation effects. Inactive RAF kinase domains do
not form dimers, but several BRAFi disrupt this autoinhibited
complex, unexpectedly facilitating the activation of the partner
kinase in the dimer. These inhibitors stabilize the active state in
the partner kinase, which is accessible from the inhibitor when
present at sub-saturating concentrations (93).

An intriguing approach to addressing these challenges is using
the allosteric characteristics of RAFi and MEKi. Allosteric BRAFi
has shown potential in disrupting BRAF dimers and countering
overactive MAPK signaling resulting from oncogenic BRAF or RAS
mutations. Computational methods have been employed to design
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peptide-based inhibitors, such as braftide, targeting the dimer
interface of BRAF. These inhibitors have exhibited strong
effectiveness in inhibiting the kinase activity of both BRAF
homodimers and heterodimers (94). Additionally, ponatinib, an
FDA-approved drug, can inhibit BRAF monomers and dimers.
Ponatinib binds to the BRAF dimer and causes a specific change in
the oC-helix, an essential part of the protein’s structure. These
structural insights have led to the development of ponatinib hybrid
inhibitor 1 (PHI1), a novel inhibitor selectively targeting BRAF
dimers inside cells (95). MEKi also plays a crucial role in this
intricate network and binds to allosteric sites, interacting with
specific amino acid residues in MEK through which critical
structural elements, such as the activation loop, are stabilized.
This conformational change locks MEK into a unique state
necessary for its proper inhibition (96).

However, a new class of RAF inhibitors, referred to as “paradox
breaker” inhibitors, presents a promising advancement in the field.
Notable examples include PLX7904, PLX7922, and PLX5568. These
compounds have shown the capability to disrupt RAF dimerization.
In addition, PLX7904 and its optimized version, PLX8394, share a
structural resemblance to vemurafenib. Analyzing the crystal

frontiersin.org


https://doi.org/10.3389/fonc.2024.1504142
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Imani et al.

structure of PLX7904 bound to BRAFY*F revealed a binding mode
akin to vemurafenib. Importantly, the N-ethyl methyl group of
PLX7904 occupies the same internal pocket as vemurafenib’s propyl
group but forms closer interactions with Leu505, a key kinase
regulatory residue in the a.C helix (81).

Additionally, PLX4032 (RG7204), an effective BRAFi,
exhibited substantial inhibitory effects on the RAF/MEK/ERK
pathway in cells with BRAF mutations. PLX4032 binds to one of
the protomers in its crystal structure, inducing the DFG-in
conformation. This binding forms a unique hydrogen bond
between D594’s backbone NH and PLX4032’s sulfonamide
nitrogen. Furthermore, PLX4032 causes an outward shift in the
regulatory o.C helix, likely contributing to its distinct impact on
RAF dimerization compared to other inhibitors like AZD-628 and
GDC-0879. These findings highlight the potential of these
inhibitors in targeting RAF kinases with novel mechanisms of
action (97).

These discoveries highlight the diverse strategies and
approaches in targeting RAF kinase inhibition, with potential
implications for cancer therapy. From Type I and Type II
inhibitors to allosteric inhibitors and “paradox breaker”
compounds, these advancements are reshaping our understanding
of kinase regulation and offering new avenues for precision
medicine in cancer treatment.

5 FDA-approved BRAF inhibitors —
clinical background

5.1 Vemurafenib

5.1.1 Vemurafenib in BRAF-mutated
melanoma treatment

Approximately half of melanoma cases involve BRAFY®%
mutations, and early trials indicated promise for vemurafenib, an
oral BRAFi. A phase II trial enrolled 132 patients, examining how
vemurafenib influenced tumor response rates, response duration,
and OS (ClinicalTrials.gov identifier: NCT00949702). Results
revealed a confirmed response rate of 53%, with 6% achieving a
complete response and 47% a partial response. Responses typically
endured for around 6.7 months, and PFS averaged about 6.8
months. Only 14% of patients experienced primary progression,
and some maintained their response even after six months of
vemurafenib treatment. Median OS reached roughly 15.9 months.
In this study, with a substantial follow-up period, the median OS
reached about 16 months, and it was indicated that vemurafenib
delivered clinical benefits to over half of the previously treated

FVGOO

metastatic melanoma patients with BRA mutations (98).

5.1.2 Vemurafenib versus dacarbazine

Vemurafenib demonstrated a strong response in over 50% of

V600E
F 600

patients with metastatic melanoma with BRA mutation. In a

phase III randomized trial comparing vemurafenib to dacarbazine
(an alkylating chemotherapy) in 675 previously untreated

E
FV600

metastatic melanoma patients with the BRA mutation,
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vemurafenib showed remarkable results (ClinicalTrials.gov
identifier: NCT01006980). At the 6-month, vemurafenib achieved
an 84% OS rate, while dacarbazine yielded 64%. Response rates
were notably higher, with vemurafenib at 48% compared to
dacarbazine’s 5% (99).

5.1.3 Subgroup Analysis, BRAFY6°°F and
BRAFV%%% Mutations

The impact of vemurafenib and dacarbazine on patients with
advanced melanoma carrying BRAFY’® mutations, explicitly
focusing on the BRAFY*®°F and BRAF'**°" mutation subgroups,
was thoroughly investigated. In the context of patients with
BRAFVF disease, constituting 91% of the total, vemurafenib
exhibited a significant advantage in terms of both OS (13.3
months compared to 10.0 months for dacarbazine) and PFS (6.9
months compared to 1.6 months). For the smaller subgroup with
BRAFVK disease, comprising 9% of the total, vemurafenib
showcased a substantial improvement in both OS (14.5 months
compared to 7.6 months with dacarbazine) and PFS (5.9 months
compared to 1.7 months) (63).

5.1.4 Long-Term Vemurafenib Safety

Vemurafenib showed effectiveness and safety in a diverse group
of patients with specific genetic mutations in advanced melanoma
(ClinicalTrials.gov identifier: NCT01307397). These results were
consistent with earlier drug studies. After a two-year monitoring
period, the safety of long-term vemurafenib treatment remained
consistent among a substantial cohort of patients (N=3219) afflicted

FV% mutations. This

with metastatic melanoma carrying the BRA
patient group represents a more real-world clinical practice
scenario, differing from the usual clinical trial populations. These
findings indicate that extended vemurafenib therapy is both
practical and well-tolerated, with no emergence of new safety

concerns (100).

5.1.5 Vemurafenib combined with
cobimetinib MEKi

The combination of MEKi with BRAFi was also clinically tested
for patients with melanoma. Combining a MEKi with a BRAFi has
shown enhanced efficacy in inhibiting tumor growth, delaying
acquired resistance development, and eliminating paradoxical
activation of the MAPK pathway in preclinical models of BRAF-
mutated melanoma. A randomized phase III clinical trial was
investigated concurrently using the vemurafenib and the MEKi
cobimetinib (ClinicalTrials.gov identifier: NCT01271803).
Administering vemurafenib and cobimetinib at their maximum
tolerated doses proved safe and well-tolerated. This combination
therapy displayed promising anti-tumor activity, particularly in
patients with advanced BRAF(V600)-mutated melanoma without
a BRAFi (101).

Another Phase III study indicated that adding cobimetinib to
vemurafenib significantly improved PFS in patients with

E .
FYV60°E mutations.

metastatic melanoma harboring the BRA
However, this improvement was accompanied by a slight

increase in treatment-related side effects (ClinicalTrials.gov
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identifier: NCT01689519). In this study involving 495 previously

pYeoo mutations,

untreated melanoma patients with the BRA
researchers assessed the combination of vemurafenib and
cobimetinib versus vemurafenib alone. The combination therapy
resulted in significantly prolonged PFS (9.9 months vs. 6.2
months) and higher rates of complete or partial responses (68%
vs. 45%). Furthermore, the combination therapy demonstrated

better nine-month survival (81% vs. 73%) (102).

5.1.6 Combination of Vemurafenib with Immune
Cell Therapy

In parallel, innovative approaches like combining vemurafenib
with tumor-infiltrating lymphocytes (TILs) demonstrated exciting
clinical responses, offering new avenues for melanoma research. A
pilot clinical trial demonstrated the safety and feasibility of
administering vemurafenib in combination with TILs to treat
metastatic melanoma. This treatment approach was well-tolerated
and exhibited a safety profile like TIL or vemurafenib alone.
Remarkably, 64% of patients achieved an objective clinical
response, with 18% of complete responses for up to three years.
In vitro studies revealed that vemurafenib could inhibit the
proliferation and viability of TILs and peripheral blood T cells.
However, the T cell receptor repertoire and the ability of T cells to
recognize autologous tumors remained unchanged between pre-
and post-vemurafenib treatment (103).

These findings collectively support vemurafenib as a
cornerstone in treating BRAF-mutated melanoma, offering hope
and improved outcomes for patients facing this challenging disease.
Vemurafenib was among the pioneering BRAF inhibitors approved
for treating BRAF-mutated melanoma. It has demonstrated
significant efficacy in clinical trials, with notable benefits such as
high tumor response rates and improved OS. Vemurafenib has also
been explored in combination therapies with MEKi, such as
cobimetinib, which has enhanced anti-tumor activity. However, it
is worth noting that some patients on vemurafenib have
experienced side effects, including the development of secondary
cutaneous cancers.

5.2 Dabrafenib

5.2.1 Dabrafenib in BRAF-mutated
melanoma treatment

Dabrafenib (GSK2118436) has demonstrated significant efficacy
as an anticancer drug, particularly benefiting patients with
melanoma characterized by BRAF gene mutations. A preliminary

V600E
FY%°F melanoma and

clinical study evaluated 76 patients with BRA
16 patients with BRAFY**°% melanoma mutations. Among those
with BRAFVOE 45 patients (59%) exhibited a confirmed response,
including five patients (7%) with complete responses. In contrast,
two patients (13%) with BRAFYK mutation had confirmed partial
responses. Importantly, baseline cfDNA levels proved predictive of
response rate and PFS in patients with BRAEV*®F melanoma

mutations (104).
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5.2.2 Dabrafenib combined with Trametinib MEKi
Trametinib, a MEKij, has significantly improved chemotherapy in

FYe%EK mutations (67).

patients with metastatic melanoma with BRA
Consequently, the combination of dabrafenib and trametinib, when
compared to dabrafenib monotherapy, demonstrated significant
enhancements in PFS and overall response rates for previously
untreated metastatic melanoma patients with BRAFY®0°F/K
mutations (ClinicalTrials.gov identifier: NCT01584648). The study
revealed a median PFS of 9.3 months for the combination group,
representing a 25% reduction in the risk of progression or death
compared to dabrafenib alone. The overall response rate was also
higher in the combination group (67%) compared to the dabrafenib-
only group (51%) (105).

In a separate phase III study involving patients with advanced
stage IIIC/IV metastatic melanoma (ClinicalTrials.gov identifier:
NCT01584648), the advantages of combining dabrafenib with
trametinib were once again demonstrated, leading to prolonged
OS compared to using dabrafenib alone (69). Notably, circulating
tumor DNA (ctDNA) emerged as a potential biomarker for
predicting patient survival in those receiving dabrafenib and
trametinib combination therapy. Detectable ctDNA levels have
correlated with poorer outcomes, particularly in cases with
elevated lactate dehydrogenase levels (106).

Despite advancements in adjuvant melanoma therapy, early
recurrence remains a significant challenge in clinical practice. A
retrospective multicenter study examined stage III-IV melanoma
patients treated with adjuvant nivolumab, pembrolizumab, or
dabrafenib+trametinib, estimating the 12-month recurrence-free
survival (RFS). The study findings indicate that total lymph node
dissection does not decrease the risk of early melanoma recurrence
and should be considered only in specific cases. While PD-1
blockade emerged prominently in adjuvant melanoma therapy, all
available adjuvant treatments for high-risk melanoma patients offer
value, broadening treatment choices. Comparisons among these
studies suggest that although adjuvant BRAF+MEK inhibition
demonstrated improved 12-month RFS, differences in RFS
diminish over time (107).

The approach to treating BRAF-mutated melanoma still lacks
effectiveness despite the advancement in prognosis for advanced
melanoma due to immune checkpoint inhibition. Targeted therapy
swiftly manages the disease in many patients, but the emergence of
secondary resistance shortens response duration. On the other
hand, immunotherapy might trigger slower yet longer-lasting
responses in specific patient groups. Hence, finding a combined
approach using these therapies holds promise. Presently, varying
data exist, yet most studies suggest that administering BRAFi/MEKi
before ICIs potentially diminishes the effectiveness of
immunotherapy (108).

On the other hand, discontinuation of dabrafenib and
trametinib due to treatment-related adverse events (TRAEs) of
any severity stood at 9%. Other reasons for stopping treatment
included patient-driven decisions (6%), decisions by physicians
(6%), adverse events unrelated to treatment (3%), disease
progression (5%), and various other causes (5%). The median
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duration until treatment discontinuation was nine months. Severe
(Grade 3-4) TRAEs occurred in 21.5% of patients, with the most
prevalent being fever (3%), fatigue (3%), and diarrhea (3%).
Unplanned hospitalizations and clinical examinations were
observed in 6% and 22% of patients. Over a median follow-up of
20 months (with a 95% CI of 18-22), disease progression led to the
passing of 9% of patients, while the 12-month rates for relapse-free
survival and OS stood at 95.3% and 100%, respectively (109).

Although treating BRAF-mutant melanoma with BRAF and
MEK inhibition has shown effectiveness despite notable treatment-
related side effects, the scrutiny of drug-drug interactions impacting
the toxicity linked to anti-BRAF/anti-MEK therapy has become
imperative. These interactions are especially concerning due to their
potential impact on treatment-related cardiovascular toxicity.
Understanding and addressing drug-drug interactions, as a
critical safety concern and a pivotal theme in precision medical
oncology, are essential to promote optimal adherence to cancer
treatment and reduce associated toxicities, notably the notably
heightened risk of cardiovascular complications (110).

5.2.3 Dabrafenib Approvals

Finally, the series of approvals, from monotherapy to
combination treatments, reflects the growing recognition of
dabrafenib’s significance in melanoma treatment. These
milestones signify a continued commitment to advancing targeted
therapies, providing new avenues of hope for patients facing this
challenging disease. In the United States, dabrafenib received the
first global approval in 2013 as a monotherapy for patients with the
BRAFV*" mutation and unresectable or metastatic melanoma
(111). In 2018, the FDA formally authorized dabrafenib
(TAFINLAR, Novartis) and trametinib (MEKI NIST, Novartis) as
supplementary treatments for individuals with melanoma with
BRAFV®0E o BRAFVO0K genetic mutations. Furthermore, on
June 22, 2022, the FDA approved the combination of dabrafenib
and trametinib to treat patients aged six and older with advanced
FV%E mutation (112). These

approvals signify the continued advancement of targeted

solid tumors carrying the BRA

therapies in melanoma treatment.

5.3 Encorafenib

5.3.1 Encorafenib combined with
Binimetinib MEKi

Encorafenib is another medication explicitly targeting tumors
with the BRAFV*°°F mutation. A recent phase Ib/II study investigated
the combination of encorafenib (BRAFi) and binimetinib (MEKi),
two inhibitors of the BRAF pathway, in patients with solid tumors
carrying this mutation (ClinicalTrials.gov identifier: NCT01543698).
Notable responses were observed in phase II, with 18% in metastatic
colorectal cancer, 42% in anti-BRAF-pretreated melanoma, and 67%
in treatment-naive melanoma. This combination therapy displayed
manageable side effects and promising activity in patients with
BRAFV*E_mutant tumors. Its safety profile was consistent with
other approved BRAFi plus MEKi regimens, with some differences,
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including lower rates of specific adverse events like fever, joint pain,
and photosensitivity (113).

Another clinical study compared the combination of
encorafenib and binimetinib with vemurafenib (ClinicalTrials.gov
identifier: NCT01909453). In this study, 577 out of 1345 screened
patients were randomly assigned to receive either encorafenib plus
binimetinib (192 patients), encorafenib alone (194 patients) or
vemurafenib (191 patients). The median follow-up period was
16.6 months. Encorafenib plus binimetinib demonstrated superior
PES with a median of 14.9 months compared to 7.3 months for
vemurafenib. There were no treatment-related deaths, except one
possibly related to treatment in the combination group. Therefore,
encorafenib plus binimetinib showed improved efficacy and a better
tolerability profile than encorafenib or vemurafenib, offering a
potential treatment option for patients with BRAF-mutant
melanoma (72). After a five-year follow-up, the median duration
of response in the encorafenib plus binimetinib group was 18.6
months, and disease control was achieved in 92.2% of
patients (114).

Both trials explored the combination of encorafenib and
binimetinib, showing promising results in patients with
BRAFV*°°® tumors. The second trial compared this combination
to vemurafenib, demonstrating its superiority in terms of PFES.
These findings offer potential treatment options for patients with
BRAFY°°F melanoma, which reached FDA approval in 2018 (115).

6 BRAF/MEK inhibitors in melanoma
brain metastases

Brain metastasis is a common and severe complication in
melanoma patients with BRAF and NRAS mutations, often
resulting in a poor prognosis. While BRAF inhibitors have been
approved for the treatment of melanoma, their limited ability to
cross the blood-brain barrier restricts their effectiveness against
brain metastases. The presence of brain metastases signifies disease
progression in a substantial portion of melanoma patients,
presenting a significant challenge to treatment efficacy.
Understanding the mechanisms underlying the development and
maintenance of melanoma brain metastases is critical for
innovating new treatment strategies. Consequently, there is a vital
need for enhanced treatments targeting melanoma brain metastasis.

Vemurafenib has shown activity in patients with BRAF®%
mutation-positive melanoma and brain metastases. Despite this,
many patients in a phase II clinical trial yield to disease progression.
The study indicated that vemurafenib could achieve clinically
meaningful responses in melanoma brain metastases while
maintaining a tolerable safety profile and without substantial
central nervous system (CNS) toxicity (116). Challenges in
accurately measuring brain metastases likely caused discrepancies
between investigator assessments and independent review
committee determinations. The data suggest that brain metastases
in BRAF-mutant melanoma are less responsive to BRAF inhibition.
This reduced responsiveness may be due to different tumor
characteristics of brain metastases, varying characteristics between
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BM and extracranial metastases in patients with brain metastases,
or differences in drug concentrations between intracranial and
extracranial metastases.

In addition, the role of lactate dehydrogenase (LDH) level as a
biomarker for patients receiving the combination of dabrafenib
with trametinib was also reported (117). Brain metastases and LDH
levels above the normal range are linked to poor prognosis in
melanoma patients. While the combination treatment of the BRAFi
dabrafenib and the MEKi trametinib has displayed prolonged
clinical advantages in melanoma patients, there is limited data on
their effectiveness in those with brain metastases. In this analysis,
which focused on 325 assessable patients receiving first-line
therapy, 76 patients (23.4%) had brain metastases at the study’s
outset. The median PFS was initially shorter for patients with brain
metastases than the overall patient population (8.7 months vs. 9.3
months, respectively). Patients diagnosed with brain metastases and
elevated LDH levels experienced notably shorter mPFS compared to
those with LDH levels in the normal range (118). The findings
support the efficacy of dabrafenib plus trametinib in a real-world
setting among patients with advanced BRAFV600-mutated
melanoma and baseline brain metastases, indicating its potential
utility in this group with typically poor outcomes (118).

In parallel, belvarafenib, a pan-RAF inhibitor, has been shown
to encourage anticancer activity in preclinical melanoma models
and patients with BRAF and NRAS mutations. Nonetheless,
additional studies are necessary to verify its ability to penetrate
the brain and its effectiveness against brain metastases. Belvarafenib
exhibited robust melanoma growth suppression in mice with
BRAFV®°°F mutations and significantly inhibited tumor
progression in mice with NRAS mutations (119). Additionally, it
showed enhanced anticancer effects when combined with
cobimetinib or atezolizumab. Pharmacokinetic studies revealed
that orally administered belvarafenib achieved significant
concentrations in the brains of mice and rats, with brain levels
comparable to or exceeding those in the blood. Belvarafenib’s
effective brain penetration sets it apart from other BRAF
inhibitors, which generally show poor ability to penetrate the
brain. Significantly, belvarafenib substantially decreased tumor
size and enhanced survival in mice with intracranially implanted
A375SM melanoma cells. These results highlight the potential of
belvarafenib as a promising therapy for patients with BRAF/NRAS
mutant melanoma brain metastasis due to its capability to cross the
blood-brain barrier and its anticancer solid effects (119).

Furthermore, the POLARIS phase II study (ClinicalTrials.gov
identifier: NCT03911869) evaluated the combination of encorafenib
and binimetinib in patients with BRAFY***-mutant melanoma and
asymptomatic brain metastases who had not previously received
BRAF/MEK inhibitors. The results indicated a 60% brain metastasis
response rate among evaluable patients, with a 67% brain metastasis
response rate in the phase II cohort, demonstrating a promising
outlook for this combination therapy. The safety profile was
consistent with previous reports of standard-dose encorafenib
combined with binimetinib (120).

Another study analyzed transcriptome and methylome profiles of
melanoma brain metastases with varying tumor-associated microglia
and macrophages (TAMs) levels. Prognostic markers such as
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Amyloid beta A4 precursor protein-binding family B member 1-
interacting protein (APBBI1IP) and the interferon-responsive gene
ITGB7 were identified, suggesting a favorable disease course and
response to ICI therapy (121). Cases with elevated ITGB7/APBBIIP
levels displayed a significant association between TAM presence and
immune score. Signature-based deconvolution analysis revealed
enrichment of interferon-response and immune signatures in
melanoma brain metastasis samples, highlighting pathways related
to inflammation, stress, and c-MET receptor signaling. Activation of
the c-MET in brain-colonizing melanoma cells was found to promote
tumor growth, potentially counteracting the effects of ICI therapy.
Targeting the ¢-MET with inhibitors such as PHA-665752 and
ARQI197 (tivantinib) demonstrated significant responses in brain
metastasis-derived cell lines in vivo, suggesting the potential of MET-
targeted therapy in managing melanoma brain metastases and
improving patient outcomes (121).

Collectively, these findings illustrate the evolving landscape of
melanoma treatment, particularly for patients with brain
metastases. The challenges posed by brain metastases necessitate a
multifaceted approach, integrating advanced targeted therapies like
BRAF/MEK inhibitors and novel agents such as belvarafenib and
leveraging the profound impact of immune checkpoint inhibitors.
Continued research and clinical trials are paramount to optimizing
these therapeutic strategies, improving brain penetration, and
enhancing patient outcomes.

7 BRAFi/MEKi combined
with immunotherapy

Researchers have a growing emphasis on combining BRAFi,
which targets specific genetic mutations in melanoma, with
immunotherapy in the treatment of melanoma (122). This
approach seeks to optimize treatment efficacy by simultaneously
targeting cancer cells directly and enhancing the body’s immune
response against the disease. For example, the SECOMBIT trial
(ClinicalTrials.gov identifier: NCT02631447) enrolled participants
from various countries with untreated advanced melanoma
characterized by the BRAFY®? genetic mutation. These individuals
were categorized into three arms of the trial: Arm A, where patients
initially received encorafenib plus binimetinib, followed by
ipilimumab, a CTLA-4 inhibitor, plus nivolumab, a PD-1 inhibitor;
Arm B, where patients started receiving ipilimumab plus nivolumab
and subsequently received encorafenib plus binimetinib; and Arm C,
where patients were initially administered with encorafenib plus
binimetinib, followed by ipilimumab plus nivolumab, and then
returned to encorafenib plus binimetinib. The study included a
total of 209 patients. After an average follow-up period of
approximately 32 months, none of the groups reached a median
OS, signifying prolonged survival for all participants. All three groups
exhibited favorable 2-year and 3-year survival rates, ranging from
54% to 73% (123). Furthermore, no newly identified safety concerns
arose. Intriguingly, this research underscores that the combination of
sequential immunotherapy and targeted therapy confers substantial
survival advantages to individuals with BRAFY®00-mutant
melanoma (123).
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Conversely, the ImmunoCobiVem study (ClinicalTrials.gov
identifier: NCT02902029) aimed to investigate atezolizumab, a PD-
L1 inhibitor, after initial doses of vemurafenib plus cobimetinib for
advanced melanoma with the BRAF'*® mutation to achieve more
prolonged survival. Switching to atezolizumab after three months led
to rapid disease progression. However, it offered a potential survival
benefit after two years compared to staying on the initial targeted
therapy (124). On the other hand, in the extended follow-up of the
IMspirel50 trial (ClinicalTrials.gov identifier: NCT02908672), it was
found that there was no significant increase in OS when using
atezolizumab, vemurafenib, and cobimetinib compared to
vemurafenib and cobimetinib alone for patients with advanced
FY%% mutation (125).

Although administering anti-PD1 or trametinib for melanoma

melanoma carrying the BRA

adjuvant therapy was effective, the results suggest a shift toward a
less aggressive surgical approach in melanoma treatment (126).
Nevertheless, the final analysis to determine whether long-term
treatment with this combination of three drugs can result in a
meaningful OS improvement compared to using only vemurafenib
plus cobimetinib is pending (125). Similarly, preclinical research
suggests combining an anti-PD-1 antibody with dabrafenib and
trametinib is more effective against tumors than using dabrafenib
and trametinib alone. This concept is supported by evidence
demonstrating that combining ICIs with targeted therapy could
enhance treatment outcomes for patients with BRAFY®0-mutant
metastatic melanoma. In the COMBI-i phase III trial
(ClinicalTrials.gov identifier: NCT02967692), spartalizumab, an
anti-PD-1 antibody, was tested in combination with dabrafenib
and trametinib in patients with unresectable or metastatic
melanoma carrying the BRAFY®’ mutations. Unfortunately, the
study did not achieve its primary objective, and therefore, using
spartalizumab-dabrafenib-trametinib as a first-line treatment for all
patients is not recommended based on these findings. Further
research may help identify specific patient groups who could
benefit from combining ICIs and targeted therapy (Figure 7A) (70).

In a study from June 2016 to August 2018 involving 33
advanced melanoma patients, combining pembrolizumab with
dabrafenib and trametinib displayed superior efficacy over
pembrolizumab alone. Adverse effects (Grade 3-4 TRAE) varied
among cohorts (12%, 12%, 50%, and 63%), and planned targeted
therapy rates differed (88%, 63%, and 38% in cohorts 2, 3, and 4).
Cohort 4 exhibited lower ORR at weeks 6 and 18. Median PFS was
10.6 months for pembrolizumab alone and unreached for
combination therapy. Landmark PFS rates varied at 2 and 3
years. The combination therapy was better tolerated and
manageable than continuous triple therapy (127).

Furthermore, in a cohort study of advanced cutaneous
melanoma patients, exposure to immune checkpoint inhibitors or
BRAFi/MEKi increased the risk of uveitis compared to the general
population. These findings highlight a heightened uveitis risk with
immune checkpoint therapy and BRAF/MEK targeted therapy,
emphasizing the need for ocular monitoring during treatment
(128). Patients with advanced melanoma treated with immune
checkpoint inhibitors may experience ongoing disease control
after treatment discontinuation without subsequent systemic
anticancer therapy (129).
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In metastatic melanoma patients with BRAFVO00F/K mutations,
first-line immune checkpoint inhibitors showed superior survival
outcomes compared to BRAFi/MEKi. A retrospective study of 40
patients receiving BRAFi/MEKi post-immunotherapy found a
median OS of 20.3 months (130). Additionally, in advanced
BRAF wild-type melanoma patients, a retrospective study
comparing dual ICI with single ICI initially suggested better OS.
Dual ICI exhibited more frequent and severe immune-related
adverse events, necessitating increased systemic corticosteroid use
compared to single ICI. While limited by the study’s retrospective
nature and small sample size, a non-significant trend towards
improved OS with dual ICI in BRAF V600 wild-type advanced
melanoma was observed. Further research is needed to validate
these findings (131).

Furthermore, among advanced melanoma patients treated with
first-line ICI, NRAS mutations were commonly observed, primarily
Q61R and Q61K (present in 49% of 637 patients) (Figure 7A).
However, NRAS status did not significantly affect PFS or OS with
either anti-PD1 monotherapy or anti-PD1 plus anti-CTLA4
therapy. ORRs were similar between NRAS-mutated and
wild-type patients, with no correlation between NRAS mutations
and PD-L1 expression (>5%). Factors such as high lactate
dehydrogenase and brain metastases were associated with
increased mortality risk (132). Another investigation using Dutch
Melanoma Treatment Registry data from 2012 to 2021 explored the
effect of genetic mutations on ICIs in advanced melanoma. Among
1764 patients receiving anti-PD-1 and 759 undergoing ipilimumab-
nivolumab therapy, no significant distinctions were observed with
anti-PD-1. However, ipilimumab-nivolumab illustrated extended
median PFS in BRAF-mutant (9.9 months) compared to NRAS-
mutant (4.8 months). Ipilimumab-nivolumab showed advantages
for BRAF mutations, implying their relevance in selecting between
single or combined checkpoint inhibition for advanced melanoma
therapy (133).

The landscape of malignant melanoma treatments has
undergone substantial changes in recent years. However,
disparities between clinical trials and actual clinical practice are
inevitable, owing to various patient-specific factors such as prior
adjuvant therapy efficacy, diverse metastatic lesions, including brain
metastases, and existing medical conditions (134). The debate over
selecting ICIs and targeted therapies as the first-line approach has
been ongoing. Notably, the outcomes from two significant clinical
trials, the DREAMseq trial (135) and the SECOMBIT trial (123),
have recently been published. Both trials showcased improved OS in
melanoma patients treated with a first-line combination of
nivolumab and ipilimumab therapy. The Kaplan-Meier OS curves
observed in these trials reflect the distinct characteristics of targeted
therapies, displaying a high response rate but short response
duration, and ICIs, exhibiting a relatively low response rate but
prolonged response duration.

However, in a murine melanoma model, combining BRAFi, anti-
PD1, and OncoVEX™MESF (an oncolytic virus) showed enhanced
efficacy in controlling tumor growth compared to single treatments.
Mice receiving this triple combination had reduced tumor growth
and prolonged survival. The combo increased cytotoxic T
Lymphocytes (CTLs) and decreased T regulatory cells (Tregs) in
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FIGURE 7
Combination therapy of melanoma using BRAF, MEK, and immune checkpoint inhibitors. (A) In melanoma, triple therapy integrates BRAFi, MEKi, and
immune checkpoint inhibitors (ICI) to combat cancer cells via diverse pathways. BRAFi and MEKi disrupt cancer cell signaling, while ICI boosts the
anticancer immune system. This strategy enhances treatment efficacy, overcomes resistance, and potentially elevates outcomes for advanced
melanoma patients. (B) BRAF mutations in untreated melanoma shape distinct immune environments, marked by reduced CD8" T cells and elevated
CD4* T cells. Metastatic BRAF-mutant melanomas display elevated CD4" T and B cells but reduced CD8* T cells.

tumors, favorably altering the immune microenvironment.
Immunogenomic analysis revealed elevated Thl and interferon-
related genes. These findings suggest a strong rationale for
combining targeted agents, oncolytic viruses, and checkpoint
inhibitors for melanoma treatment, highlighting their potential
synergistic effects (136). In treatment-naive melanoma, BRAF
mutations shape distinct immune landscapes. BRAF-mutant
melanomas exhibit fewer CD8" T cells and more B cells and CD4"
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T cells than BRAF wild-type tumors. Data from single-cell RNA
sequencing, bulk RNA sequencing, flow cytometry, and
immunohistochemistry validated these differences.

Interestingly, BRAF-mutant metastatic melanomas have
increased CD4" T cells and B cells but reduced CD8" T cell
infiltration versus BRAF wild-type samples. B cells in BRAF-
mutant cases are potentially associated with improved survival,
while Th2 cells relate to prolonged survival in BRAF wild-type
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cases. These findings suggest a unique immune microenvironment
in BRAF-mutant melanomas that may contribute to better
responses to ICI (Figure 7B) (137).

8 Future directions

8.1 Melanoma treatment and
current limitations

Regarding melanoma treatment, three combinations of BRAF
and MEK inhibitors have received approval from the FDA:
vemurafenib plus cobimetinib, dabrafenib plus trametinib, and
encorafenib plus binimetinib. Furthermore, combination therapy
has demonstrated efficacy in treating melanoma brain metastases,
although the responses have limitations (138). The FDA approved
vemurafenib on August 17, 2011, based on the outcomes of the
BRIM-3 trial (ClinicalTrials.gov identifier: NCT01006980), for
treating patients with unresectable or metastatic BRAFY*F
melanoma (99). Similarly, dabrafenib received FDA approval on
May 29, 2013, relying on the findings from the BREAK-3 trial
(ClinicalTrials.gov identifier: NCT01227889) for the treatment of
patients with unresectable or metastatic BRAFYC00E-mutated
melanoma (Table 1) (111). More recently, based on the
COLUMBUS trial (ClinicalTrials.gov identifier: NCT01909453),
encorafenib and binimetinib secured approval for patients with
unresectable or metastatic melanoma carrying BRAFY0OF/K
mutations (72). While vemurafenib, dabrafenib, and encorafenib
all belong to the class of BRAF inhibitors used to treat BRAF-
mutated melanoma, the selection among them may hinge on
various factors, including the patient’s specific mutation,
treatment history, and individual tolerance to side effects.
Combination therapies, particularly those involving MEKi like
cobimetinib or trametinib, have generally exhibited superior
outcomes to monotherapy and are increasingly incorporated into
clinical practice. Furthermore, a comparative study was conducted
to assess the cost-effectiveness of three combinations of BRAFi
(encorafenib+binimetinib, cobimetinib+vemurafenib, and
dabrafenib+trametinib) in managing melanoma from the
perspective of a healthcare insurance provider in the United
States. The findings of this study indicated that encorafenib
+binimetinib emerged as the most cost-effective choice when
compared to cobimetinib+vemurafenib and dabrafenib
+trametinib (139).

The major limitation of BRAF/MEK-based targeted therapy is
the therapeutic resistance, which can be driven by aberrant pathway
activation, metabolic reprogramming, and alterations in melanoma
cells’ genetic and epigenetic landscape. Vemurafenib and
dabrafenib have shown significant efficacy in BRAFY***F-mutated
melanoma. Similarly, MEKi, such as trametinib and cobimetinib,
provide alternative or combinatorial therapeutic options for
patients with RAS/RAF/MAP pathway-driven cancers.

However, BRAFi, such as vemurafenib, dabrafenib, and
encorafenib, primarily used to treat BRAF-mutated cancers,
particularly melanoma, have been found to have unintended off-
target effects on endothelial cells, leading to significant vascular
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complications (140). The study highlights the crucial role of
endothelial cells in maintaining vascular barrier function and how
BRAFi disrupts this barrier by targeting the MAPK/ERK signaling
pathway and interfering with other signaling pathways that regulate
cytoskeletal dynamics and cell junction integrity. This disruption
leads to increased vascular permeability, as evidenced by disruption
of vital junctional proteins such as cadherin-5 (VE-cadherin) and
claudin-5. The off-target effects of BRAFi on endothelial cells pose
potential risks for patients, including enhanced metastatic potential
of tumor cells and complications related to vascular leakage. These
findings underscore the importance of monitoring vascular health
in patients treated with BRAFi and the need for strategies to
mitigate these side effects—developing more selective BRAFi that
minimizes off-target effects that protect endothelial integrity
(Figure 8) (140).

8.2 Perspective druggable targets for
melanoma patients

Personalized therapy in melanoma encounters a significant
challenge due to the lack of precise diagnostic markers, especially
in the context of BRAF/NRAS-driven melanomagenesis (Figure 8).
Exploration in this sphere has revealed potential candidates, namely
ERK5 (14), CD73 (16), the aldehyde dehydrogenase 1 family,
member Al (ALDH1A1) (141), phosphatidylserine-specific
phospholipase Al-alpha (PLA1A) (5), and dermokine (DMKN)
(142), as promising avenues for addressing diagnostic hurdles while
facilitating tailored therapeutic decisions.

Recently, a retrospective study investigated the efficacy and
safety of regorafenib, a multitargeted kinase inhibitor, in 27
advanced melanoma patients who had previously progressed on
anti-PD-1, anti-CTLA-4, and BRAFi/MEKi (12). Regorafenib was
administered alone or in combination with other therapies, such as
nivolumab, trametinib, binimetinib, encorafenib, and dabrafenib/
trametinib. The results showed a partial response in five patients
(18.5%) and stable disease in three patients (11.1%). Notably, 42.8%
of BRAFY*® mutation-positive patients treated with regorafenib
combined with BRAFi/MEKi showed a partial response, including
regression of brain metastases. A patient with NRAS?®" mutation
responded positively to regorafenib plus MEKi, while another
patient with BRAFY? mutation showed a partial response to
regorafenib plus anti-PD-1 therapy. The study suggests that
regorafenib, especially when combined with other targeted
therapies, may benefit advanced melanoma patients who have
exhausted other treatments, offering hope in a challenging clinical
scenario (12).

Another recent study investigated the role of the ERKS5 signaling
pathway in BRAF**F melanoma cells with acquired resistance to
dabrafenib and vemurafenib (14). The ERK5 pathway was activated
in dabrafenib-resistant cells but not in vemurafenib-resistant cells,
indicating distinct resistance mechanisms between the two drugs.
Inhibiting ERK5 significantly reduced the viability of dabrafenib-
resistant melanoma cells, while the effect was less in vemurafenib-
resistant cells. Combining ERK5 inhibitors with MEK1/2 inhibitors
led to a synergistic reduction in cell proliferation in dabrafenib-
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FIGURE 8

Potential druggable targets and therapeutic strategies for melanoma treatment. The schematic diagram illustrates various potential druggable targets
and therapeutic approaches for the treatment of melanoma. The BRAF/MEK and PI3K/AKT signaling pathways play crucial roles in melanoma
progression and are critical targets for targeted therapies. BRAF inhibitors (e.g., vemurafenib, dabrafenib), MEK inhibitors (e.g., trametinib,
cobimetinib), and ERK5 inhibitors have shown significant efficacy in treating BRAF-mutated melanoma. The PI3K/AKT pathway can also be targeted
using PI3K and AKT inhibitors to further suppress melanoma growth and survival. Immunotherapy has truly revolutionized melanoma treatment by
leveraging the immune system'’s power. Immune checkpoint inhibitors, such as PD-1 (e.g., nivolumab), PD-L1 (e.g., atezolizumab), and CTLA-4 (e.g.,
ipilimumab) inhibitors significantly boost anti-tumor immune responses. By inhibiting CD73, the immunosuppressive effects of adenosine can be
mitigated, leading to enhanced anti-tumor immunity. Tumor-infiltrating lymphocyte (TIL) therapy (Lifileucel) is a personalized approach involving the
isolation, expansion, and reinfusion of tumor-specific T cells into melanoma patients. Oncolytic virus therapy (OncoVEX™MSMESF) is another innovative
strategy that employs genetically modified viruses to infect and lyse melanoma cells. These viruses can also stimulate immune responses by
releasing tumor antigens and promoting the activation of CD4" and CD8" T cells. The combination of targeted therapies, immunotherapies, and
novel approaches holds excellent potential for improving outcomes in melanoma patients. By targeting multiple pathways and harnessing the
immune system'’s power, these strategies aim to overcome resistance, minimize side effects, and provide long-lasting remission for individuals
battling this aggressive form of skin cancer.

resistant cells but not in vemurafenib-resistant cells. The study =~ ERK5 pathway could be a promising therapeutic strategy to
provided insights into the molecular mechanisms underlying  overcome acquired resistance to dabrafenib in BRAFY®°F
resistance, showing that ERK5 signaling regulates the cell cycle  melanoma (14). The research highlights the importance of
and survival pathways critical for maintaining resistance to  understanding the distinct pathways involved in drug resistance
dabrafenib. Therefore, the findings suggest that targeting the  to develop more effective treatments for melanoma. It emphasizes
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the potential of personalized therapeutic approaches based on
specific patient resistance mechanisms.

Furthermore, a recent study has also shed light on the
significant role of CD73 in melanoma’s resistance to BRAFi
(Figure 8) (16). CD73, an enzyme involved in the production of
immunosuppressive adenosine, contributed to the creation of an
immunosuppressive tumor microenvironment and promoted the
survival of melanoma cells under the stress of BRAFi treatment.
These findings suggest CD73 could be a promising therapeutic
target for overcoming resistance to BRAFi in melanoma patients.
The study proposes that future treatment strategies could involve
the combination of BRAFi with CD73 inhibitors to manage
resistance and improve patient outcomes effectively (16).

Another recent study investigated the role of ALDHIAL, a
marker indicating stem cell-like properties, in the drug resistance of
melanoma cells to BRAFi/MEKi (141). The study found melanoma
cells overexpressing ALDH1A1 exhibit resistance to vemurafenib
and trametinib. This resistance is mediated by activating the PI3K/
AKT signaling pathway rather than the MAPK pathway, helping
the melanoma cells survive and proliferate (141). The role of AKT
signaling in drug resistance was extensively discussed (50, 143).
Based on recent studies, targeting and inhibiting the PI3K/AKT
pathway can partially restore the sensitivity of melanoma cells to
vemurafenib and trametinib, highlighting the significant role of this
pathway in drug resistance (141, 144). Pharmacological inhibition
of ALDH1ALI also leads to reduced activation of the AKT pathway
and can partly restore the effectiveness of BRAFi/MEKIi in treating
melanoma cells. These findings propose ALDHIAL as a potential
therapeutic target, suggesting that inhibiting ALDH1A1 may help
overcome resistance to BRAFi/MEKi and improve treatment
outcomes for patients with melanoma.

Moreover, a comprehensive investigation positions PLAIA as a
robust diagnostic marker for melanoma. Remarkably, PLA1A levels
exhibit a significant elevation during melanogenesis, particularly in
BRAF-mutated melanoma cases. Demonstrating impressive diagnostic
performance, PLA1A effectively distinguishes BRAF-mutated
melanoma samples with a sensitivity of 62% and specificity of 61%
(5). This research underscores PLA1A’s potential as a prospective
diagnostic tool, promising to enhance the precision of personalized
therapy decisions. On the other hand, DMKN is a noteworthy marker
correlated with diminished OS, especially in BRAF-mutated cases. Its
modulation of the EMT-like transcriptional program positions DMKN
as a multifaceted regulator (142). Collectively, DMKN and PLAIA
present themselves as promising candidates for personalized therapy,
shedding light on their multidimensional roles in shaping the
melanoma phenotype in tailored treatment strategies.

8.3 Advanced therapeutic approaches
The landscape of melanoma treatment is being revolutionized

by mRNA vaccines and CRISPR-Cas9, marking groundbreaking
strides in personalized oncology (145, 146). mRNA vaccines
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intricately target genes such as BRAF and NRAS mutations to
provoke robust immune responses against melanoma-associated
antigens (147). Furthermore, identifying personalized neoantigens
in melanomas with BRAF and NRAS mutations is pivotal in
constructing immunogenic mRNA vaccines, paving the way for
highly personalized melanoma therapy. Future endeavors aim to
refine these vaccines for elevated efficacy while ensuring
compatibility with conventional treatments, specifically addressing
resistance challenges.

Regarding melanoma therapy resistance, beyond BRAF and
NRAS, other pivotal genes come to the forefront. Investigations
extend to genes such as PTEN, TP53, and MITF, recognized for
their roles in resistance mechanisms. The ongoing research agenda
encompasses exploring the broader applicability of CRISPR-Cas9 in
modifying tumor microenvironments and enhancing the effectiveness
of immunotherapies (146). Future projects aim to utilize CRISPR-Cas9
technology for precise targeting and modification of these genes,
overcoming resistance challenges and improving the effectiveness of
personalized melanoma treatment (148). This research delves deeper
into broader applications, exploring changes in tumor
microenvironments and innovations in immunotherapy.

Moreover, the combination of BRAF-targeted therapy with
immunotherapy in the neoadjuvant setting for the treatment of
melanoma was recently investigated (ClinicalTrials.gov identifier:
NCT02858921) (149). The researchers found that while this
combination approach can enhance immediate tumor response, it
may compromise the long-term curative potential of immunotherapy.
Based on these findings, researchers are against combining BRAF-
targeted therapy with immunotherapy in the neoadjuvant treatment of
melanoma until further follow-up data can confirm these observations.
This research highlights the importance of evaluating the long-term
effects of combination therapies. It emphasizes the need for continued
monitoring of patient outcomes to optimize treatment strategies
for melanoma.

Nevertheless, TIL therapy, particularly lifileucel (LN-44), has
emerged as a promising option for metastatic melanoma, which is
under review by the FDA for approval. Lifileucel, an autologous TIL
therapy, has shown efficacy in recognizing specific cancer antigens.
Notably, lifileucel demonstrated an ORR of 36% in patients who had
failed prior anti-PD-1 treatment, with even higher response rates in
patients resistant to anti-PD-1/PD-L1 treatment. Lifileucel treatment
involves expanding patient-specific TIL, predominantly CD8" and
CD4" T cells with an effector memory phenotype. These TILs can
target tumor cells, migrate to tumor sites, and identify neoantigens
associated with malignancies. Studies have reported long-lasting and
profound responses, suggesting lifileucel as a potential therapeutic
option for advanced melanoma patients with high tumor burden.
Research involving 189 patients divided into two groups, with 156
receiving lifileucel TIL therapy and 25 not receiving it for various
reasons, demonstrated the clinical relevance of lifileucel in heavily
pre-treated advanced melanoma patients. While these results are
promising, additional research is necessary to comprehend the
potential of lifileucel therapy fully (Figure 8) (144, 145).
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8.4 Concluding remarks

In conclusion, the review paper highlights the current landscape
of BRAF-advanced therapies in melanoma, focusing on the efficacy
and limitations of existing treatments such as BRAF and MEK
inhibitors. The review discusses the FDA-approved combinations of
inhibitors, their impact on treating BRAF-mutated melanoma, and
the challenges posed by therapeutic resistance. It also delves into the
off-target effects of BRAF inhibitors on endothelial cells and the
importance of developing more selective therapies to minimize
these effects. Moreover, the paper explores potential druggable
targets for melanoma patients, including ERK5, CD73,
ALDHI1A1, PLA1A, and DMKN, which hold promise in
addressing diagnostic hurdles and guiding personalized
therapeutic decisions. Recent studies on regorafenib, ERK5
signaling, and CD73 inhibition shed light on novel strategies to
overcome resistance and improve treatment outcomes in advanced
melanoma cases.

Furthermore, the review touches upon advanced therapeutic
tools like mRNA vaccines and CRISPR-Cas9, which are
revolutionizing the field of personalized oncology by targeting
specific genetic mutations and enhancing immune responses
against melanoma. These cutting-edge technologies offer new
avenues for tailored treatment strategies and hold great potential
in improving outcomes for melanoma patients. The ongoing
synergy between advancing research, targeted interventions,
strategic treatment combinations, and cost-effectiveness
evaluations offers a promising pathway to elevate patient
outcomes significantly. This comprehensive approach stands as a
beacon of hope in the persistent battle against melanoma, enabling
the development of tailored and highly effective therapies for
individuals facing this formidable disease.

While RAF-targeted therapy has shown remarkable efficacy in
treating melanoma patients with BRAF mutations, several critical
gaps and challenges persist in its clinical application. The
emergence of resistance mechanisms poses a significant obstacle,
as tumors can adapt to bypass RAF inhibition over time, ultimately
leading to treatment failure and disease progression. Furthermore,
the variability in treatment response among patients, alongside the
notable toxicity profile associated with RAF inhibitors, underscores
the importance of refining patient selection criteria and
implementing effective management strategies to optimize
treatment outcomes and quality of life. Additionally, the limited
efficacy of RAF inhibitors in melanomas lacking BRAF mutations
highlights the urgent need to develop alternative therapeutic
approaches for this subgroup of patients. Exploring innovative
combination therapies and elucidating predictive biomarkers are
vital areas of ongoing research aimed at enhancing the efficacy and
durability of response to RAF-targeted treatment in melanoma.
Addressing these gaps through continued research efforts and
clinical innovation is essential for advancing the field of
melanoma treatment and ultimately improving patient outcomes

and survival rates.
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