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Targeting the RAS/RAF/MAPK pathway for cancer therapy:
from mechanism to clinical studies

Md Entaz Bahar@®', Hyun Joon Kim? and Deok Ryong Kim'®™

Metastatic dissemination of solid tumors, a leading cause of cancer-related mortality, underscores the urgent need for enhanced
insights into the molecular and cellular mechanisms underlying metastasis, chemoresistance, and the mechanistic backgrounds of
individuals whose cancers are prone to migration. The most prevalent signaling cascade governed by multi-kinase inhibitors is the
mitogen-activated protein kinase (MAPK) pathway, encompassing the RAS-RAF-MAPK kinase (MEK)—extracellular signal-related
kinase (ERK) pathway. RAF kinase is a primary mediator of the MAPK pathway, responsible for the sequential activation of
downstream targets, such as MEK and the transcription factor ERK, which control numerous cellular and physiological processes,
including organism development, cell cycle control, cell proliferation and differentiation, cell survival, and death. Defects in this
signaling cascade are associated with diseases such as cancer. RAF inhibitors (RAFi) combined with MEK blockers represent an FDA-
approved therapeutic strategy for numerous RAF-mutant cancers, including melanoma, non-small cell lung carcinoma, and thyroid
cancer. However, the development of therapy resistance by cancer cells remains an important barrier. Autophagy, an intracellular
lysosome-dependent catabolic recycling process, plays a critical role in the development of RAFi resistance in cancer. Thus,
targeting RAF and autophagy could be novel treatment strategies for RAF-mutant cancers. In this review, we delve deeper into the
mechanistic insights surrounding RAF kinase signaling in tumorigenesis and RAFi-resistance. Furthermore, we explore and discuss
the ongoing development of next-generation RAF inhibitors with enhanced therapeutic profiles. Additionally, this review sheds

light on the functional interplay between RAF-targeted therapies and autophagy in cancer.
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INTRODUCTION

The mitogen-activated protein kinase (MAPK) pathway transmits
extracellular signals from the membrane to intracellular destina-
tions and is involved in various biological functions." The MAPK
pathway is dysregulated in many RAS-associated cancers. RAS
mutations result in the constitutive activation of the MAPK
pathway, leading to uncontrolled cell proliferation and resistance
to apoptosis-inducing drugs.>> Although many RAS inhibitors
have been isolated and studied, the development of drugs
targeting RAS is limited by a lack of well-defined druggable nooks
and cavities on the RAS surface.* However, interrupting signals
between RAS and downstream effectors, such as the RAF-MAPK
kinase (MEK)-extracellular signal-related kinase (ERK) pathway,
could represent a new therapeutic strategy for RAS-driven
cancers.>”’

The RAF protein family consists of three serine (Ser)/threonine
(Thr) kinases (ARAF, BRAF, and CRAF) that act as mediators
between membrane-bound RAS-GTPases and downstream
kinases, such as MEK and ERK, in the MAPK signaling pathway.?
RAF proteins coordinate various cellular responses by regulating
cytoplasmic and nuclear activities, such as cell cycle progression,
proliferation, metabolism, migration, differentiation, and apopto-
sis.”1% RAF is highly conserved in mammals, and RAF mutations
are associated with many human cancers, including melanoma,
breast cancer, ovarian cancer, colon cancer, thyroid cancer, and
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prostate cancer.'’ Mutations in BRAF and RAS that dysregulate
MAPK signaling are strongly associated with human malignan-
cies."? All members of the RAF family interact with RAS; however,
this contact alone is insufficient to activate RAF. For example,
several RAS mutants, such as RASV12Y32F and RASV12T35S are
insufficient to activate RAF in vitro, suggesting that RAF kinase
activation requires other factors.'> A recent study indicates that
the activation of RAF necessitates dimerization, and exploring RAF
activation is currently being viewed as a potential target for
therapeutic intervention in several clinical contexts, including
diverse cancer types.'®

Numerous RAF inhibitors are considered potential therapeutic
agents, eliciting high levels of responses in various RAF-mutant
carcinomas.'*'> However, single-agent therapies targeting RAF
have not resulted in significant long-term survival benefits due to
the frequent development of drug resistance, often associated
with mutational changes in MAPK components that result in the
reactivation of the MAPK pathway.'®'” Combination therapeutic
strategies using both RAF and MEK inhibitors may represent a
more effective treatment strategy in patients with advanced or
metastatic RAF-mutant carcinomas.'®™' Although this approach
has demonstrated potential efficacy in preclinical studies, clinical
testing has not demonstrated durable responses, and a single-arm
study demonstrated that this strategy is associated with a
predictable pattern of adverse effects due to the substantial
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inhibition of multiple paralogs.?>** Identifying key downstream
signals in the MAPK pathway is essential for minimizing paralog
redundancy and cascade interactions, which may limit both the
cancerous activity of RAF and drug toxicity in normal cells.

Autophagy, an intracellular catabolic process, may assist cancer
cells in evading from RAFi, as many RAFi-resistant cells exhibit
enhanced autophagic activity.>*?® Both preclinical and clinical
data suggest that inhibiting both autophagy and MAPK pathway
activity may serve as a novel and effective treatment strategy for
BRAF and KRAS-mutant cancers.?**>%’ |n particular, Chih-Shia Lee’s
group showed that targeting both RAF and autophagy genes
results in the best therapeutic outcomes. The inhibition of BRAF or
CRAF, together with ATG7 inhibition, was found to be a viable
treatment strategy for RAS-driven tumors.”” Understanding the
mechanisms underlying RAFi-induced autophagy in the setting of
recurrent somatic genetic alterations and RAF mutations could
offer a “precision medicine” paradigm for diagnosing and treating
tumors, including RAF-mutant tumors. This review focuses on
potentially unique therapeutic approaches that target the basic
components of RAF signaling and autophagy in RAS-dependent
and RAS-independent cancers.

THE DISCOVERY AND MAJOR DEVELOPMENTS OF RAS/RAF/
MAPK IN HEALTH AND DISEASE

The RAF/RAF/MEK/ERK signaling cascade is a well-established
MAPK pathway in cell biology that governs several crucial cellular
processes such as development, differentiation, proliferation, and
death.?® With this cascade, various isoforms of RAS, RAF, MEK, and
ERK exhibit differences in efficacy, function, and, notably,
carcinogenic potential.

Our understanding of oncogenic potential began with the
discovery of the highly carcinogenic Harvey murine sarcoma
virus?® in 1964 and the Kirsten murine sarcoma virus*® in 1967. In
the late 1970s and early 1980s, groundbreaking studies by
Scolnick and colleagues identified the cellular origins of viral
H-RAS and K-RAS genes®', and an avian homolog MH2 retrovirus®?
in 1984, and an avian homolog MH2 retrovirus*? in 1984,
respectively. Later, these two oncogenes are known as the first
rapidly accelerated fibrosarcoma (RAF) gene with serine/threonine
kinase activity.>® Subsequently, Raf-1 gene product (named as
CRAF), a cellular counterpart of v-Raf, and other cellular counter-
parts such as C-Raf-1 and C-Raf-2 genes were cloned and
sequenced in 1985.3* ARAF and BRAF, two additional members
of the RAF family, were reported in 1986 and 1988, respectively.>
In 1988, MAPK, initially named microtubule-associated protein-2
protein kinase (MAP-2 kinase), was identified in mammalian
cells®®, and subsequently in yeast cells.3” MEK (mitogen-activated
protein kinase kinase) and ERK (mitogen-activated protein kinase),
both cytoplasmic protein kinases activated by mitogens, were
discovered in the 199055, Further, RAF protein was functionally
identified as a direct MEK activator®® in 1992 and a RAS effector in
1993.*° These findings marked the beginning of the MAPK
cascade era, where it become evident that MAPK kinase signaling
cascades play a pivotal role in initiating proliferative and
oncogenic activities.*’ In 2005, the U.S. Food and Drug Adminis-
tration (FDA) approved Nexavar (Sorafenib), an oral multi-kinase
inhibitor targeting the MAPK pathway, for the treatment of
hepatocellular carcinoma (HCC), renal cell carcinoma (RCC), and
thyroid carcinoma (TC).** Subsequently, Sorafenib was proposed
as a MAPK pathway inhibitor for malignant peripheral nerve
sheath tumors (MPNSTs).** Vemurafenib (Zelboraf), a potent
BRAF"®°® mutant inhibitor, was synthesized in early 2005 and
received FDA approval for the treatment of metastatic and late-
stage melanoma in 2011.** Following this, FDA approval were
granted for two BRAF inhibitors, Dabrafenib (Tafinlar) in 2013 and
Encorafenib (Braftovi) in 2018. Trametinib (Mekinist) was approved
in 2013 as a single-agent oral treatment for unresectable or
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metastatic melanoma in adult patients with BRAF"®°% or BRAF/6%9¢
mutations.*> From 2014 to 2023, Trametinib, in combination with
Dabrafenib, received FDA approval for the treatment of various
solid tumors, including melanoma, non-small cell lung cancer
(NSCLC), anaplastic thyroid cancer (ATC), and, low-grade glioma
(LGG).* In addition, two MEK inhibitors, Cotellic (Cobimetinib) and
Mektovi (Binimetinib) were approved in 2015 and 2018, respec-
tively, for the treatment of melanoma, either as a single-agent or
in combination with other MAPK inhibitors.*” Ongoing preclinical
and clinical investigations underscore the potential of the RAS/
RAF/MAPK pathway as a significant therapeutic target, particularly
in the era of precision medicine, with a focus on combination
treatments.*® For example, a CRISPR/cas9 gene deletion study in
lung cancer cells revealed that the deletion of KEAP1, in the
presence of specific RAS/RAF/MAPK pathway inhibitors, alters cell
metabolism and enables cells to proliferate without MAPK
signaling.*® These major milestones are depicted in Fig. 1.

Beyond cancer, ongoing studies aim to develop new treatments
targeting RAS/RAF/MAPK for various disorders, including neurolo-
gical, developmental, and metabolic diseases. Neurological dis-
orders such as autism spectrum disorder (ASD), Parkinson'’s disease
(PD), Alzheimer's disease (AD), Cardio-Facio-cutaneous (CFC), and
Noonan syndromes (NS) have been linked to abnormalities in the
regulation of the MAPK signaling pathway.>® Moreover, the RAS/
RAF/MAPK pathway is gaining attention as a potential target for the
development of novel anti-inflammatory drugs, with implications
for conditions like rheumatic arthritis (RA)*', inflammatory bowel
disease (IBD)** and pulmonary fibrosis (PF).>*

MAPK SIGNALING

MAPKs are Ser/Thr kinases that play various roles in cellular
responses to stimuli, including mitogens, osmotic stress, heat
shock, and proinflammatory cytokines. MAPKs are involved in
many cellular processes, such as proliferation, gene expression,
differentiation, mitosis, cell survival, and apoptosis.>* Mammals
possess four primary MAPKs: (1) ERK1/2, (2) c-Jun N-terminal
kinase (JNK)1-3, (3) p38, and (4) ERK5.>°™7 In addition to these
four primary MAPKs, numerous atypical MAPKs (e.g., ERK 3/4, ERK
7/8, and Nemo-like kinase [NLK]) have been identified with less
well-defined roles and unique mechanisms of activation.’®°
MAPK cascades consist of a signaling relay that is partially
regulated by phosphorylation and typically involves three
consecutive protein kinases: MEK kinase (MAPKKK), MEK, and
MAPK (Fig. 2). MAPK cascades are activated by cell-surface
receptors via cytoplasmic signaling proteins, and these signaling
pathways are often dysregulated in human cancers. ERK1 and
ERK2 are frequently investigated by researchers worldwide due to
their critical roles in cell proliferation and survival. The JNK and
p38 MAPK pathways primarily play roles in responding to cellular
stress and regulating apoptosis. In contrast, the most extensively
studied RAS/RAF/MAPK pathway holds a central position in
governing cell proliferation and differentiation, serving as a vital
component of the cellular signal transduction network. Conse-
quently, proteins involved in the RAS/RAF/MAPK cascade have
frequently been targeted in cancer drug discovery, leading to the
clinical development of protein kinase inhibitors.’’

RAS/RAF/MAPK signaling: structure, upstream activator and
downstream effectors

The ERK (MAPK) kinase plays a pivotal role within the RAS/RAF/
MAPK signal transduction pathway, exerting control over various
facets of cellular metabolism in cancer cells.*®* Consequently,
when it comes to development of anticancer drugs, the focus
largely centers on three key upstream regulators and ERK protein
in the ERK pathway: RAS (upstream activator of RAF), RAF (direct
effector of RAS and activator of MEK), MEK (functioning as
MAPKK), and ERK (as MAPK).
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Fig. 1

Historical events of the discovery and development of the RAS/RAF/MAPK pathway in health and diseases. The journey of the MAPK

signal cascade commenced in 1960s with the groundbreaking discovery of the viral RAS gene. Subsequently, in 1992, the identification of RAF
as both an upstream kinase activator of MEK and a RAS effector marked significant milestones. These pivotal findings culminated in the
comprehensive definition of the entire MAPK signaling pathway. Over time, the MAPK signal emerged as a critical components in the

development of therapeutic strategies for combating cancer. Each of

these major milestones in the RAS/RAF/MAPK discovery is represented

within its respective box. This figure was created with BioRender.com

RAS/RAF/MAPK can be activate via two pathways: (1) a ligand-
dependent pathway, in which ligands, such as growth factors,
hormones, or cytokines, physically engage with receptors; and (2)
a ligand-independent pathway, in which signaling is induced by a
physical stressor, such as radiation, injury, or osmotic pressure.>
Aberrant RAF activation or mutations in upstream activators such
as RAS or receptor tyrosine kinases (RTKs) can contribute to the
development of malignancies in humans.®* Beyond RAS muta-
tions, disruptions of RAS upstream components can also impact
RAF activation. Receptors engaged by various growth factors,
including TGF-a, EGF, VEGF, and platelet-derived growth factor-
beta (PDGF-B), can instigate the canonical RAS-RAF-MEK-ERK
pathway during various biological processes (Fig. 3a).5> Further
investigations into RAF activation shed light on critical molecular
mechanisms underlying cell proliferation, survival, and metastasis
in cancer, particularly through the influence of the EGF receptor
(EGFR) and small RAS-GTPases.®® Consequently, extensive research
is currently underway to target RAF kinase as a promising avenue
for the development of anticancer drugs.5®%°

RAS. RAS, a pivotal upstream protein in the RAF/MAPK pathway,
holds the distinction of being the founding member of the
extensive RAS superfamily of small GTPases.”® RAS is extremely
prevalent, as RAS mutations are detected in approximately 30% of
all tumors. RAS activity varies across different cancer types. For
example, NRAS is activated in lymphoid and myeloid malignan-
cies, whereas KRAS is highly elevated in colon and pancreatic

Signal Transduction and Targeted Therapy (2023)8:455

cancers, and HRAS activity is upregulated in bladder and kidney
cancers. This upregulation of RAS activity within the context of
cancer leads to the dysregulation of downstream protein kinase
activities.

RAS structures and activations mechanism: RAS activation is
triggered by various extracellular stimuli, with the primary
mechanism involving the formation of complexes comprising
autophosphorylated growth factor receptors, the adapter protein
GRB2 and the exchange factor SOS.”' It has been proposed that
RAS dimerization plays a critical role in facilitating RAS signal
transmission, directing influencing RAF activation.”?

In their normal and resting states, RAS proteins exist in an
inactive GDP-bound form.”> Guanine nucleotide exchange factors
(GEFs), like SOS, are recruited to the plasma membrane following
the stimulation of mitogenic growth factors (Fig. 3b). Once GEFs
bind to RAS, the stability of nucleotide binding disrupted, leading
to the release of GDP from RAS and the transient formation of a
nucleotide-free state. This, in turn, activates RAF and other
downstream targets recruited by RAS-GTP. The signaling from
RAS is terminated by the hydrolysis of GTP, which is mediated by
the intrinsic enzymatic activity of RAS. Mammalian cells typically
express three GEFs that are recognized as RAS activators: SOS,
RASGRF, and RASGRP.”* Some RAS-related malignancies have
been associated with GAPs, including NF1, p120GAP/RASAT,
SynGAP/RASA5, GAP1 family, DAB2IP, and GAPVD1’*. The
conformational changes that accompany GTP hydrolysis are

SPRINGER NATURE
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signaling pathways in which each kinase is consecutively activated, and MAPK components are highly conserved. The first layer consists of
MAPK kinase kinases (MAPKKKs or MEKKs), which are activated by stimuli and phosphorylate and activate MAPK kinases (MAPKKs or MEKs).
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critical for RAS to function as a molecular switch in signaling
pathways.”> There are four isomers of RAS genes, including
KRAS4A, KRAS4B, NRAS, and HRAS. These isomers exhibit relatively
consistent sequences or structures, encompassing N-terminal G-
domains (1-166 a.a.) and C-terminal hypervariable regions (HVR)
(166-189 a.a.).”® The G-domain conveys signals to downstream
RAS effectors, featuring switch 1 (30-40 a.a.), switch 2 (60-76 a.a.),
and a P loop (10-17a.a) (Fig. 3¢).”””® The C-terminal region (final
four amino acids, CAAX) undergoes posttranslational modification
like iso-prenylation, proteolysis, and methylation, facilitating RAS
localization and attachment to the membrane.””

RAF. RAF proteins, part of serine/threonine kinase family
encoded by the RAF gene, serve as the upstream activator of
MAPK and direct effector of RAS. In mammalian cells, there exist
three distinct RAF proteins; ARAF, BRAF, and CRAF (also known as
RAF-1). The initial member of the RAF family, CRAF, was initially
characterized as an oncogene. Fusion of the CRAF catalytic
domain with the retroviral Gag protein results in constitutive RAF
kinase activation.”” Subsequently, two additional RAF family
proteins, ARAF and BRAF, were discovered, each demonstrating
similar function to that of CRAF.328%782 CRAF forms interactions
with MEK, a dual-specificity kinase responsible for activating ERK.

RAF structure and activation mechanisms: The MAPK pathway is
tightly regulated by several activation steps. The physical
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interaction between the RAF regulatory domain and membrane-
bound RAS results in the attachment of RAF to the membrane,
dephosphorylation, a conformation change for the kinase domain,
and the subsequent phosphorylation of active sites (Ser338 and
Tyr341).% Many modulators mediate the negative or positive
regulation of RAF activity through the formation of signaling
complexes, which play critical roles in cancer growth and
progression®*# To date, approximately 30 RAF-interacting
proteins have been identified as putative RAF regulators.®

CRAF activation is a complex process in which Ser338, Tyr340,
and Tyr341 are phosphorylated in response to oncogenes and
growth factors. Many up- and downstream RAF effectors are
associated with cancer transformation. Although the exact
mechanisms underlying CRAF regulation remain unclear, phos-
phorylation of Ser338 and Tyr341 have been identified as crucial
regulators of RAF kinase activity.®* In humans, all three RAF
proteins are activated by phosphorylation at shared, conserved
residues. Direct interaction between RAS and the N-terminal
regulatory domain of CRAF is essential for RAF activation, and RAS
mutations that cause constitutive RAF activation are detected in
more than 30% of all human malignancies.®-%8 However, RAS
interaction alone is not sufficient to activate CRAF in vitro,
indicating that other biochemical activities are necessary for RAF
activation (Table 1). Some RAS mutants, including V12Y32F and
V12T35S, are incapable of RAF activation but are able to interact
with members of the RHO GTPase family.'® Previous studies have

Signal Transduction and Targeted Therapy (2023)8:455
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shown that p21-activated kinase (PAK) family members serve as
molecular linkers, connecting RAS with RHO GTPases, including
RAC and CDC42.%? In addition, CK2, JNK2, or SRC may be involved
in CRAF activation through either RAS-dependent or RAS-
independent mechanisms.”°~2

Signal Transduction and Targeted Therapy (2023)8:455
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RAF proteins do not possess inherent subcellular localization
motifs, and initially, they are within the cytoplasm in an inactive
monomeric form.® The activation of RAF, transitioning it from its
autoinhibited, pre-signaling, and inactive state, necessitates a
series of regulatory steps. These include the relief of
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Table 1. RAF-interacting activator proteins and regulatory mechanisms
RAF regulators Regulatory mechanisms Ref.
RAS Direct activation ~ RAS plays an essential role in the activation of CRAF kinase, which is directly responsible for the '3
activation of the MEK-ERK pathway.
An undamaged CRAF zinc finger is necessary to bind to RAS and activate RAF in situ. 83
Indirect activation Dominant-negative Rac, Rho, and Cdc42 mutants prevent RAS-dependent transformation, 573-578
whereas activated mutants work with CRAF to transform cells.
Type | PAKs (PAK1/2/3)  PAK1 PAK1 acts as a physiological candidate for CRAF phosphorylation on Ser338 during RAF 579,580
activation.
PAK2 Microtubule integrity regulates RAS-independent activation of CRAF through co-expression of >
small GTPases, including Rac, Cdc42, and PAK1/2.
PAK3 PAK3 regulates CRAF activity by phosphorylating Ser338. 582
Type Il PAKs (PAK4/5/6) PAK4 PAK4 promotes premature senescence through a pathway including p16INK4/p19ARF and %3
MAPK signaling.
PAK5 PAK5 phosphorylates CRAF at Ser338, directing RAF to the mitochondria and contributing to 8284
anti-apoptotic action by phosphorylating BAD.
Other interacting CK2 CK2 acts as a component of the KSR1 scaffold complex during C/BRAF activation. 167,585
proteins Rac/Cdc42 Rac and Cdc42 act together with RAS and PI3K to achieve CRAF activation. 586
Rac and Cdc42 induce CRAF activation with RAS. 3
Src Activated Src tyrosine kinase stimulates CRAF and MAPK. 587
Src activates CRAF via RAS-independent pathways in vivo and in vitro. 90
CNK1 regulates CRAF activation through Src. 588
Hsp90 The Hsp90 and p50 (cdc37) complex regulates CRAF activity and stability. 589,590
Cdc25A Cdc25A regulates CRAF tyrosine phosphorylation. 391
PKCs Sequential activation of PKC isoforms (« and €) contributes to CRAF and ERK1/2 activation.  >°2
AKT AKT physically interacts with BRAF and balances the cross-regulation between the PI3K-AKT °%3
and RAS-RAF-MEK signaling cascades.
AKT3 collaborates with BRAF V60OE, reducing activity to levels that favor cell proliferation 239
rather than senescence.
JAK The Hopscotch JAK kinase requires the CRAF pathway to enhance blood cell activation and %
differentiation.
JAK2, together with RAS and CRAF, activates ERK and MAPK in response to growth hormones. '
PP2A PP2A functions as a CRAF-associated kinase activator involving the dephosphorylation of 14-3- 299
3 binding sites in KSR and CRAF.
AKT protein kinase B, BAD BCL2-assocaited agonist of cell death, CNK connector enhancer of KSR, CK2 casein kinase 2, ERK extracellular signal-related kinase,
JAK Janus kinase, KSR kinase suppressor of RAS, MAPK mitogen-activated protein kinase, MEK MAPK kinase, PAK p21-activated kinase, PI3K phosphoinositide 3-
kinase, PKC protein kinase C, PP2A protein phosphatase 2A

autoinhibition, the formation of dimers or higher-order multimers,
and phosphorylation.

Autoinhibition of the pre-signaling, inactive state: All RAF family
members contain three conserved regions (CR1, CR2, and CR3)
and two functional domains: an N-terminal regulatory domain and
a C-terminal catalytic domain. The N-terminal regulatory domain
contains both CR1, composed of a RAS-binding domain (RBD) and
a cysteine-rich domain (CRD), and CR2, which is enriched in Ser/
Thr residues, whereas CR3 is located at the C-terminal domain (Fig.
3d). RAF activation is largely accomplished through the removal of
inhibitory enforcement at the RAF catalytic domain. The
N-terminal regulatory region interacts with the kinase domain,
leading to RAF autoinhibition, a fundamental regulatory mechan-
ism shared by all three RAF proteins (ARAF, BRAF, and CRAF).
However, both ARAF and CRAF require additional steps to achieve
maximal activity, such as the phosphorylation of activating
residues and the dephosphorylation of negative regulatory
residues.®

Autoinhibition relief: In the absence of cellular stimuli, RAF
proteins exist in a monomeric, autoinhibited, inactive form.
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Activation of the RAF kinase domain requires the relief of
N-terminal autoinhibition, which is accomplished through a series
of events, including a change in the subcellular localization,
protein—protein interactions, lipid interactions, and regulatory
phosphorylation.”>“® RAF activation first requires the translocation
of RAF from the cytosol to the plasma membrane, which
represents a vital step. Experiments have shown that retaining
RAF on the plasma membrane results in the constitutive activation
of RAF in a RAS-independent manner.””® The RAF RBD interacts
with the GTP-bound RAS effector domain by adopting a
conserved, ubiquitin-like structure,®®'® and RAS binding with
the RAF CRD (zinc-coordinated structure) can relocate RAF to
phosphatidylserines in the plasma membrane regardless whether
RAS is bound to GTP."°'"'%* However, both the RBD and the CRD
are involved in the full activation of RAF.

Dimerization and activating phosphorylation: RAS engagement
on the membrane increases the phosphorylation of the RAF kinase
domain and RAF dimerization. Recent work indicates that RAF
dimerization is necessary for RAS-dependent RAF kinase activity
and correlates with the pathogenic role of disease-associated
mutant RAF, which displays strong intrinsic kinase activity.'®> The

Signal Transduction and Targeted Therapy (2023)8:455



formation of the side-by-side RAF dimer involves a structural
association between the N- and C-terminal regions of the kinase
domain.'® Following the release of inhibitory domain from the
complex, the RAF kinase domain readily forms RAF-RAF homo-
dimers, subsequently leading in kinase activation.'”” The RAF-
related pseudo-kinase KSR (kinase suppressor of RAS) also
participates in forming side-to-side heterodimers with RAF (RAF-
KSR heterodimer). Activated RAF kinase phosphorylates target
proteins, such as MEK1 and MEK2, leading to the subsequent
activation of ERK1 and ERK2 (Fig. 3e). By contrast, inhibitory
phosphorylation of the RAF hinge region can disrupt and
inactivate dimeric structures. Hyperphosphorylated RAF proteins
are recycled to an inactive state, ready to receive a new round of
activating signals.'%~11°

RAF and MEK1 activity can also be regulated by activated ERK via
a feedback loop. Phosphorylation regulates the activities of RAF,
MEK1, and ERK depending on the phosphorylation site.”'"'"* Upon
signal engagement, active RAS promotes the exchange capacity of
son of sevenless (SOS) through a positive feedback loop, eventually
activating ERK1/2. By contrast, ERK-dependent SOS phosphorylation
and disassociation of the SOS-Grb2 complex prevents RAS
activation through a negative feedback loop.""*'"® Therefore, the
phosphorylation of target proteins in the ERK pathway can regulate
associated signaling pathways based on the functional location of
target proteins.''®""” Improved understanding of the RAS-RAF axis
and RAF dimerization has revealed the roles played by RAF in many
cellular conditions. In patients with cancer, RAF homo- and
heterodimers likely mediate cellular responses to ATP-competitive
inhibitors and cancer progression, suggesting that RAF dimers may
represent potential therapeutic targets.

MEK and ERK. MEK represents a family of protein kinases that
possess dual-specificity for tyrosine and serine/threonine residues,
facilitating the activation of ERK by phosphorylating regulatory Tyr
and Thr sites. Upon interaction of the catalytic VIII sub-region of
RAF with MEK via its C-terminal catalytic domain, a serine residue
becomes phosphorylated, thereby initiating MEK activation. The
primary targets for phosphorylation by activated RAF are dual-
specificity kinases, such as MEK1 and MEK2, with molecular
weights of 44 and 45 kDa, respectively.®® Subsequent to MEK-
dependent phosphorylation, ERK is set into action, triggering a
range of functional responses in cells in response to growth
factors or stressors. These responses are mediated by various
cytoplasmic and nuclear substrates, including transcription
factors. 187120

ERK (MAPK), a Ser/Thr protein kinase, occupies a crucial position
in the cellular signal transduction network, and any aberrations in
its activation faults can significantly impact cellular functions.
When activated, MEK directly interacts with ERKs via its N-terminal
region. In situations where multiple kinases are at work, they
catalyze the bispecific phosphorylation of Tyr and Thr residues
within the 8 “TEY box” of the sub-functional region of ERK, thereby
activating ERK. Activated ERKs subsequently translocate to the
nucleus, where they increase the phosphorylation of target
proteins in the cytoplasm or regulate the activity of other protein
kinases. This occurs before further phosphorylation and dimeriza-
tion of ERK in response to signals that promote ERK activation.'’

ERK downstream signals. Several ERK1/2 target proteins are
ubiquitously found in cells.?® Including the cytoplasmic substrates
death-associated protein kinase (DAPK), tuberous sclerosis com-
plex 2, RSK, and MNK, and the nuclear transcription factor
substrates nuclear factor of activated T cells (NF-AT), Elk-1,
myocyte enhancer factor 2 (MEF2), c-Fos, c-Myc, and signal
transducer and activator of transcription (STAT3). Some
membrane-associated proteins (e.g., CD120a, Syk, and Calnexin)
and cytoskeleton proteins (e.g., Neurofilaments and Paxillin) are
also directly phosphorylated by ERK1/2.
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Other MAPK pathway
As summarized in Fig. 2, other several classical and atypical
pathways and their related proteins are regulated by MAPKs.

The p38 signaling pathway. The p38 is reliably activated by a
wide range of environmental stressors and inflammation and, in
some cell types, by insulin and growth hormones. The p38
pathway is regulated by apoptosis-related receptors and physical
sensors, including CDC42, RAC1, and mammalian Ste20-like
kinases (MSTs), which also regulate INK, resulting in the
phosphorylation of the activation loop of MEK3/6. In particular,
RAC1, a small G protein, controls the activation of p38 MAPK by a
retinoic acid-induced beta1 integrin. p38 isoforms phosphorylate
a wide range of cytoplasmic (e.g., cPLA2, MNK1/2, MK2/3, HuR,
Bax, and Tau) and nuclear proteins (e.g., ATF1/2/6, MEF2, Elk-1,
GADD153, Ets1, p53, and MSK1/2)."%2 p38 signaling is involved in
immunological and inflammatory responses,'?* cell fate determi-
nants, and other stress responses'?*, Three anticancer compounds
(e.g., SB203580, SB202190, and BIRB0796) specifically inhibit p38
isoforms (p38a and p38pB) by competing with ATP in the binding
pocket.'?

The JNK pathway. The INK pathway responds strongly to
cytokines, growth factor deprivation, intracellular stimuli (e.g.,
DNA damage, cytoskeletal changes, oxidative, and ER stress), and
extracellular stressors (e.g., UV radiation and osmotic stress). The
JNK cascade is activated by adapter proteins in the TNF receptor-
associated factor (TRAF) family, such as TRAF6, which is involved in
the IL-1-induced activation of JNK."® Two ATP-competitive JNK
inhibitors, SP600125 (also known as JNK inhibitor 1)'?” and
AS601245 (JNK inhibitor V),'*® have been widely employed in the
cancer research, although they exhibit low specificity. Many
transcriptional factors (e.g., c-Jun, p53, ATF-2, NF-ATc1, Elk-1, HSF-
1, STAT3, c-Myc, and JunB) are also regulated by JNK-directed
phosphorylation.'*® JNK plays an essential role in cell proliferation
by modulating cell cycle genes'®® and is involved in the
differentiation of hematopoietic populations and the apoptotic
response to cellular stressors.’

The ERK5 pathway. The ERK5 Pathway is activated by growth
factors (e.g., epidermal growth factor [EGF], nerve growth factor,
fibroblast growth factor [FGF]-2, and brain-derived neurotrophic
factor); some cytokines, including leukemia inhibitory factor; and
stressors, such as osmotic stress and hydrogen peroxide. ERK5 can
be activated by several upstream factors, such as c-SRC, RAS, LAD1
adapter protein, and WNK Ser/Thr kinases'*? In addition, ERK5 is
activated by dual phosphorylation with a unique MAPK/ERK kinase
5 and MEKS5,"3*3* and activated ERK5 phosphorylates several
cellular proteins, including the MEF2 transcription factor family,
Sapla (ETS domain transcription factor), ¢-MYC, serum and
glucocorticoid inducible protein kinase, Connexin 43, and Bcl-2
agonist of cell death (BAD)."*? Similar to ERK1/2, ERK5 is involved
in cell survival and proliferation, increasing cyclin D1 expression
during the G1/S transition."*> ERKS5 is also necessary for vascular
endothelial growth factor (VEGF)-mediated survival and tubular
morphogenesis in primary human microvascular endothelial cells
and the MEK inhibitors PD98059 and U0126 effectively inhibit
ERK5."3°

ERK3/4, ERK 7/8, and NLK. The ERK3/4 and ERK7 pathways are
poorly characterized, although these proteins autophosphorylate
the activating loop residues in vitro and in vivo."*”~"*° Serum and
hydrogen peroxide stimulate ERK8 phosphorylation via conven-
tional MAPKs. The MAPKAPK MKS5 is the only known target of
ERK3/4 according to several previous studies.'*”'*°"'** ERK7/8
directly controls a number of proteins (e.g., Myelin basic protein
[MBP], c-FOS, and c-MYQ) in vitro, although their cellular functions
are not clear.**'%1%” Many cytokines, including interleukin (IL)-6,
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Fig. 4 RAF signaling regulation by accessory proteins. a Accessory proteins consist of anchoring proteins, docking proteins, adapter proteins,
and scaffold proteins. Anchoring proteins bind to membrane kinases and other effectors, whereas adapter proteins link receptor kinases with
guanine exchange factors (GEFs). Docking proteins connect active receptors with multiple effectors. Scaffold proteins offer a signaling
platform for the spatial regulation of the mitogen-activated protein kinase (MAPK) pathway. b CRAF kinase inhibitor protein (RKIP) is a tumor
suppressor. RKIP, an intrinsic RAF kinase inhibitor, is associated with many malignant features, including metastasis and chemotherapy
resistance, through the regulation of oncogenic mediators and signaling axes, such as NF-kB, YY1, MAPK28, STAT3, NRF2, and AKT29. Arrows
and bars indicate stimulating and inhibiting signals, respectively. This figure was created with BioRender.com

granulocyte colony-stimulating factor, and transforming growth
factor-beta (TGF-B), are associated with the activation of NLK,
which is a key regulator of cell fate determination. NLK is triggered
by Wnt pathway stimulation (Wnt-1 and Wnt-5a) and TGF-B."*®
Last, NLK targets T-cell factor/lymphoid enhancer factor (TCF/LEF)
transcription factors and STAT3.'*® ERK3, ERK7, and NLK are
involved in cell proliferation, cell cycle progression, migration,
invasion, apoptosis, and cell differentiation. However, few
inhibitors for atypical MAPKs have been validated as anticancer
drugs, although GPLG0259, an inhibitor of MK5, is currently under
clinical study for use in obesity and diabetes.

Accessory proteins in the RAS/RAF/MAPK cascade

MAPK signaling is linked to various malignancies in humans, and
its activation is associated with many extracellular signals and
intracellular proteins.'*® Therefore, targeting the constituents of
this signaling cascade frequently results in severe toxicity,
activation of backup mechanisms, and reduced drug efficacy,
often associated with an increase in therapy burden. To avoid
these undesirable effects, other approaches targeting RAF
modulators must be developed. The spatiotemporal character-
istics of MAPK pathway constituents may offer an alternative
strategy MAPK accessory proteins are spatially assembled to
promote cooperation during signaling'>° and can be divided into
four categories: (1) anchoring proteins, (2) docking proteins, (3)
adapter proteins, and (4) scaffold proteins (Fig. 4a).

Anchoring proteins. Anchoring proteins are bound to the
membrane and connect and associate with effector proteins,
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which primarily consist of kinases. For example, the A-kinase-
anchoring protein (AKAP-Lbc) and the scaffolding protein (KSR-1)
constitute a signaling network that efficiently relays signals from
RAF to MEK to ERK1/2.">""°2 Many anchoring proteins have been
discovered in other signaling pathways, including connector
enhancer of KSR (CNK)1," Flotillin 12,">* linker for activation of
T cells,'® non-T cell activation linker (NTAL),'*® progestin and

adipoQ receptor family members (PAQR10/11),'*” and Sef1.'*®

RAF docking proteins. Docking proteins play a crucial role in
cellular signaling by binding to receptors like RTKs and GPCRs,
subsequently recruiting effector molecules. These specialized
proteins typically possess PTB domains that enable them to
selectively interaction with activated RTKs, as well as PH domains
that serve to extend their presence at the cell membrane.'*® The
FGF receptor substrate 2 (FRS2) was initially identified as a
substrate for the FGF receptor'®® but was later found to be a key
docking protein for various RTKs.'®' Other identified docking
proteins include docking protein 1/2 and GRB2-associated binding
protein GAB1/2.'?

RAF adapter proteins. Adapter proteins connect two functional
components (e.g., receptor and GEF), providing additional docking
sites for signaling proteins and promoting signal transduction
from one-way receptors. Phosphorylation at Ser residues gen-
erates protein—protein interaction sites mediated by adapter
proteins, such as the 14-3-3 family, facilitating associations with
various signaling modulators, including CRAF, KSR, B-cell receptor
(BCR), and phosphoinositide 3-kinase (PI3K).'> Many adapter
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proteins play important roles in signaling pathways, including CRK
proto-oncogene (CRK and CRKL), Casitas B-lineage lymphoma,
GRB2,'®* SHC, SH2-containing protein tyrosine phosphatase 2
(SHP2) and SOS.'®

RAF scaffolding proteins. Scaffolding proteins bind two or more
partners to provide a signaling platform able to regulate the MAPK
pathway both spatially and temporally.'"®® MAPK signaling
components that exist as freely diffuse cytosolic forms are unable
to effectively transmit signals to corresponding partners. Scaffold-
ing proteins offer a platform at which many components can
associate, allowing the efficient propagation of signals. Scaffolds
also facilitate tighter control of MAPK signaling.'*® KSR is a scaffold
protein in the MAPK pathway that assembles B/CRAF, MEK1/2, and
ERK1/2.'%” In addition, both KSR and MEK partner-1 (MP1) retain
ERK proteins in the proximity of critical cellular effectors.'®®
Several scaffolding proteins are involved in cellular functions'®®,
including 1QGAP1/2/3,'° Paxillin,'”" B-arrestin,'’? apoptosis sti-
mulating proteins of p53 1/2 (ASPP1/2),'”® SPRED1/2/3,'"# SPRY1/
2, RAF kinase inhibitory protein (RKIP), Merlin,'”® Nucleolin and
Nucleophosmin,'””'”® PEA15,'7° Regulator of G-protein signaling
14 (RGS14),'®® MAPK organizer 1 (MORG1),'®" Galectin 1/3,'®?
GIT1,"®3 Calmodulin,’®* Erbin,'® and FHL1/2.18¢

RKIP is ubiquitously expressed in a broad range of cells and
serves as an integral scaffolding protein'® and a negative
modulator of the RAF-MEK-ERK signaling pathway'®. RKIP
directly binds CRAF and inhibits the MEK-dependent phosphor-
ylation of CRAF by interfering with the formation of a
kinase-substrate complex between CRAF and MEK.'®

RKIP as a tumor suppressor

RKIP belongs to the phosphatidylethanolamine-binding protein
family, which functions in lipid metabolism and phospholipid
membrane biogenesis."®® RKIP is a highly dynamic protein with a
malleable pocket loop that exists in a variety of states, serving as a
functional switch. This protein has pleiotropic roles in several
signaling pathways involved in physiological processes As a MAPK
signaling modulator, RKIP can inhibit the metastatic process by
modulating RAF activation and may represent a new avenue for
therapeutic intervention (Fig. 4b). RKIP also regulates cancer
development and progression, and'®' its expression is severely
downregulated in many cancer tissues, including breast cancer'®?,
prostate cancer'®®, gastric cancer,'* lung cancer,'®® esophageal
squamous cell carcinoma,’®® colorectal cancer,'””'*® and nasophar-
yngeal carcinoma.'” Low RKIP expression levels are generally
associated with malignant features, such as metastasis and che-
motherapy resistance, promoting oncogenic signaling axes, including
nuclear factor kappa B (NF«B),> YY1,%°" MAPK28,%° and AKT29.2%
RKIP levels are regulated by STAT3 activation during metastasis in
NSCLC cells,®* and RKIP downregulation leads to nuclear factor
erythroid 2-related factor 2 (NRF2) hyperactivation, which is
responsible for the development of chemotherapeutic resistance in
colorectal cancer cells?® Reduced RKIP levels stimulate invasion,
metastasis, and radio-resistance in nasopharyngeal cancer cells.?%

Physiological functions of RAS/RAF/MAPK

The RAS/RAF/MAPK pathway involves signal transmission from
membrane-based receptors, which interact with mitogens, to
various destinations with cells, including the nuclear, cytoplasmic,
and cell. These signals play a pivotal role in orchestrating a diverse
range of physiological responses, encompassing cell proliferation,
tumor invasion and metastasis, cellular metabolism, cell cycle
progression, and ultimately cell survival or death.?°” Consequently,
any disruption or dysregulation of the RAS/RAF/MAPK pathway is
closely linked to numerous human disorders, most notably cancer.

Role of ERK/MAPK in tumorigenesis. While tumorigenesis and the
metastatic spread of cancer involve multiple cooperative cellular
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signals, the significance of the ERK/MAPK signaling pathway
cannot be overstated when it comes to cancer invasion and
metastasis. Notably, a heightened activation of ERK is evident
across a spectrum of human cancer types, including ovarian,
colon, breast, lung cancer, and others.?®® Furthermore, in vitro
experiments have revealed that microRNA-508 effectively inhibits
EMT, migration, and invasion in ovarian cancer cells by modulat-
ing the ERK/MAPK1 signaling system.?°® Meanwhile, in vivo
studies have demonstrated that blocking the MAP kinase pathway
leads to the suppression of growth of colon cancer cells.®®
Additionally, Emodin has been found to inhibit the proliferation of
non-small-cell lung cancer (NSCLC) cells by inducing PPARs and
subsequentlg reducing Sp1 levels through the activation of ERK
and AMPK>%

Cell proliferation and cell apoptosis. The ERK/MAPK signaling
pathway primarily plays a role in promoting cell proliferation and
exerts an anti-apoptotic influence. Specifically, under hypoxia
conditions, it facilitates the survival of nutrient-starved tumor cell
by reducing their susceptibility to apoptosis.2'® Moreover, in the
context of large B-lymphoma cells, microRNA-101 exerts control
over cell proliferation and apoptosis by directly modulating MEK1
in the RAS/RAF/MAPK pathway.?'" Furthermore, both ERK1 and
ERK2 contribute to cell proliferation in a manner that depends on
their expression levels, as they integrate signals from RAS, RAF,
and MEK?'? The constitutive activation of the RAS/RAF/MAPK
pathway contributes to tumorigenesis by inhibiting Caspase-9
through MAPK-dependent phosphorylation at Thr125.2"3

Cell cycle progression. Numerous downstream effectors of the
RAS/RAF/MAPK pathway have a multifaceted impact. They not
only drive cell cycle progression by instigating the production of
cyclins and cell cycle-dependent protein kinases (CDKs) through
the regulation of MYC and E2F but also orchestrate an early G1 cell
cycle arrest. This arrest is achieved by influencing the expression
of various CDK inhibitor proteins, including p16ink4a, p15Ink4b,
and p21Cip. Furthermore, the RAS/RAF/MAPK pathway is closely
linked to the induction of cellular senescence, which is mediated
by these CDK inhibitors, resulting in a premature G1 arrest.'
Tumor ECM Degradation and angiogenesis. Furthermore, the RAS/
RAF/MAPK pathway plays a vital role in degradation of
extracellular matrix proteins, a crucial process for cancer
metastasis and angiogenesis. For instance, Mesothelin, a secretory
protein, stimulates the production of MMP-7 by activating the
MAPK/ERK and INK signaling pathways in ovarian cancers®'.
Additionally, p70S6K, a downstream target of the RAS/RAF/MAPK
pathway, exerts control over tumor growth and angiogenesis by
promoting the activation of HIF-1alpha and the production of
VEGF in ovarian cancer cells.?'®

It is fair to state that as we understand more about the specifics
of RAF (ARAF, BRAF, and CRAF), we found that there are more
unanswered questions about how they work and how they
specifically affect physiological functions.

Cell regulatory pathways mediated by MAPK-independent

RAF kinase

Generally, RAF activation leads to ERK1/2 activation via MEK1/2
phosphorylation®'”. MEK1/2 was thought to be the only RAF
kinase substrate prior to the discovery of MEK1/2-independent
RAF functions.2'®'® Although only a few MEK-independent RAF
targets have been defined, these MEK-independent RAF activities
are thought to be important for carcinogenic regulation (Fig. 5).

RAF as an apoptosis regulator. MEK-independent RAF is a
negative regulator of apoptosis. Three RAF effector proteins,
BAD, apoptosis signal-regulating kinase 1 (ASK1), and MST2, play
critical roles in the regulation of apoptosis. Interactions between
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activity. Several additional RAF substrates, such as NF-kB, Vimentin,

figure was created with BioRender.com

RAF and these targets occur at the outer mitochondrial
membrane, unlike classical RAF signaling, which is localized to
the plasma membrane.??°

BAD promotes apoptosis by inhibiting the pro-survival effects of
BCL2 proteins,?' and RAF increases cell survival through the
direct phosphorylation of BAD.*? Raf also acts as an adapter
protein that stimulates the binding of BAD with protein kinase C,
which phosphorylates BAD and inactivates downstream signals.??*

ASK1, also referred to as MAP3KS5, is a Ser/Thr kinase able to
activate the SAPK, JNK, and p38 pathways to trigger apoptosis
under oxidative conditions.?'’?** FGF receptor activation
increases interactions between RAF and ASK1 in the mitochondria,
preventing the activation of the p38 MAPK pathway in an ERK-
and PI3K-independent fashion.?>>*?® RAF modulates ASK1 activity,
which is necessary for JNK- and p38-induced apoptosis, and the
loss of RAF expression increases ASK1 activity, followed by
increased JNK and p38 activation. ASKT knockout reverses the
effects of RAF loss.??’

RAF can inhibit the MST2-associated tumor suppression path-
way in various cancers. RAF binds MST2 independent of kinase
activity, preventing apoptosis in cancer cells via a two-pronged
mechanism.??22" First, RAF binding to MST2 blocks MST2
dimerization, a critical step for MST activation. Second, RAF
recruitment of a phosphatase can prevent MST2 autophosphor-
ylation at the Thr180 residue in the activation loop.?2%<32

RAF as a cell cycle and mitosis checkpoint mediator. CRAF can

promote cell cycle progression in a MEK/ERK-independent
manner?>3, CRAF directly interacts with key regulators of mitotic
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Snail, and Keratin, are associated with cytoskeleton organization. This

progressmn polo-like kinase 1 (PLK1) and Aurora kinase A (Aurora-
3234 At the G2/M transition during mitosis, CRAF phosphor-
yIatlon (Ser338) induces protein localization to centrosomes and
mitotic spindle poles, where CRAF interacts with and activates
Aurora-A and PLK1, leading to mitosis and tumor growth.

In addition, RAF regulates checkpoint kinase 2 (CHK2) activity
during cell cycle progression. Upon DNA damage, PAK1 induces
the formation of a RAF-CHK2 complex to stimulate the DNA repair
system.”*> RAF phosphorylation at Ser338 promotes the
RAF-CHK2 interaction, which is associated with radiation resis-
tance and CHK2 activation. In addition, RAF interacts with CDC25
phosphatase, which links mitogenic signaling with cell cycle
activation. 23637

RAF as a regulator of the EMT and cytoskeletal organization.
Cancer metastasis has been linked to the dysregulation of various
signal pathways, including the constitutive activation of MAPK,
NF-kB, and PI3K in melanoma.?*® RAF-dependent AKT3 inhibition
has also been associated with the promotion of cell proliferation,
survival, and metastasis and the inhibition of cellular defense
mechanisms and cellular senescence.>**° NF-kB activation
promotes metastasis by increasing the expression of many
metastatic genes, including cyclooxygenase 2 (COX2), genes
encoding metalloproteinases, VEGF, and SNAIL>*"?*? Jacqueline’s
group demonstrated that RAS can activate NF-kB transcriptional
activity via either RAF-dependent or RAF-independent mechan-
isms, both of which are dependent on SAPKs, such as p38.2*
According to another study, RAF-dependent NF-kB activation
involves MEKKT1 rather than the traditional mitogenic cytoplasmic
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kinase pathway.>** RAF stimulates the expression of atrial
natriuretic factor (ANF) in cardiac myocytes, whereas MEK1/2
inhibits ANF expression.”*

RAF-dependent RHO signaling is related to cell migration.
During cell migration, RAF functions as a spatial regulator of RHO-
associated kinase (ROK)-a, an effector downstream of RHO, in a
kinase-independent manner.?* In a conditional knockout study,
RAF was found to be necessary for proper wound healing in vivo
and for keratinocyte and fibroblast cell migration in vitro. This
study also indicated that RAF-mediated ROK-a inhibition is
necessary for RAS-dependent carcinogenesis.?*’ Functionally, the
interaction between RAF and ROK-a may be associated with a
RAF-induced anti-apoptotic signal, as stimulation of the FAS death
receptor increases RAF-ROK-a complex formation.?*® In addition,
ROK-a kinase activity is inhibited by the RAF regulatory domain.>*°
However, ROK-a is likely not regulated by RAF in RAS-mutant
tumors.”>® Moreover, several additional RAF substrates are
involved in cytoskeleton organization, including Vimentin®>' and
Keratin 8.2°2

Crosstalk between RAS/RAF/MAPK and PI3K/AKT/mTOR or MST2/
Hippo signaling pathways

The PI3K-mTOR (mammalian target of rapamycin) pathway is a
crucial mechanism governing cell survival, division, and metabo-
lism. Growth factors can engage the pathway by either directly
recruiting PI3K to their receptors or indirectly involving it through
docking proteins like IRS (insulin receptor substrate) or GAB
(GRB2-associated binder). This activation of PI3K leads to the
generation of the secondary messenger phosphatidyl inositol
3,4,5-triphosphate (PIP3), which in turn recruits the protein kinase
AKT to the plasma membrane. Subsequent AKT activation,
dependent on PDK1, initiates the phosphorylation of numerous
factors related to survival, proliferation, motility, and the TSC2 GAP
(GTPase Activating Protein). AKT-dependent TSC2 phosphorylation
releases TSC1/2 inhibition by the GTPase RHEB (RAS homolog
abundant in brain), ultimately activating mTORC1, which regulates
cell growth. Both the RAS/RAF/MAPK and PI3K/AKT/mTOR path-
ways frequently experience dysregulation in many human
cancers, often due to genetic alterations in their components or
upstream regulators.?>® The intricate network of positive feedfor-
ward and negative feedback loops in these pathways significantly
influences signal dynamics. Notably, the GAB docking proteins,
forming the GRB2-SOS complex upon activation of RTKs, are key
players in positive loops. This complex, which includes RAS-GAP,
SHP2, PI3K, and PIP3 (a protein-tyrosine phosphatase with a Src
homology two domain), contributes to RAS activation. Depho-
sphorylation of RAS-GAP docking sites on GAB1 by SHP2 reduces
RAS activation and enhances RAS-ERK signaling. Additionally,
GAB2-mediated PI3K recruitment generates local PIP3, further
stimulating PI3K signaling. Furthermore, SOS, RAF, and MEK1 can
be phosphorylated by ERK, which creates a negative feedback
loop by dampening ERK activity (Fig. 6a). Indeed, comprehensive
cancer genome analyses have revealed that over-activation or
mutations that enhance the MAPK and PI3K pathways are
characteristic features of many human cancer types. Importantly,
the interplay between RAS/RAF/MAPK and PI3K/AKT pathways is
tightly controlled in response to ligands in a dose-dependent
manner. For Instance, elevated levels of insulin-like growth factor |
(IGF-I) induce a rapid and potent phosphorylation of AKT at the
serine 259 residue, effectively restraining RAF kinase activity.
Conversely, low concentration of IGH-1 fail to induce such
crosstalk, but still exert mitogenic effects®>*

The MST2 protein family, characterized by serine/threonine
kinases, becomes activated in response to stress signals in
mammalian cells, and their overexpression has been observed
to trigger apoptosis.*? The MST2/Hippo pathway is intricately
linked to the RAS/RAF/MAPK pathway (Fig. 6a). Specifically, the
MST-CRAF complex, induced by mitogenic and apoptotic signals,
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acts as a safeguard against unchecked cell proliferation.??° A

previous study has shed light on the dynamic changes in protein-
protein interactions (PPIs) arising from the function association
between the kinases MST2 and CRAF kinases, along with the
modulation of their respective upstream activators RASSF1A and
RAS?'. The interaction between CRAF and MST2 inhibits the
binding of the scaffold protein RASSF1A to MST2, leading to MST2
dimerization and activation. Interestingly, activated AKT promotes
the binding of MST2 to RAF and subsequently preventing MST2
activation.>> Additionally, MST2 can be inhibited by a phospha-
tase, likely PP2A, associated with RAF.2*® Conversely, MST2
interferes with RAS-dependent RAF activation by blocking the
RAS-binding domain (RBD) domain in CRAF. RASSF1A can
rerelease MST2 from its inhibitory complex with CRAF, activating
LATS1. This activation of LATS1, in turn, induces the formation of
the YAP1-p73 transcriptional complex, ultimately leading to
apoptosis.>>” Furthermore, the RAS/RAF/MAPK pathway engages
in crosstalk with several other signal pathways, including those
involved in DNA repair process or cell cycle regulation, as depicted
in Fig. 5.

The link between autophagy and RAF signaling in cancer
metastasis

Autophagy is an essential process that maintains cellular home-
ostasis via the lysosome-dependent degradation of cellular
components, such as proteins and organelles, allowing cells to
recycle macromolecules®*®%*°_ Irregular autophagy activation can
lead to cellular dysfunction, as observed in many human diseases,
including neurodegenerative diseases, heart disease, infectious
diseases intervertebral disc degeneration, liver disorders, and
cancers.?°52 Autophagy is also involved in various stress
responses, developmental processes, and aging.”®>2%*

Although autophagy can be either tumor-suppressive or tumor-
promoting, depending on the context, the precise mechanisms
that determine the role of autophagy are not well-defined. In
general, increased catabolism driven by autophagy promotes cell
survival, and autophagic abnormalities induce cell death in cancer
cells. Cancer cells exhibit more microenvironmental and metabolic
dependencies than normal cells, and targeting the double-edged
process of autophagy represents an appealing option for the
development of future therapeutic agents.?®®

The MAPK pathway drives the expression of autophagy-related-
8 (Atg8) in cancer cells.”®® Studies of RAF mutations suggest a
functional association between autophagy and V600E-mutant
BRAF. Autophagy accelerates the growth of V600E-mutant
melanoma in mice by allowing the bypass of the senescence
process.’®” The reduced expression of autophagy-related ATG
genes in patients with BRAF**-mutant melanoma appears to
suppress carcinogenesis.%®

Cancers can spread to secondary organs through a complicated,
efficient, and deadly process called metastasis, which represents a
substantial contributor to mortality.?*® Metastasis requires coordi-
nation between the genetic programs that promote and prevent
metastasis and the tumor microenvironment to allow cancer cells
to transition from their initial locations and develop in secondary
organs. Metastasis suppressor genes prevent metastasis at
secondary sites with no impact on the primary tumor.

During metastasis, cancer cells dissociate from the primary sites,
travel through the circulation, and deposit in a secondary site,
overcoming many obstacles, including nutrient limitations and
cellular stress.?’® In metastatic cells, cellular metabolism under-
goes dynamic alterations that promote a shift toward the
metastatic cascade.?”’ Metabolic plasticity and flexibility in cancer
cells play important roles in the metastatic process.”’? Metabolic
plasticity allows a single metabolite to meet multiple metabolic
needs during metastasis, whereas metabolic flexibility allows
several metabolites to fulfill the same metabolic need.?”*?”* The
metabolites sapienate, generated by fatty acid desaturase 2, and
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palmitoleate, generated by stearoyl-CoA desaturase-1, are mono-
unsaturated fatty acids involved in the metabolic flexibility of
primary tumors.”’”>*’® The presence of these metabolites in the
bloodstream is essential for the invasion, migration, and survival of
metastatic cells. These metabolites are also associated with the
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EMT,?”” which represents a necessary step through which cancer
cells acquire metastatic properties and plays important roles in
cancer progression, metastasis, and drug resistance.?’8

Based on previous studies, MAPK signaling, autophagy, and
EMT are physically and functionally interconnected during cancer
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Fig. 6 The crosstalk of RAS/RAF/MAPK with other pathways. a Crosstalk between the RAS/RAF/MAPK, PI3K/mTOR or MAT2/Hippo signaling
pathways. The RAS/RAF/MAPK signal collaborates within its own cascade and interfaces with the PI3K/mTOR pathway, where its influence is
MAPK-dependent. Conversely, the MST-2/Hippo pathway operates independently of MAPK activity but relies on the presence of RAF for its
functionality. b Functional interactions between autophagy and mitogen-activated protein kinase (MAPK) signaling during the epithelial-to-
mesenchymal transition (EMT). The MAPK pathway can be activated by canonical receptor tyrosine kinases (RTKs) and through Smad-
independent activation by transforming growth factor-beta (TGF-). Both signals activate a typical RAS-RAF-MAPK cascade, stimulating the
EMT process. During the metastasis process, cancer cells migrate from a primary site to a secondary site facing many stressors, and therefore
metabolic and cellular alterations are necessary to overcome these stressors. ¢ The role of autophagy in tumorigenesis. During early
tumorigenesis, autophagy acts as a tumor suppressor. However, autophagy drives tumor growth, progression, and metastasis by enhancing
migration, invasion, EMT, and metabolic tolerance during advanced stages of cancer, allowing cancer cells to evade RAFi therapy. Arrows and
bars indicate stimulating and inhibiting signals, respectively. This figure was created with BioRender.com

«

metastasis (Fig. 6b). EMT is a multidimensional process that
involves the remodeling of the cytoskeleton, cell membrane, and
cell-cell junctions, resulting in the loss of epithelial characteristics
and the acquisition of mesenchymal properties facilitated by
MAPK activation.?”® Autophagy supplies the energy required for
TGF-B-induced EMT and cancer metastasis. TGF-B is involved in
many cellular processes, including tissue fibrosis, growth inhibi-
tion, and EMT. TGF-B activates Smad-dependent and Smad-
independent signaling pathways, including the ERK1/2 pathway,
which is involved in cytoskeletal organization, cell growth, survival,
migration, and invasion.?®® TGF-B-directed MAPK signaling also
activates common downstream signaling molecules induced by
RTKs. In response to TGF-3, RAS triggers ERK1 and ERK2 activation,
leading to the activation of RAF and MEK1/2, as shown in Fig.
2281282 Eollowing TGF-B-induced Ser or tyrosine phosphorylation
of the type | TGF-B receptor, ShcA recruits GRB2 and SOS to
activate ERK1/2 through RAS, RAF, and MEK1/2.25'?% Other
signaling molecules, such as integrin, Notch, Wnt, TNF-q, long
non-coding (Inc) RNA, and EGF, synergize with TGF-f3 signaling to
promote tumor invasion and metastasis.?®**?°° Many studies
suggest the existence of functional connections between TGF-3
and RAS-RAF signaling in tumorigenesis. TGF-B-induced EMT is
enhanced by increased RAS-ERK*' signaling, and MEK1/2
pharmacological inhibition prevents TGF-B-induced EMT.?%?

EMT and autophagy are connected through multiple pathways,
although the exact role of autophagy in EMT remains unclear.
Autophagy inhibition promotes EMT, invasion, and metastasis in
many cancer cells, including gastric, colorectal, melanoma, and
pancreatic cancer cells, mouse embryonic fibroblasts, and
keratinocytes.’*>™2%> By contrast, TGF-B-induced autophagy pro-
motes cancer cell migration via MAPK-ERK activation in NSCLC
and SMAD4-negative pancreatic cancer cells.?**°” However,
autophagy inhibits metastasis in HCC**® and prevents EMT in
breast and SMAD4-positive pancreatic cancer cells.??”-2%°

Autophagy plays a significant role in RAF-driven tumorigenesis,
functioning as a tumor suppressor during early stages and as a
tumor promotor during advanced stages (Fig. 6¢). BRAF and CRAF
activate autophagy to promote tumor cell survival.?” Atg7-knock-
out mice with RAF-mutant melanoma display reduced tumor
growth and significantly increased survival compared to wild-type
mice.?®” Interestingly, autophagy exhibits both tumor-promoting
and tumor-suppressive roles in the same mouse model of
BRAF'6%E_mutant lung cancer.>*® However, autophagy promotes
tumor growth and metabolism in BRAF'®°®_mutant lung can-
cer”®" and BRAFV°* _mutant cancers promote autophagg/ to
maintain mitochondrial function and glutamine metabolism.*%2

The fact that human cancer frequently exhibits dysregulation of
the autophagy and RAS/RAF/MAPK pathways makes the compo-
nents of these signaling cascades intriguing candidates for
therapeutic intervention. Recent research has shown the existence
of positive and negative feedback loops in these pathways, which
activate one pathway when the other signaling cascade is
blocked. Therefore, blocking both pathways with a combination
of signaling inhibitors may have a stronger antitumor effect than
using a single medication.
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TARGETING THE RAS/RAF/MAPK PATHWAY FOR CANCER
THERAPY

Our understanding of the roles played by RAS/RAF/MAPK
components in both normal physiology and pathological condi-
tions has significantly progressed. In the realm of therapeutic
interventions, RAS/RAF/MAPK inhibitors have emerged as promis-
ing targets for addressing BRAF-mutated cancers and other
disorders. These inhibitors have gained approval from the FDA
and are employed either as standalone treatments or in
combination with two or more agents. These FDA-approved
RAS/RAF/MAPK-targeted medications, including their most up-to-
date information, are represented in Table 2 in the latest
medication guide available at www.accessdata.fda.gov.

RAS/RAF/MAPK inhibitors

RAS/Raf/MAPK inhibitors represent a category of precision
therapies employed in the management of diverse cancers,
especially those marked by mutations in the RAS/RAF/MAPK
pathway (Fig. 7a). These pathway constituents play a critical role in
regulating cell proliferation, differentiation, and survival. However,
when mutations disrupt their normal function, they can contribute
to the initiation and progression of cancer.

KRAS-targeted therapy. The proto-oncogene KRAS plays a crucial
role in cell signaling pathways governing cell growth and
differentiation. In various cancers, mutations in the KRAS gene
have been linked to poor prognosis and a limited range of
targeted treatment options. In Western nations, lung adenocarci-
nomas exhibit KRAS mutations in 20-40% of cases, while the
prevalence is slightly lower, around, in Asian countries.’®® KRAS
mutations pose therapeutic challenges as they are often
associated with resistance to specific target therapies, such as
epidermal growth factor receptor (EGFR) inhibitors in non-small
cell lung cancer (NSCLC).>** While the development of the direct
RAS inhibitors has been proven challenging due to the nature of
RAS protein, ongoing research and clinical trials are exploring
strategies and therapies to effectively target KRAS-mutant tumors.

Cetuximab and Panitumumab: Cetuximab and Panitumumab are
monoclonal antibody therapies that target the epidermal growth
factor receptor (EGFR) and are employed in the treatment of
various tumors, including head and neck and colorectal cancer.3%
Importantly, these drugs are approved and effective exclusively in
KRAS wild-type patients with advanced colorectal cancer.>°® While
they are not direct RAS-mutant targeted therapeutics, they may
occasionally have an indirect impact on RAS signaling path-
ways3%”  For instance, when combined with Cetuximab,
LSN3074753 (a pan-RAFi) demonstrates synergistic anticancer
efficacy in BRAF or KRAS-mutant CRC PDX models.*®® It has been
suggested that colorectal cancers with the KRAS®"* mutation may
respond more favorably to Cetuximab or Panitumumab treatment
compared to other more prevalent KRAS mutations.3® In the
realm of KRAS-mutant targeted therapeutics, Adagrasib
(MRTX849) demonstrated favorable tolerability and exhibited
anticancer activity in patients with advanced solid tumors

SPRINGER NATURE

13


http://www.accessdata.fda.gov

Targeting the RAS/RAF/MAPK pathway for cancer therapy: from mechanism to...

Bahar et al.

14

abejusdiad

% ‘lenba 10 131e216 Z 19|0IARIYN A ‘UOISN|IDO UISA [BUIRI OAY ‘BISDYIsasApoayifia Jejueld-tewled 44 ‘Qusawydelap |elpyida uswbid jeunas gidy ‘L 2dAy sisolewoiqyoinuN [N ‘Sewoiqyolnau waoyixa|d Nd
‘sewol|b apesb mo| DHT “4SoUed }I3U pue pesy JNH “492uUed [e3d210]0d DY) ‘190 Bun| 1dued |jews-uou H7DSN ‘uonedidde asuady| [ed16ojolq 79 ‘uonedidde Bnip mau gy ‘uoneasiuiwpe Bnip pue pooy SN Va4

umouun aje
UDIP|IYD Ul SSDUIAIDDYD pue A19)es dY] "sojewd)
ul swajqoid Ajnusy asned Aew buyusda)

snneasnued pey qewixniad YlM UOeUIGWOD Ul
1AOYjeIg PAAIDIRI oym syudned JO 9401 punoiy

A11x0 |pJ20JOLIqW pUD ‘dbbYLIOWY

‘SUaA3 DIjoqQUI20qUIOIY] snouaA ‘AyipdoAwolpipd
‘OAY ‘G3dY ‘S1BUI puD ‘SIIRAN ‘SUOLDAI

bnup aj11gay snotias ‘bwiayifia ‘iwadA|biadAy
‘DlwaUD d1Ajoway ‘dwoubjpW ‘14y¥yg O}
aduelsisal 4yyg 2dA1-pjim ur uonowoid Jown]

pwoubjaw {yyg adf-pim yum syuanod
JO JUaWIIDAIY AY] JoJ PaILIIPUI JOU SI IDJUYD]

abe Jo sieak g Jspun uaip|iyd ul

DAI11D9Y43 pue djes s| 0BN|ISOY JI UMOUS| J0U SI 3|
PIo}-£'9

Aq a1nsodxa d1Wa)sAS qIUNBWIGOD pasealdul)
9]0ZeUOdR1)l YIIM DI|0D JO UOlIeIlSIUuIWpPROD)

Aderayy

14vyg Joud e paaiddal aney oym sjuaned

JO JUBWIIEDI) BY} 4O} PIILDIPUI 10U SI ISIUBBIN
abeyioway

‘SIIRAN ‘A)|119) paliedwi ‘wiey [e1ay
‘sappueubljew Arewnd mau ‘siowny adAl-piim
4v44g ul uonowoid Jowny asned ued |noyelg

‘ewiouepW 4yyg 9dA1-pjim yum syuaned

JO JUSWIeaJ] BY] JOJ PIIRDIPUI JOU S| Jejuye]
ywoub |20 a10woid 1eyy

sawAzua ulendd $H20|q 1 ‘dAnebau-( . JvYHg
yum sjusned ul paipnis usaq 1ou sey Jjeloqdz
Aj@Andadsal

'LgD8V pue YedAD Aq panwi| a1am qiseiolos
JO uonenWINdde ulelq pue Aljige|ieAe [eiQ
sjuaned

2dA1-plIM S\YY Ul A|uo dAID3YYS pue panroiddy

sjyuaned
2dA1-pIM SYM Ul A|uo aAID3YS pue paroiddy

1924V pue vedAD Aq pautensuod
s qiselbepe Jo (3d) sonsunjodeweyd ayy

2%0¢< "uoieas Ayapisuasoloyd pue ‘wsiploifylodAy
‘si11ewols ‘ewapa ‘sniunud ‘easneu ‘eixalAd
‘Aidixojoleday ‘anbiey ‘uied [e13]@¥SOINdSNW ‘ysey

%ST< "yses
pue ‘eibjesyyie ‘a1adde pasessdsp ‘uied jeuiwopge
‘WIO0JIDUDE SIIIRWLIDP ‘esyulelp ‘easneu ‘anbneq

%S L2 "paseasdul 1ybiam pue

uoid3yul e Aiojesidsas saddn ‘ssauizzip ‘wiojidude
siiewssp ‘uied jeuiwopge ‘uied |e13|3XSOINISNW
‘eaudsAp ‘eibjeAw ‘eibjeiyrie eaudsAp ‘aydepeay ybnod
‘abeylioway ‘s|jiyd ‘ysel ‘ewaps ‘auadde paseasdsp
‘upjs Aip ‘esyuielp ‘buniwon ‘easneu ‘anbiey ‘eixalkd

%0 L"snibukieydoseu

pue ‘eibjeAw ‘uonediisuod ‘Yybnod ‘eisayisasApoIyIfia
‘uted >peq ‘sejuejd-rewied ‘epadoje ‘ewojided

‘yses ‘eibjeiyrie ‘eixalAd ‘aydepeay ‘sisojessssadAq

%0v<

smunud pue ‘elydAuoied ‘sydepeay ‘siewols ‘ysel
wioypude ‘eixalAd ‘uted |e3s|adsoINdSNW ‘anbiiey ‘uiys
A1p ‘easneu ‘eayuielp ‘uied Jeujwopqe ‘ysel ‘BUIWOA

%0T7< "BuniwoA

pue (eixaiAd) Jansy ‘easneu ‘(uonoeas AlAnIsuasojoyd)
1461| (AN) 19]01ARI N 01 ALUANISUSS ‘eaylielq

%012 "elydAuoted

pue ‘snunid ‘upjs Aip ‘ebeyuowsy ‘uied jeuiwopqge
‘uolsusniadAy ‘sinewols ‘ewapaydwA| ‘eayielp ‘ysey

%G¢< "snyunid

pue Buniwona ‘aydepeay ‘eibjeAw ‘easneu ‘upjs Aip
‘e1bjeiylie ‘yses ‘onbney ‘s3dd ‘enadoje ‘sisojesansadAH
%012 ‘siibukieydoseu

pue ‘eibjeAw ‘uonedisuod ‘Ybnod ‘eisaysasApoiyifia
‘uted ydeq “eyuejd-rewjed ‘eadoje ‘ewojjided

‘yseu ‘elbesyiie ‘eixalkd syoepeay ‘sisoressyiadAq

%01< “(ewojjided)
ymmolub upjs pue ‘AlA1De [eDLID9)9 S1Jesy ay) ul
abueyd anbney epadoje ‘yses sejndedojndew ‘eibjeiyny

9%0T< "'Yybnod pue ‘AQ1d1xor01eday

‘anbiiey ‘easneu ‘uled |e19|a¥soNdsNW ‘eayiielq

90¢< "S2INSSY UBjs pue ‘upjs Aip ‘elydAuoied ‘uoiieljoyxs
upjs ‘yses ‘ewdyifIs ‘sninid ‘wiogivude sniewssg
%57 "15K> pue ‘snjoquia

Areuownd ‘snijnjed ‘snijisyd ‘sineydsq ‘Burinssy
‘Bulkip upjs ‘uonespAysp ‘ainjiey Asupy ‘sisdas ‘1ons4

9%GZ< "9Madde pasealdsp pue
“uawuredw [euas ‘A1d1xojoleday ‘uled [e1a|ysOINdSNW
eaudsAp ‘anbiie} ‘BullWOA ‘eaylielp ‘easneN

10003 VHE/RWOURIY

21000n3VHE/ DD

v_oon>u_<w_m

woon>n_<m_m
/9957 ‘(s)opou YdwA| JO JUSWSA|OAUL
YUM ewouedw ‘JTISN ‘siadued pljos

MO09A 1vyg

woom>n_<m_m
Jwseidoau cnkoonsiy ‘ewoueR

L4AN/Nd

»iooond VHE
Jo0opdVHE/EWOURIBN

v_oow>n_<mm

Jo0opdVHE/RWOURIDIN

iooondVHE
20003VHE/DHD ‘ewoueR

yo0ond V8300004 VHE/RLIOURIDY

3000n JRHE/RWOURIBIN

S21oSYEN/DTISN

SN ‘|, SYEN/DHD

4493 “| ), SYUI/ONH DHD

S21o5ed/DTIOSN

0z0¢
‘o€ Ainr
Yd3juausn

020Z ‘8 |udy
ou| ewueydolg
Keny

€207 ‘9L 1B

TT0T ‘7T Aunr
810¢ ‘0 |Udy
£10T ‘T unr

SIlJeAON

2T0T 'L AON
yoajusuan

020T ‘oL |udy
edaudZeNSY

SLOZ ‘0L AON
yoa1uausn

€10T ‘6T Aey
SI}eAON

8L0T ‘LT @nf
ou|
ewseydolg Aeuy

€10T ‘6T Key
SI}eAON

L10Z ‘ZL Bny
ayooy
e7 -uuewyoH

Lzoz ‘8z Aew
Su| usbwy

900¢ ‘£T "1ddS
ou| uabwy

¥00Z ‘1 9°4
auopw|

TT0T ‘TL 22a
sdesay] nenw

qIUNAWIGOD JO qIUdJRINWAA+

(biuada] ) qewnzijozaly

gewixn1ad+-qiuajeioduy

qiunawesy + qiuajeiqeq

76190C VAN
901UPRWIGOd+gIudjeInw

95/£1T
VAN (oBn[asoy) qrunawnas

¢6190C YAN

¥1L¥0Z VAN
(ISIUDBIN) qrunswel|

96701C VAN
(1noleig) qiuaseioduy

90870¢ VAN
(rejuye]) quuaseiqeq

6C¥7¢0C VAN
(Je10q|97) qluaseINWIA

S99%1C VAN
(sesnjewnT) qiselol05

JA4S T4 At]
(X1q1193A) gqewnwnyiued

¥80521 V18
(xNNQU3) qewxnisd

0VE9LZ VAN
(nezeiy) qisesbepy

MELL
pue 4vy ‘1-1ad

SVd pue 4vy

MIW pue 4vy
Adeiayy uopeuiquod

MELL

4vd

Svd
Adesayy a)buis

siewsy

(%) 22UBPIUI/(AY) SIDDYD 3SISAPE UOWIWOD)

suoneyw]

sidsjlewolg/suonedipul

91ep |eaosddy
/Auedwod

v149/vanN
(dweu speu)) sbnig

s1abie| /ABareIS

suonejwl| 419yl pue sbnip bunsbiel ydyN/ied/sey paroidde-yd4

‘c 9lqel

Signal Transduction and Targeted Therapy (2023)8:455

SPRINGERNATURE



Targeting the RAS/RAF/MAPK pathway for cancer therapy: from mechanism to...

Bahar et al.

a
RAS/RAF/MAPK Oncogenic BRAF
pathway signaling
EGF
ot G Activated BRAF mutants e
l &o&e}\g RAS-independent RAS-dependent
< |
» RAS-GTP v v Il
= Class | Class Il Class lll
8 l (Monomeric mutants) (Homodimer mutants) (Heterodimer mutants)
g BRAF V600E, V600K, V600D, K601E, K601N, K601T, D287H, V459L, G466V, G466E, G466A,
= V600R, V600M. L597Q, L597V, G469A, S467L, G469E, N581S, N581I, D594N,
g l G469V, G469R, G464V. D594G, D594A, D594H, F595L, G596D.
Q0
MK @ o a
| ® BRAF /@\ , /—l BRAF|CRAF 05
%
A
e | ~ s
Nerm iteall Inhibitory efficacy of RAFi . Raf-drive
growth and * Potent MEK® ——3 ' ERK_—oncogenic growth
proliferation —3 moderate to potent — ~,. and proliferation
EE Poor to moderate
b

@: Under clinical investigation
RAS:i: RAS inhibitor
RAFi: RAF inhibitor

EGFR antagonist (Indirect RASi)

Cetuximab, Panitumumab, Sotorasib,

Adagrasib
MEKIi: MEK inhibitor
EGFR ERKi: ERK inhibitor
I RASI
RA}GTH— AMG510° MRTX849°
'\ Rigosertib®
@ SHP2 /
: PD1/PDL-1 antagonist
BRAFi i
Atezolizumab
Vemurafenib, Dabrafemb

Encorafenib, ABM- 1310

BGB-3245, PF-07799933° BM
MEKi:
ERKi l "M( (P |— | Trametinib, Cobimetinib,

S @
Ulixertinib , MK-g353 Binimetinib, Selumetinib,
Ly3214996 IMM-1-104

Fig.7 RAS/RAF/MAPK-targeted therapy in BRAF-mutated malignancies. a Functional classifications of BRAF mutations. In Class I, BRAF mutants
(e.g., V60OE) transmit signals via a monomeric form independent of RAS activation, leading to increased extracellular signal-related kinase
(ERK) activation. In Class Il, BRAF mutants (e.g., K601E) are RAS-independent, forming mutant-mutant BRAF dimers. RAF inhibitors (RAFi), such
as Vemurafenib and Dabrafenib, block both Class | and Il RAF kinases. In Class I, mutant BRAF (e.g., D287H, V459L) exhibits increased RAS
binding and heterodimer formation between mutant BRAF and wild-type CRAF. MEK inhibitors (MEKi), such as Trametinib or Cobimetinib,
show an additive effect when combined with RAFi for cancer treatment. b RAS/RAF/MAPK-targeted therapies. Specific Inhibitors targeting the
RAS/RAF/MAPK pathway represent as each group of action: EGFR agonists (EGFRi), RAS inhibitors (RASi), RAF inhibitors (RAFi), MEK inhibitors
(MEKi), and ERK inhibitors (ERKi). Arrows and bars indicate stimulating and inhibiting signals, respectively. This figure was created with
BioRender.com
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harboring the KRASG12C mutation in a first-in-human phase I/IB
clinical trial (KRYSTAL-1) (NCT03785249).>'°

Sotorasib: The US. FDA-approved Sotorasib (Lumakras™,
Amgen) has been employed in the treatment of advanced NSCLC
patients with and KRAS®"#“ mutation who have undergone at least
one prior systemic therapy.'' The FDA’s rapid approval of
Sotorasib serves as a remarkable example of recent expeditious
approvals for clinically effective drugs. In phase | clinical trials,
Sotorasib demonstrated promising anticancer activity in heavily
pretreated patients with advanced solid tumors bearing the
KRAS®™2¢ mutation (NCT03600883).3' Subsequently, in phase II
clinical trials, Sotorasib therapy provided sustained clinical benefit
without revealing new safety concerns in previously treated
KRASG'?“-mutated NSCLC patients (NCT03600883). It is note-
worthy that Sotorasib’s oral availability is significantly restricted
by CYP3A, while its brain accumulation is robustly constrained by
ABCB1."

Adagrasib: Adagrasib (KRAZATI™, Mirati Therapeutics) is an
orally administered, and highly effective small molecule inhibitor,
irreversibly covalent binding to KRAS. It have been developed for
the treatment of solid tumors harboring the KRAS®'?C oncogenic
driver mutation, including NSCLC and CRC3' Tian et al.
unequivocally demonstrates the promising effectiveness and
acceptable safety profile of Adagrasib based on multiple
registered interventional clinical trials (e.g., NCT05375994 and
NCT05472623) in patients with KRAS®'*“-mutated NSCLC.3'> They
have also recommended further research to explore Adagrasib’s
potential in various contexts and combination therapies. The US
FDA has granted approval for expanded access to Adagrasib
(MRTX849) in patients with advanced solid tumors carrying the
KRAS®'?C mutation (NCT05162443), citing data from several
interventional clinical trials (e.g, NCT04975256, NCT05853575,
NCT03785249, NCT04330664, and NCT05609578). A recent phase
I/ll study showcased Adagrasib’s antitumor activity in heavilgl
pretreated patients with metastatic CRC bearing mutant KRAS®'%¢,
both as oral monotherapy and in combination with Cetuximab
(NCT03785249)3'® The pharmacokinetics (PK) of Adagrasib is
constrained by the CYP3A and ABCB1 activity, and it can be
modified by mouse plasma carboxylesterase 1¢3'”

BRAF-mutant targeted therapy

RAF inhibitors (RAFi): Mutations of RAF are frequently found in
melanoma and other cancers. The prevailing mutation of RAF is
BRAFY®%°€, Abnormal activation of the RAS/RAF/MAPK pathway, a
hallmark of cancer, often originates from genetic alterations in
RAF-encoding genes or RAF upstream genes. Consequently, the
RAF kinase family is a promising target for potential cancer
therapies. The RAF kinase activity is frequently disrupted in human
cancer due to RAF itself or mutations affecting the upstream
regulators and downstream effectors proteins as depicted in Fig.
7b.

PLX4720, a potent and selective RAF inhibitor, has demon-
strated robust antitumor activity against RAF-mutant melanoma
in vitro and in vivo.3'® Vemurafenib (PLX4032), an analog of
PLX4720, exhibits improved pharmacokinetic properties com-
pared to PLX4720, and has received approval for the treatment of
advanced melanomas and other cancers harboring RAF muta-
tions.3'®32° Vemurafenib has shown exceptional efficacy with
manageable side effects, both as a monotherapy and when
combined with MEK inhibitors, for patients with RAF mutant
cancer. Dabrafenib is another effective therapeutic option for
melanomas bearing the V600E BRAF mutation, achieving tumor
shrinkage in over 90% of patients with half experiencing partial to
complete responses.3?'3?2 Furthermore, clinical phase Il studies
have demonstrated that Encorafenib, a BRAF inhibitor, either
standalone treatment or in combination with MEK inhibitors,
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significantly prolongs progression-free survival compared to
Vemurafenib.>?® In previous studies involving patients with
BRAF'6%E  metastatic melanoma, treatment of Vemurafenib,
Dabrafenib, and Encorafenib resulted in dose-dependent tumor
suppression and improved overall survival rates relative to other
therapeutic approaches.>***%* Notably, patients with BRAF-mutant
melanoma have displayed significant responses to BRAF inhibitors
such as vemurafenib (PLX4032, RG7204) and Dabrafenib
(GSK2118436), while those with BRAF wild-type melanoma have
not shown similar responses.>2°

Despite the encouraging beneficial observed with RAF inhibi-
tors, approximately half of the patients treated with RAFi
experience cancer recurrence due to the development of
resistance to the RAF inhibitors within 6-7 months of initiating
treatment.>?’

MEK inhibitors (MEKi): While activated MEK mutations are
relatively rare in human tumors, mutations in upstream genes
like RAS or RAF are implicated in over 85% of malignancies, often
resulting in elevated MEK activity.>*® Targeting MEK has thus
emerged as a promising and cutting-edge therapeutic approach.
Combinations of MEK and BRAF inhibitors have received FDA
approval and have proven effective in inhibiting tumor growth in
both preclinical models and patients with RAS or RAF muta-
tions.>?* One notable MEK inhibitor, Trametinib, was identified
progression-free and overall survival in patients with BRAFY69%-
mutated metastatic melanoma.>*® Furthermore, combinations of
Dabrafenib and Trametinib led to improved progression-free
survival in patients with metastatic BRAF'®°*®-mutated mela-
noma.**' Cobimetinib (GDC-0973) is another highly selective
allosteric MEKi that has demonstrated effectiveness in BRAF'60F/K.
mutant patients as well as in cell lines with BRAF- or KRAS-
mutations.>32 The FDA approved Cobimetinib in combination with
Vemurafenib for the treatment of BRAF'*°**mutant and
unresectable melanoma in 2015.3%* Binimetinib, also known as
MEK162, ARRY-162, or ARRY-438162, is an effective oral MEKi
approved for patients with BRAF"5%“*_mutant and unresectable
melanoma. The FDA approved the combination therapy of
Binimetinib and Encorafenib in 2018%* In 2020, Selumetinib
(KOSELUGO, AstraZeneca), a highly specific MEKi, is approved for
the treatment of pediatric children with neurofibromatosis type 1
(NP1) who have symptomatic, inoperable plexiform neurofibro-
mas (PN).33® Selumetinib is also under evaluation for use in other
cancers such as melanoma, gliomas, and non-small cell lung
cancers, where MEK1/2 is overexpressed.>3¢

Ongoing clinical studies on the combination of BRAFi and MEKi. In
patients with BRAF mutated cancer, a molecular mechanism
analysis has revealed potential target for RAS/RAF/MAPK inhibi-
tors. This analysis has led to a significant shift in the treatment
approach for patients with BRAF mutated cancer. It is believed that
inhibiting both BRAF and MEK greatly can improve clinical
outcomes for melanoma patients by slowing or preventing the
development of resistance to BRAFi alone.**” In Table 3, we have
compiled an update overview of clinical studies related to
combination of BRAFi and MEKi based on information from the
ClinicalTrials.go database.

Vemurafenib and Cobimetinib: Hoffmann-La Roche/Genentech
sponsored a Phase lll clinical trial that employed a double-blind,
placebo-controlled design to compare Vemurafenib alone with a
combination of Vemurafenib and Cobimetinib (GDC-0973). This
trial focused on patients who had not received prior treatment
and were diagnosed with BRAF'6®-mutattion-positive, unresect-
able locally advanced, or metastatic melanoma (NCT01689519).
Although there was a slight increase in treatment-related side
effects, the addition of Cobimetinib to Vemurafenib led to a
significant improvement in progression-free survival (PSR) among

Signal Transduction and Targeted Therapy (2023)8:455
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NCT03340506

Active, not recruiting/NCI-2014-01969 NCT02231775

December, 2027 Recruiting/CDRB436X2X02B
April, 2024

100
66

\%

Melanoma, NSCL, solid tumor, rare cancers, and HGG

Stage 1lIB/C CM AJCC v7

Dabrafenib + trametinib

PCP papillary craniopharyngioma, HM hematologic malignancy, TC thyroid cancer, PON papillary ovarian neoplasms, CRN colorectal neoplasms, LNC laryngeal neoplasms carcinoma, NSCLC non-small-cell lung,

MM multiple myeloma, ECD erdheim-chester disease, ATC anaplastic thyroid carcinoma, PC pancreatic carcinoma, HCL hairy cell leukemia
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patients with BRAF*®°-mutated metastatic melanoma.3*” Also, a
recent clinical study demonstrated that the combination of
Vemurafenib and Cobimetinib produced a partial response or
better in 15 out of patients with papillary craniopharyngiomas, as
part of a single-group study (NCT03224767). The average reduction
in tumor size was 91%, and progression-free survival (PFS) was
87% at 12 months (95% Cl, 57 to 98) and 58% at 24 months.33®
Numerous ongoing studies are currently underway, with partici-
pants either receiving intervention or undergoing examination to
assess the clinical and pathological responses to Vemurafenib and
Cobimetinib in BRAF-positive cancers (NCT05768178,
NCT02036086).

Encorafenib and Binimetinib: An observational study has been
initiated to investigate the real-world effectiveness, impact on
quality of life, safety, and tolerability of Encorafenib in combina-
tion with Binimetinib for the treatment of unresectable advanced
or metastatic BRAF cancers in Germany, Austria and Switzerland
(NCT04045691). Several clinical trials are currently underway, with
participants either receiving an intervention or undergoing
examination to assess the safety, tolerability and efficacy of
combining Encorafenib with Binimetinib in patients with BRAF'6°°-
mutant metastatic cancers, including pancreatic cancer (PC)
(NCT04390243), NSCLC (NCT05195632, NCT03915951), hairy cell
leukemia (HCL) (NCT04324112), multiple myeloma (MM)
(NCT02834364) and melanoma (NCT05767879) Despite the sig-
nificant improvement in survival seen with combination therapy
involving of BRAFi and MEKi for BRAF'®®-mutant melanomas,
there remain limited options for targeted therapy in cases of

RAF™"Ve%0_ mytant melanomas. It has been observed that
BRAF'6%° mutations often co-occur with NF1 deletion, and that
these mutations can signal as monomer and dimers when NF1
loss present.>*° Consequently, in BRAF™"%°_mutant melanomas
with co-occurring NF1 loss-of-function mutations, the combina-
tion of BRAFi targeting both monomeric and dimeric BRAF, along
with MEK inhibition, has been shown to significantly reduce cell
viability in vitro and tumor growth in vivo. Recently, two ongoing
clinical studies are exploring whether patients with BRAF™"V6%0.
mutant melanomas may benefit from the currently FDA-approved
combination therapy of Encorafenib (BRAFi) and Bonimetinib
(MEKi), which is reserved for BRAF™"5%_patients (NCT03839342,
NCT03843775). These results are considered hypothesis-generating
and will need further confirmation in larger clinical trials in the
future.

Dabrafenib and Trametinib: Recent reports have shown that
previousp// untreated individuals with metastatic melanoma and
BRAFY69YK mutations exhibited superior responses to the
combination therapy of Dabrafenib and Trametinib compared to
Dabrafenib alone>*® The randomized Phase Il study funded by
GlaxoSmithKline compared the efficacy of combination therapy
involving Dabrafenib and Trametinib to that of administered
alongside a placebo (Dabrafenib monotherapy) (NCT01584648).
Moreover, the Novartis designed non-interventional study has
initiated to evaluate the use of Dabrafenib in combination with
Trametinib as adjuvant treatment for Chinese patients with stage
Il melanoma carrying the BRAF“®°* mutation after complete
resection (NCT04666272). Additionally, a managed access program
(MAP) cohort clinical trial provides guidelines to physician for the
treatment and monitoring of Trametinib/Dabrafenib, in eligible
patients diagnosed with advanced NSCLC featuring the BRAF/6%%%
X activating mutations (CTMT212X2002I, NCT04507919).

Assessment of a dual RAF/MEK inhibitor: VS-6766. A novel RAF/
MEK inhibitor CH5126766/R05126766 was discovered while
screening for compounds that induce p27. It exhibits more
prolonged inhibition of MAPK signaling compared to PD0325901,
a well-known ATP-competitive MEK inhibitor.>*' VS-6766, also
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NCT05375994 Adagrasib
NCT05608252 Abemaciclib, fulvestrant
NCT05200442 Cetuximab, Pill Diary
NCT05074810 Sotorasib

Table 4.  Ongoing interventional clinical trials of VS-6766 (Dual RAF/MEK inhibitor) for cancer therapy
NTC identifier Adjunctive agent (s) Conditions Phase/Participants Study status/Estimated completion
date

NCT00773526 - Neoplasms Phase 1/18 Completed/Sep 2011
NCT05187169 - Food effect Phase 1/52 Completed/April 2022
NCT03875820 Defactinib NSCLC, LGSOC, EEC, PC Phase 1/87 Active, not recruiting/Oct 2023
NCT05512208 Defactinib EEC, MOC, HGSOC, CC Phase I1/55 Recruiting/Dec 2029
NCT05787561 Defactinib MGC Phase 11/20 Recruiting/March 2025
NCT04625270 Defactinib OC, LGSOC, adenocarcinoma Phase 11/225 Recruiting/Dec 2026
NCT04620330 Defactinib NSCLC, KRAS mutation Phase 2/100 Recruiting/Dec 2025
NCT02407509 Everolimus Solid tumors, MM, LC, OC Phase 11/104 Recruiting/May 2024
NCT04720417 Defactinib Metastatic UV Phase 11/18 Recruiting/Sep 2023
NCT05798507 Defactinib GBM Early phase I/12  Recruiting/Sep 2024
NCT06007924 Defactinib TC Phase 11/30 Recruiting/Aug 2027
NCT05669482 Defactinib, gemcitabine, nab- KRAS mutation, PDAC Phase |, 11/40 Recruiting/May 2025

paclitaxel

NSCLC, KRAS mutation, LC, MND Phase |, 11/58
Met HR + /HER- BC
CRC, COADREAD, mCRC
NSCLC, KRAS mutation

Recruiting/July 2024

Phase |, 11/63 Recruiting/Dec 2027
Phase |, 11/53 Recruiting/April 2024
Phase |, 1I/53 Recruiting/Dec 2023

glioblastoma, TC thyroid cancer

NSCLC non-small cell lung cancer, LGSOC low-grade serous ovarian cancer, PC pancreatic cancer, EEC endometrioid cancer, MOC mucinous ovarian cancer,
HGSOC high-grade serous ovarian cancer, CC cervical cancer, MM multiple myeloma, LC lung cancer, OC ovarian cancer, MND malignant neoplastic disease, MGC
mesonephric gynecologic cancer, BrC Breast cancer, CRC colorectal cancer, mCRC metastatic colorectal cancer, COADREAD colorectal adenocarcinoma, LC lung
cancer, Met HR*/HER™ BC metastatic hormone receptor-positive breast cancer, PDAC pancreatic ductal adenocarcinoma, mUV metastatic uveal melanoma, GBM

known as CH5126766, is a first-in-class dual RAF-MEK inhibitor
currently under investigation as a potential treatment for multiple
myeloma and solid tumors harboring different RAS-RAF mutations.
It targets two key nodes in the RAS/RAF/MAPK signaling pathway,
demonstrating both safety and promising efficacy.3**> Numerous
interventional clinical trials are ongoing to evaluate the effective-
ness of VS-6766, both as a standalone therapy and in combination
regimens (Table 4). Notably, an intermittent dosage regimen of
VS-6766 and Defactinib has shown clinical activity in patients with
recurrent low-grade serous ovarian cancer (LGSOC). These findings
have paved the way for an ongoing registration-directed study
investigating combination of VS-6766 and Defactinib in patients
with recurrent LGSOC (NCT04625270).

Targeted therapy in pediatric BRAF-mutational gliomas. The
BRAF"¢% mutations gas been associated with reduced respon-
siveness to conventional treatment in pediatric low-grade gliomas
(pLGG).>*® Recent findings from the phase Il TADPOLE trial suggest
that targeted therapy focusing on the RAS/RAF/MAPK signaling is
beneficial for pediatric brain tumors with BRAF mutations. In
earlier clinical studies, Dabrafenib demonstrated significant clinical
efficacy and tolerability, both as monotherapy and in combination
with trametinib, for the treatment of pLGG with BRAF'60%¢
mutations (NCT01677741). These results have spurred further
exploration of this combination as a first-line therapy
(NCT02684058). Notably, Dabrafenib plus Trametinib, when used
as a first-line therapy, achieved significantly higher response rates,
longer progression-free survival, and improved safety profiles
compared to standard monotherapy in pLGG with BRAF6%F
mutations.>** In this randomized study, the combination therapy
of Dabrafenib and Trametinib showed an overall response rate
(ORR) of 47%, while monotherapy yielded an ORR of only 11%.
Furthermore, the Dabrafenib and Trametinib combination sig-
nificantly extended median progression-free survival compared to
chemotherapy (20.1 months vs. 7.4 months) and led to clinical
improvement in 86% of patients, as opposed to 46% in the
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monotherapy group. Additionally, the study with BRAF/6%%

-mutant pediatric high-grade gliomas (pHGG) demonstrated that
combining Dabrafenib with Trametinib exhibits an enhanced ORR
of 56 %, associated with long-lasting responses and improved
duration of response (22.2 months), overall survival (32.8 months),
and along with a favorable safety profile, in relapsed/refractory
BRAF*®_mutant pHGG patients. In 2023, the FDA granted its
approval for the utilization of the Dabrafenib and Trametinib
combination as the primary treatment for pLGG in children aged 1
year or older. This milestone marks the successful outcomes of the
TADPOLE trials in the pLGG population. Moreover, in 2022, the
FDA also sanctioned the use of this combination therapy for
patients aged six and above who were dealing with relapsed/
refractory BRAF'5%° solid tumors. This additional approval serves to
reinforce the positive results observed in the pHGG cohort.

Combining BRAF and MEK inhibitors with other targeted therapy.
Combining BRAF and MEK inhibitors with other targeted therapies
is currently under investigation, aiming to prolong tumor
responses>* These therapies are also gaining traction in
neoadjuvant and adjuvant settings (see Table 5).

Patients with BRAF“*°-mutant malignancies are benefiting from
RAF/MEK:i inhibitor therapy. However, long-term efficacy is limited
by disease progression in the brain due to inadequate pharma-
cokinetics (PK) and pharmacodynamics (PD).3*¢3%” Researchers are
working on enhancing the intrinsic properties of drugs, such as
their PK and PD, to increase the effectiveness of RAS/RAF/MAPK
inhibitors. One promising molecule is PF-07284890 (BRAFi), a
potent brain-penetrant compound, currently undergoing evalua-
tion in a first-in-human trial for patients (NCT05538130,
NCT04543188).

Similar to BRAF/MEKi, combining adjuvant therapy together
with specific checkpoint inhibitors, such as anti-PD-1 (Nivolumab
and Pembrolizumab) or anti-CTLA-4 (Ipilimumab), has shown
promising results. It leads to extended recurrence-free survival and
a reduced occurrence of severe adverse events in patients who

Signal Transduction and Targeted Therapy (2023)8:455



Targeting the RAS/RAF/MAPK pathway for cancer therapy: from mechanism to...

Bahar et al.

19

ewoupied [|92 snowenbs pue|b pioJA Yyl HDso) ‘ewourdied diseideue pue|b ploiAyl Do) “4sdued ploiAyl ) ‘|93 bun| Jadued |jews
-uou HTHSN “49oUed [B1D910]0D HYD ‘ewolhdoaiseoyiuex diydiowoad dnsejdeue x4y “49oued [e13310]0D diieiselaw “JyHw ‘duinboiojydAxoipAy OOH ‘ewoise|qollb pygo ‘ewol bolbueb dnsejdeue Hoy ‘ewoifd0l)se
cnsejdeue vy ‘| 9dA) sisojewoiqyoinau 4N ‘ewol|b apeb ybiy Hop ‘ewol|b apesb mo| D97 495ued [e30210]0 D11RISeIdW JYIW ‘g UOISIDA JSOURD U0 331IWWO) JUIof UBDLSWY 8A DDy ‘ewouedWw Snoaueind po

LZ0616€0LON
996/5S01ON

LS¥10C¢01ON
LEYBI9E0LON

€80¥SSE0LON
6¥19¥9C01ON

GCCL60C01ION

6S¥71CLT01ON
0££08SS01DON
879061101ON
61C18/€01ON
611€06%01ON

696EYSE0LON
01£S/9%01DON

LZ68S8C01ON

£S51959701ON

¢69/96C01ON

0€1L8ESSOLON
L0£SSESOLON

88LEYSY0LON

687C0-6L0Z-1DN/Buniniday
¥¥0£0-020Z-1DN/Buiniday

SS0-D14d/buniniday
i L-81/Buiiniday

8L0L0-8LOZ-IDN buniniay
¥£1/S10TYIN/Buninnay

$1900
-710Z-IDN/BUIINIaI 10U ‘2ANDY

£6S81
-DDW/BuinIdal Jou ‘BANRDY

LOL-1SV-4vuMIN/Buninioay
LOLLXOLELNGY /Buminiday
T01-580-TH/Buninnay

DWd-L L-T13W-0Z-DDW/Bunininay

Lyv6l
-DDN/BunInIdaI Jou ‘DAY

£0860-020C-IDN/Buniniday

6Ll
/S1OTYIW/Buinidas Jou 9AdY

06l
-0 DDH/Buninidal 30U ‘DAY

10€241004AdD
/BURINID3I 10U ‘DAY

LOOLO6YD/Buniniday
LOOL9ZYD/buniniday

LOO L LbFD/6uninidal 10U ‘9ANDY

£T0T J3qwiidas
¥20T 42quiadeQg

£20¢ {unf
20T J1°3qwiLdsg

Y0 sunf
8¢0¢ 1°qui=dsQg

-610C Yaiew

€20C 1390100
£T0T 3unf
G570z Atenuer
€20 1aqwiadeg
£T0T Ydie

870T Aely
¥T0z aunr

¥20T 19quaAoN
€20T ¥snbny
€207 Joquidag

£T0T Yde
870z Alenuer

€¢0T J9qWSA0N

89
8S

SL
T4

0€
000L

[44

9C
9€l
49}
14
Sl

€l
0€

09

89S

144"
/A"

LS

Il

ewol|6 ¢ spesb jueubijew ‘WED ‘YXdV OOV VY
ewoueRW d13LISLIBIN'SA DDV WD Al @beis |edtuld

uoneusge LdN Yyum D97
uleiq pue uoieLdde JyHg YIM DOH pue Do ulelg

JYow

| obeis [esibojoyied pue |edi

8A DDIY WD p/3/9/e 1D

ewouep|\

L/9A
DDV D P/3/9/elll ‘Il 96eis [ediBojoyied pue [ediul|d

Ja0Ued upjs ‘ewouedI

Jowin} pijos pasueApy

uoneINw o JyHg JOWN} pi|os PIdUBAPY
lowny pijos

uofeINW 4yyg ‘ewoue|suw di1eISeIs|N

19oued upjs ‘ewoued
DDSOHL DVOL

ewoue|s|N
ewouepiy

ewoueR
DYD ‘swsejdoau uleiq

‘swsejdoau jueubijew ‘>SN ‘DL ‘ewol|b ‘ewouedy
ewolD D1 "DTOSN “DYD ‘ewouelsy

swisejdoau jueubijew ‘swsejdoau
ulelq ‘DTDOSN ‘ewouidied ewouedw jueubijey

uollelpes ‘qlunawely ‘qiusjeigeq
qiuiswely ‘1e1s019WazZe] ‘qluajelqgeq

ODH ‘quunswel) ‘qiuaseigeq
LO0YAd ‘qlunawen ‘qiuajeiqeq

‘quuiRWIGOd
‘qewnz||ozaje gewnjobels} ‘qluajeInwa

9/¥MAD ‘qlunawes)
qlunswesn ‘qiuajeiqeq ‘/8EELLY

qIuUIRWIGOD ‘GIUaJRINWA ‘888X
Sbze-g9d ‘qunawepiy
qIuRAWIGOd ‘0 LEL-NAY

$80-TH ‘qIuajenwap

qIuiRojIu ‘qlupaWeN qiuajeiqed

qewn|oAIN ‘qlunawiulg ‘gluajeiodul
gewnzijoiquiad ‘qluiswel ‘qluajeigeq

qewnzijoiqwad qiunawei ‘qluajeiqeq

qiunswiuIg
‘qewnuwiijid] ‘gewn|oAlU ‘qluajeiodu]

qlunawel) qiuajelqep ‘qewnzijenyeds

'€€666££04d
‘0681787£04d ‘v77S66,L04d ‘qlusjeloduy

gewixniad ‘qiuiswiulg ‘€£666/0-4d

wejozepiw ‘qunawiulg ‘068v82/0-4d

Jaynuspl DIN

al Jayr0/sniels wusnd

uonesdwod
Apnis palewnsy

syuedpiued aseyd

(s) uonipuod

Adeiayy paiabiel

suoiebIsaAUl [edIUlD JapUN SI0NqIYuUl YVIN/AYY Yim Buoje Adessyy pajabiel Jay3o Jo suoneuiquiod

'S 9|qelL

SPRINGER NATURE

Signal Transduction and Targeted Therapy (2023)8:455



Targeting the RAS/RAF/MAPK pathway for cancer therapy: from mechanism to...

Bahar et al.

20

have undergone resection for stage IlIB, llIC, or IV melanoma
(NCT02388906, NCT04949113, NCT01972347). Additionally, the
combination of these immune checkpoint inhibitors with BRAF/
MEK-targeted medications appears to be a more viable treatment
option due to their immunomodulatory action (NCT02967692,
NCT04655157, NCT02858921). Furthermore, a phase | trial study has
demonstrated the potential synergy between anti-PD-1 inhibitor
and other BRAF/MEK inhibitors in treating patients with BRAF-
mutant stage IlIC-IV melanoma (NCT03543969). Meanwhile, a
phase Il trial is evaluating the impact of Pembrolizumab,
Dabrafenib, and Trametinib as a neoadjuvant therapy for patients
with BRAF"**_mutated anaplastic thyroid cancer (ATC) before
surgical intervention (NCT04675710). An ongoing neoadjuvant
phase Il study of Dabrafenib, Trametinib and/or Pembrolizumab in
BRAF"6%°-mutant respectable stage IIIB/C melanoma is investigat-
ing the effect of Pembrolizumab, Dabrafenib, and/or Trametinib in
reducing tumor sizes before surgery and preventing melanoma
recurrence after surgery in patients with BRAF*®-mutant
respectable stage IlIB/C melanoma (NCT02858921).

However, a randomized phase |l trial, advanced melanoma
patients with BRAFV*°*®X mutations who received a combination
of Dabrafenib (BRAFi), Trametinib (MEKi), and Pembrolizumab (a
PD-1-blocking  antibody)  displayed  numerically  longer
progression-free survival (PFR) and duration of response but
experienced with a higher rate of grade 3/4 adverse events
compared to those treated with the doublet therapy of
Dabrafenib and Trametinib along with a placebo (NCT02130466).

In addition to the established interventions using BRAF and
MEK inhibitors, HSP90 inhibitors for patients with the BRAF'6%-
mutant melanoma are under investigation due to their manage-
able side-effect profiles when combined with BRAFi.>*® HSP90
inhibitors, such as AT13387 or XL888, offer a promising strategy to
combat drug resistance resulting from BRAF and MEK inhibition in
melanomas.>*® Clinical trials investigating the combination of
BRAF/MEKi with XL888 or AT13387 are currently underway
(NCT02721459, NCT02097225). Moreover, targeting the CDK4
pathway has emerged as a therapeutic approach for patients
with BRAF-mutant metastatic melanomas.>** A patient-centered
translational study has shown improved clinical outcomes for
individuals with stage Ill or stage IV metastatic BRAF and NRAS
wild-type melanoma who do not respond to standard therapy,
typically immunotherapy. Lastly, there are ongoing clinical trials
exploring various combinations with BRAF/MEKi, which informa-
tion can be found in Table 5, provided by ClinicalTrials.gov.

RAFi resistance

The discovery of small-molecule BRAF inhibitors was the start of a
revolution in the treatment of advanced melanoma.3?**>° Some
BRAF inhibitors have demonstrated promising results for the
treatment of patients with melanoma featuring the BRAF'6%F
mutation. Despite the exceedingly positive effects of these
inhibitors, the development of drug resistance is a widely
occurring phenomenon in patients with cancer.'®**' RAFi
resistance can be characterized as either intrinsic acquired or
adaptive."

Intrinsic RAFi resistance. Although cancers featuring activating
BRAF mutations respond well to RAFi, a considerable fraction of
melanoma cells harboring the BRAF V%% mutation show inherent
resistance to RAFi2 BRAFY®°®_mutant tumors do not sensitize to
either Vemurafenib or Trametinib due to high cyclin D1 and YAP1
expression.#3%273%% Activation of phosphatase and tensin homolog
(PTEN), forkhead box O3, AKT, or insulin-like growth factor 1 (IGF-
1) generally leads to the development of intrinsic RAFi resistance
due to the suppression of apoptosis mediated by BCL2-interacting
mediator of cell death.3>>=>°8 Intrinsic RAFi resistance represents
an adaptation mediated by transcriptional and epigenetic
rewiring.>*° Relief from the human EGFR 3 feedback inhibition

SPRINGERNATURE

mediated by RAFis and MEK inhibitors reduces the anticancer
effects of these treatments against BRAF-mutant thyroid carcino-
mas.3® Human growth factor (HGF) released by stromal cells
activates the HGF receptor (MET), reactivating the MAPK and
PI3K-AKT signaling pathways, resulting in the rapid development
of RAFi resistance.*®’

Acquired RAFi resistance. Acquired RAFi resistance generally
develops due to the competitive burden introduced by drug
treatment, which results in diverse genetic abnormalities or the
acquisition of therapy-induced de novo cellular epigenetic and
transcriptional reprogramming events®? In nearly all cases,
acquired drug resistance is linked to secondary mutations in
RAF, leading to the activation of parallel signaling pathways (such
as RTKs) and the “on-target” accumulation of mutations in the RAF
pathway.*®373% These secondary mutations often occur at “gate-
keeper” residues within a RAF ATP-binding site, preventing
inhibitors from binding to the existing hydrophobic pocket of
the ATP-binding domain. A BRAF mutation at Thr259 confers
resistance to some anticancer reagents (e.g., SB590885 and
PLX4720), although intrinsic kinase activity is maintained.>®®
Acquired resistance to Vemurafenib is related to the increased
expression of several RTKs, especially PDGF receptor. In addition,
CRAF overexpression leads to acquired resistance to BRAF
inhibition mediated by a RAF kinase switch in melanoma.®%®3%°
MAP3K8 (COT) reactivates ERK in some melanoma samples that
are resistant to RAFis and MEK inhibitors.>”%3”!

Adaptive RAFi resistance. Adaptive resistance to RAFi arises from
internal compensating mechanisms, often termed adaptive
responses or feedback loops. These mechanisms enhance the
survival and proliferation potential of a subset of the initial tumor
population, ultimately promoting tumor growth. Such adaptive
RAFi resistances can manifest in two main forms: non-
transcriptional adaptive response, which regulate post-
translational modifications of upstream kinases, and transcription-
ally mediated adaptive responses. Many of these inherent
resistance mechanisms are primarily underscored by the reactiva-
tion of the MAPK signaling pathway, consequently, reduces
patient responses. Notably, the reactivation of MAPK via
paradoxical signaling (as described in section 4.3) accounts for a
significant portion of adaptive mechanisms, contributing to the
diminished sensitivity to pathway-targeted drugs and overall
patient responses.®”?

RAFi adaptation to RAF dimerization: feedback inhibition and
paradoxical activation in RAF-mutant cancers

Aberrant ERK1/2 signaling can lead to oncogenicity, depending on
the extent of ERK1/2 activation®’3, ERK dysregulation is associated
with cell death and senescence,>’#3”° and the feedback mechan-
isms in ERK signaling are closely connected to cellular dysfunc-
tion.3’® The negative feedback of ERK signaling is regulated
directly via ERK pathway phosphorylation®’® or indirectly through
de novo gene expression, such as those encoding dual-specificity
phosphatases (DUSPs) and Sprouty (SPRY).2””3”® ERK-mediated
feedback regulation directly targets RAF proteins, reducing
dimerization.>’® RAFi resistance reactivates ERK signaling and
induces RAFi insensitivity via mechanisms that bypass RAF-
dependent signaling.>*? ERK reactivation is very subtlety regulated
at multiple levels via “intra-pathway” feedback loops and
mediated by phosphorylation, intracellular localization, and
complex formation (Fig. 8a).3%°. Under normal conditions, RAS-
activated RAF dimerizes and phosphorylates the downstream
effectors MEK and ERK. Interestingly, ERK also activates other
genes (e.g., DUSPs and SPRY) that inhibit the ERK pathway via a
negative feedback loop, resulting in RAS dephosphorylation,
which weakens the signal.'*'>3783817383 The network of negative
feedback loops limits ERK activation driven by the direct
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Fig. 8 Mechanistic basis of RAF inhibitor (RAFi) resistance. a RAFi resistance in RAF-mutant cancer. BRAFY*°®_mutant cancers are characterized

by hyperactive extracellular signal-related kinase (ERK) signaling during early disease, resulting in negative feedback inhibition of upstream
signaling. RAS-GTP expression is minimal, but monomeric BRAF'®°% responds to signals. Under these conditions, RAFi inhibits ERK signaling.
Subsequent treatment with Vemurafenib suppresses ERK-dependent negative feedback, restoring receptor tyrosine kinase (RTK) signaling.
Despite the presence of RAFi, RTK signal restoration elevates RAS-GTP levels, drives the formation of RAFi-insensitive RAF dimers, and
reactivates ERK signaling. Over time, negative feedback pathways are partially restored, and a new steady-state condition featuring
reactivated ERK signaling develops. b RAFi resistance mechanisms. RAFi resistance promotes significant RAF dimerization through growth
factors or RTK activation, NRAS mutation (NRAS Q61), NF1 loss, expression of RAF splice variants (p61), or overexpression of BRAF or CRAF.
Reactivation of ERK signaling and RAFi resistance can also develop in a RAF dimerization-independent manner involving MEK mutations or
RAF bypass activation by COT (an ERK kinase kinase). This figure was created with BioRender.com
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phosphorylation of components in the MAPK cascade. 3738 |n

BRAF-mutant cancers, the MEK-ERK axis is constitutively active,
independent of RAS-mediated RAF dimerization, and low levels of
basal RAS activation combined with direct phosphorylation result
in the strong activation of negative feedback regulators (SPRY and
DUSP), inhibiting signaling intermediates, such as EGFR and SOS.
As a result, signaling is hampered downstream of activated
receptors in BRAF'*°® _mutant cells. Treatment with Vemurafenib,
a first-generation ATP-competitive RAFi, results in a temporary
reduction in ERK activity,>>* which rapidly recovers in BRAF-mutant
cancer cells,*®” possibly due to the inhibition of ERK-dependent
negative feedback.'>*®® The restoration of RTK signaling increases
RAS-GTP levels, followed by an increase in the homo- or
heterodimerization of RAF, which paradoxically reactivates ERK
signaling in the presence of RAFis.3®® This paradoxical activation of
RAFi-insensitive BRAF“*°*_mutant dimers result in the formation
of a new steady-state signaling network, even in the presence of
RAFis.28%39 Thus, RAFi are ineffective against these tumors due to
the development of constitutive BRAF-mutant dimers or the
transactivation of BRAF-CRAF heterodimers 38931

New RAFi families, such as pan-RAF dimer inhibitors and
paradox breakers (dimer breakers), appear to be more effective
therapeutic options than previous monomeric-targeting RAFis in
tumors with RAF dimer-induced signals (Fig. 8b).3*?73%* pan-RAF
dimer inhibitors (e.g., LXH254 and LY3009120) bind directly with
RAF dimeric domains and inhibit RAF dimerization in
BRAFV®°®E_mutant tumors. However, RAS mutation or amplifica-
tion, BRAF'®®E amplification, and intragenic deletion or BRAF
splice variants can lead to RAFi resistance in patients with
BRAF'6%E_mutant tumors.>*°3?>3 |mportantly, these inhibitors
target both active RAF dimers and monomers to block ERK
signaling in cancer cells.>**” Most pan-RAF inhibitors (e.g., AZ628,
Belvarafenib, CCT196969, CCT241161, LY3009120, and TAK-580
[MLN2480]) are successful when tested using in vitro cellular
assays.>?83%° However, the use of these inhibitors in patients has
been limited by a lack of selectivity for mutant BRAF.**® Although
LY3009120 exhibits antitumor effects in patients with mutant RAF
dimers, persistent treatment with this drug causes severe
resistance due to BRAF'° dimerization>*® A limited dose
escalation has been examined to determine the maximally
tolerated dose in patients with RAS-mutant cancer, indicating
the potential of this drug as an anticancer therapy.*°® LXH254, an
inhibitor of RAF dimerization, shows specific paralog selectivity,
preventing dimeric formation of BRAF and CRAF but not ARAF %7
These drugs are unable to suppress MAPK signaling in normal cells
because they inhibit mutant RAF dimers and monomers at great
potency compared with their effects on wild-type RAF dimers. As a
result, V6OOE-mutant BRAF that dimerizes with other RAF mutants
or with wild-type BRAF or CRAF exhibit drug resistance due to the
unintended paradoxical activation of ERK,3?#38%3% which may also
be responsible for the elevated toxicity and disruption in RAF
signaling observed in non-cancer cells. As a result, these
medications prove ineffectual when confronted with tumors
carrying BRAF™"%%E_mytations. Additionally, an increase in the
expression of BRAFY°°® _dimers can lead to acquire resistance,
primarily because of unintentional paradoxical activation of
ERK.>*° This paradoxical activation might also be accountable for
heightened toxicity and disturbances in RAF signaling, which are
observable in non-cancer cells.*®

In addition to pan-RAF dimer inhibitors, paradox breakers (e.g.,
PLX8394 and PLX7904) disrupt homo- and heterodimers that
contain BRAF, resulting in reduced paradoxical ERK activation in
cells expressing both mutant and wild-type RAF.3%*%%? These
inhibitors selectively bind BRAF to suppress ERK1/2 in
BRAFV®°E_mutant cells without inducing the paradoxical activa-
tion of ERK1/2 observed in RAS-mutant cells. PLX8394 specifically
inhibits BRAF in colon adenocarcinoma cells, preventing the
paradoxical activation of the MAPK pathway*® with greater
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potency than Encorafenib, a selective inhibitor of active BRAF
monomers, in BRAF-mutant colorectal cancer.’®® However,
PLX8394 deteriorates ERK signaling via the specific dissociation
of BRAF-containing dimers (BRAF homodimers and BRAF-CRAF
heterodimers) but has no effect on CRAF homodimers or dimers
containing ARAF due to differences in the amino acid residues
within the N-terminal region of the kinase domain among RAF
isoforms.*°? In addition, PLX8394 activates RAF signaling via BRAF
dimerization in several melanoma cells.*®> RTK-induced mamma-
lian target of rapamycin (mTOR) activity and other bypass
signaling may be able to compensate for decreased p-ERK levels
when using paradox breakers.*°®

The ability of RAF-mutant tumors to adapt to RAFi is primarily
due to an increase in RAF dimerization (Fig. 8b, RAF
dimerization-dependent)."®® Mutant RAF dimerization is often
associated with RAFi resistance. An inhibitory bypass mechanism
can also result in resistance to RAFi, via RAF-independent ERK
reactivation (Fig. 8b, RAF dimerization-independent). For example,
mutations in the MEK kinase COT (MAP3K8) and MEK1 (encoded
by MAP2K1) are closely related to inhibitory bypass resistance that
develops in response to RAFi.2”"*%7 RAFi-resistant tumor cells
show the rapid recovery of MAPK pathway activation, allowing
escape from RAFi therapy; therefore, the total blockade of the
entire pathway is essential for stimulating apoptosis in RAF-mutant
cancers.**® The combination of RAFi together with other down-
stream inhibitors (e.g., MEK inhibitors) can maximize MAPK
pathway inhibition and minimize cancer resistance. Compared
with typical single-agent chemotherapy, Trametinib, a MEK
inhibitor, enhances progression-free and overall survival rates in
patients with metastatic melanoma who harbor a BRAF600E/V600K
mutations.'® However, BRAF"5°%_mutant tumors still can develop
resistance to combination RAFi and MEK inhibitor therapy over the
course of months to years.**® Most patients who are treated with
RAFi and MEK inhibitor combination therapy develop mild (Grade
1-2) toxicity in response to these drugs.?**'%*'" Therefore, a
solution to the underlying toxicity induced by RAFi is necessary to
develop effective therapies for RAF-mutant malignancies.

STRATEGIES TO OVERCOME CHEMORESISTANCE RELATED TO
TARGETING THE RAS/RAF/MAPK PATHWAY

The hyperactivation of the RAS/RAF/MAPK signaling pathway
plays a significant role in the development of numerous human
malignancies. While current targeted therapies like BRAFi and
MEKi show varying levels of effectiveness across different cancer
types, s substantial number of patients develop resistance
relatively quickly.*’?> Ongoing cancer research is now actively
addressing the challenge of countering both intrinsic and
acquired drug resistance to small-molecule RAF inhibitors.
Strategies involving combination therapies are been exploring
as potential approaches to address RAF inhibitor resistance.*'®

Utilizing existing combination therapeutic strategies against RAFi
resistance

The RAS/RAF/MAPK inhibitors currently in use have been through
clinical development as combination therapies. They can either
vertically target specific proteins within the MAPK pathway or
horizontally inhibit multiple signaling pathways.*'*

Vertical pathway inhibition. BRAF-targeted single-agent therapy
frequently results in the development of drug resistance due to
MAPK pathway reactivation. The vertical blockade of MAPK
signaling mediated by RAFi may be supplemented by other
agents targeting the intermittent pathway
(RTK-RAF-MEK-ERK).*'>~*"” Combination therapy has become an
important therapeutic goal in class-specific polytherapy.*'7#'® A
vertical blockade combining the RAFi Dabrafenib with the EGFR
inhibitor Panitumumab and the MEK inhibitor Trametinib is able
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to greatly suppress MAPK signaling, demonstrating improved
therapeutic efficacy in metastatic colon cancer compared with
other therapies.*'9*?° Although several therapeutic approaches
using various medication doses and regimens can extend
therapeutic responses, these strategies can also accelerate the
development of resistance mechanisms. Continuous drug-related
toxicity is also a risk, and the intermittent targeting of mutant
BRAF can lead to the development of new drug-resistant
tumors.*184217423 A5 Vemurafenib-resistant cancer cells are reliant
on the presence of the drug, withdrawal of drug treatment could
be sufficient to induce tumor regression.*'®%?2 Although the
development of resistance to multiple inhibitors targeting the
MAPK pathway remains to be addressed, this drug combination
approach improves patient outcomes.*>#4%

Horizontal pathway inhibition. Targeting multiple signaling path-
ways simultaneously, known as horizontal pathway inhibition, can
be an effective strategy to counteract potential compensatory or
escape mechanisms that selective pathway inhibition might trigger.
Cancer cells develop heterogenous resistance mechanisms to evade
various drugs, but most of these mechanisms involve the
reactivation of MEK-ERK signaling, combined with enhanced
signaling output via the PI3K-AKT-mTOR and other pathways.*?®
Therefore, understanding the MAPK-related mechanisms underlying
the development of resistance to RAFi and combination therapies
may improve their potential therapeutic effects.*?”*?® Reactivation
of ERK signaling can also occur via MAPK-independent pathways,
including the bypassing of the paradoxical MAPK arm through PI3KC
mutations,*?**® activation of an AKT-ETS-1-mediated positive
feedback loop,”*' loss of PTEN activity”? overexpression of
mTOR,*3 or manipulation of autophagy proteins (ATGs)*****> (Fig.
8b, MAPK-independent). The combined inhibition of both the
RAF-MEK and PI3K-AKT-mTOR pathways has a synergistic pro-
apoptotic effect. For example, the addition of an AKT or mTOR
inhibitor to Vemurafenib therapy or MEK inhibitor therapy results in
synergistic effects.**® SHP2 inhibitors efficiently bypass the para-
doxical MAPK signaling arm in RAS-mutant tumors treated with
RAFi.437'438

The sequential or intermittent dosing of BRAF/MEK inhibitors.
Patients with metastatic melanoma harboring activating BRAF
mutations have demonstrated improved survival when receiving
combination therapy with both BRAFi and MEKi.**? Unfortunately,
the therapeutic effectiveness of such treatments often proves
transient, with resistance emerging within a few months.**
Intermittent therapy has been explored as a strategy to halt or
delay resistance to BRAF inhibition.*?? In pursuit of curation
approach for melanoma patients with BRAF mutations, research-
ers have proposed that modifying dosing patterns could prevent
the development of lethal drug resistance and extend the
durability of BRAFi responses.**' The optional implementation of
this strategy in treating advanced BRAFY®°®.mutant melanoma
patients is currently under investigation in randomized phase I
and Il clinical trials comparing intermittent and continuous dosing
schedules of BRAFi in combination with MEKi (NCT02224781,
NCT02196181). However, one completed trial did not need its
primary objective of improving progression-free survival, indicat-
ing that the experimental intermittent schedule of both Vemur-
afenib and Cobimetinib did not demonstrate superior anticancer
activity compared to the regular continuous schedule
(NCT02583516).

Potential alternative strategies for further optimizing the use of
RAF/MEKi

The potential of different combination therapies is being explored
to delay the emergence of resistance to MAPKi or to precisely target
BRAF/MEKi-resistance. Recent preclinical research has identified
alternative strategies for combating resistance, including bolstering
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apoptosis, modulating autophagy, and directing attention on
mitochondrial metabolism and phenotyping switch (Fig. 9a).

Targeting mitochondrial and energy metabolism. Metabolic dis-
orders have long been associated with cancers, characterized by
metabolic reprogramming, which involves alterations in metabolic
pathways enabling cancer cells to proliferate rapidly, survive in
hypoxia and nutrient-deprived conditions, and evade the immune
system.**? Furthermore, metabolic reprogramming events play a
crucial role in tumorigenesis, drug resistance, and metastases in
melanomas.*** Research on chemotherapy-resistant, slow-cycling
BRAF'®® melanomas has shown increased level of oxidative
phosphorylation (OXPHOS) enzymes and blocking them resulted
in cell death. Additionally, the pivotal role of the microphthalmia-
associated transcription factor (MITF) and PGC1A in regulating
phenotyping plasticity is indispensable for steering cellular meta-
bolism towards OXPHOS. A two-tiered strategy involves combining
anticancer drugs that target rapidly proliferating melanoma cells
with drugs that suppress the slow-cycling, drug-resistant subpopula-
tion. Several drugs targeting mitochondrial respiration have been
investigated in preclinical settings with promising results.*** For
instances, f-sitosterol, due to its favorable tolerability, excellent
bioavailability, and ability to inhibit mitochondrial respiration, serves
as a viable adjuvant to BRAFi therapy for individuals with or at risk
for melanoma brain metastases. Combining Vemurafenib with either
[B-sitosterol or a functional knockdown of mitochondrial complex |
completely eliminated BRAFi resistance.*** Also, uncouplers like SR4
and Niclosamide that disrupt mitochondrial OXPHOS may be
effective as first-line adjuvant treatments for melanoma patients
who are not responding to MAPK inhibitors.**>

Cancer starvation therapy, which relies on glucose restriction to
induce oxidative stress and slow tumor growth has proven
effective in curbing the rapid multiplication of cancer cells.**® The
glucose analog 2-Deoxy-D-glucose (2-DG), when used in combina-
tion with Cisplatin or Erlotinib, enhances the cytotoxicity of head
and neck squamous cell carcinoma (HNSCC) cells through
metabolic oxidative stress. While 2-DG treatment alone may not
cause significant cell death in most cancer cells, it does sensitize
them to oxidative stress induced by radiotherapy or chemother-
apy. Using 2-DG as an alternative therapeutic approach for the
treatment of radioresistant and highly glycolytic cervical malig-
nancies involves inhibiting intracellular redox metabolism and
glycolysis.**” Also, some transcriptional factors, including hypoxia-
inducible factor-1 (HIF1), MYC, and MONDOA (MLXIP), involve the
regulation of glycolysis by inhibiting BRAF in melanomas, and
further the combined inhibition of BRAF and glycolysis triggers
cell death in BRAFi-resistant melanoma cells.**® Although there is
currently no clinical evidence of this, targeting glucose metabo-
lism could potentially be adapted therapeutically to overcome
BRAFi resistance, particularly in pancreatic cancer driven by KRAS-
dependent resistance to MAPK inhibition.**

Therapeutic modulation of metabolic difference in lipid
metabolism can be a promising strategy to overcome BRAFi
resistance. AMP-activated protein kinase (AMPK), a nutritional
sensor present in both healthy and malignant cells, regulates lipid
breakdown, phosphorylated, and inactivates acetyl-CoA carbox-
ylase, preventing fatty acid production, and promotes lipid
utilization through beta-oxidation in mitochondria.**® AMPK-
dependent phosphorylation of BRAF at serine 729 reduces MAPK
signal in BRAF wild-type cells by Inhibiting BRAF interaction with
CRAF and KSR1.”°' A study elucidated how 14-3-3 controls
dimerization-driven RAF activation and mitigate the negative side
effects of RAF inhibitors in cancer therapy.*** Additionally, the
combination of Phenformin and PLX4720 resulted in tumor
regression in some mice models. This study suggests that
combining AMPK activators, such as Phenformin, with BRAF
inhibitors may offer significant therapeutic advantages in mela-
noma treatment.
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Fig. 9 The possible therapeutic strategies for overcome resistance to RAS/RAF/MAPK inhibitors. a Alternative approaches to overcome MAPK
inhibitor (RAFi) resistance. b Targeting autophagy. In cancer cells, autophagy-related genes are functionally and physically associated with
mitogen-activated protein kinase (MAPK)-targeted therapy and cancer resistance induced by MAPK signaling inhibitors (e.g., RAFi, MEKi). The
regulatory mechanisms involved in autophagy induction and the mediators that regulate autophagy are described in each rectangle. Arrows
and bars indicate stimulating and inhibiting signals, respectively. This figure was created with BioRender.com

Targeting phenotyping switching.

Phenotypic switching and

metabolic reprogramming play distinct roles in the development

of resistance in therapy-resistant clones of BRAFY6®

melanoma cells.*** The significance of MITF, a
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-mutated
primary

transcription factor in melanocyte differentiation/dedifferentia-
tion, has been emphasized in relation to phenotypic switching. It
has been observed that drug-sensitive cell lines and patient
biopsies typically exhibit high MITF levels, whereas inherently
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resistant cell lines and patient biopsies demonstrated low MITF
expression but elevated levels of NF-kB signaling and the receptor
tyrosine kinase AXL.*** These MITF-low/NF-kB-high melanomas
display resistance to ERK, RAF, and MEK inhibition in vitro.
Remarkably, MITF expression show an inverse correlation with AXL
expression, suggesting that cell lines can be categorized based on
their metastatic potential regardless of whether they carry the
BRAF or NRAS mutations.*>> Additionally, Wnt5a signaling directly
influences the motility and invasion of metastatic melanoma cells
with low MITF levels.**® The phenomenon of EMT observed in
cancer cells bears a striking resemblance to phenotypic switch-
ing.**” Exploring phenotypic switching may be essential in
developing novel therapeutics capable of restoring sensitivity to
RAFi or MEKi, providing a critical avenue for overcoming
resistance.

Targeting the PI3K/AKT, tumor microenvironment and inflammatory
responses. Resistance commonly develops in the majority of
advancing melanomas through the reactivation of MAPK signal-
ing, often driven by alterations in BRAF, NRAS, and MEK.**® While
the activation of the PI3K/AKT pathway does not limit patient
responses to BRAF/MEK inhibition, a small subset of resistant
melanoma relies on the compensatory PI3K/AKT signaling
cascade.*? Initial clinical trials with PI3K inhibitors in combination
with Vemurafenib have shown promising results*® In
challenging-to-treat BRAF-mutant mCRC patients, a combination
therapy comprising Alpelisib (a PI3K inhibitor), Encorafenib, and
Cetuximab (an anti-EGFR) has demonstrated effectiveness.*®’
Notably, in BRAF'S°-mutated CRC cancers, activation of the
PI3K/AKT pathway serves as a mechanism for both innate and
acquired resistance to BRAF inhibitors, with proposed combina-
tion approaches to improve outcomes in this challenging patient
population.*®®> PTEN, a major antagonist PI3K, is frequently
mutated in various cancer tissues and is implicated in 17% of
melanoma cases, 10% of colorectal cancer cases, and 4% of lung
adenocarcinoma cases.*®® Mutations in PTEN, resulting loss of
function, are associated with a higher proportion of BRAF-mutant
alleles, and are linked to lower progression-free survival (PFS),
overall survival (OS), and response rates in melanoma patients.
PTEN loss induces BRAFi-resistance in melanoma cells by
inhibiting BIM expression.>>> The involvement of AKT3 and the
activation of FOXO3a play a role in enhancing apoptosis when
PLX4720 and a PI3K inhibitor are combined to treat PTEN-negative
cells 3> Importantly, HSP90 inhibition appears to be more
effective in restoring BIM expression and downregulating Mcl-1
expression compared to the combined MEK/PI3K inhibitor
therapy, making it a potentially highly effective strategy for
managing the diverse array of resistance mechanism observed in
BRAF resistance.*®* AEBP1 (adipocyte enhancer-binding protein 1)
is significantly upregulated in melanoma cells resistant to PLX4032
due to over-activation of the PI3K/AKT/CREB signal pathway.
Blockage of this signaling pathway effectively restores the
PLX4032-resistant phenotype of melanoma cells.

The development of resistance to BRAFi resistance in melanoma
is a well-recognized challenge, stemming not only from genomic
or epigenetic aberrations but also from the crucial role played by
the tumor microenvironment. In response to BRAF inhibition,
melanoma cells and fibroblasts undergo microenvironmental
changes that enhance PI3K/AKT survival signaling, allowing tumor
cells to evade treatment.*®® When treated with Emurafenib,
melanoma cells release TGF-B, triggering fibroblasts to increase
expression levels of a-smooth muscle actin (a-SMA), neuregulin
(NRG), and fibronectin. Paradoxically, Vemurafenib’s off-target
effects lead to the secretion of hepatocyte growth factor (HGF) by
fibroblasts. Furthermore, tumor-associated macrophages (TAMs)
contribute to the development of a pro-tumorigenic microenvir-
onment that fosters resistance to MAPKi therapy by providing an
abundance of oxygen, nutrients (resulting in hypoxia and
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metabolic stress), and extracellular matrix proteins.**® Subse-
quently, TAMs secrete angiotensin, COX-2, IFN, and IL-1, further
promoting the growth and metastasis of melanoma.*®” Thus, to
enhance the effectiveness of combination therapy for melanoma
patients, targeting spatiotemporal interactions within tumor
microenvironments holds significant promise.

Inflammatory signals establish a novel epigenetic program that
silences a specific set of genes contributing to inflammation-
induced cellular transformation in tumor cells.**® Tumor-induced
inflammatory responses have adverse effects on the adaptive
immune system and open up possibilities for new therapeutic
strategies address the immunological dysfunctions caused by
tumors.**® A novel independent predictor of Anthracycline/Taxane
neoadjuvant chemotherapy response in breast cancer is the
presence of tumor-associated lymphocytes, aiding healthcare
professionals in identifying patients who will benefit most from
this treatment.*’® Pharmacological targeting of key factors derived
from tumor-associated inflammation presents a unique strategy to
eliminate therapy-resistant tumors. Celecoxib, a COX-2 inhibitor,
significantly reduced tumor burden by 90% and notably delay
tumor growth induced by the BRAFi inhibitor PLX7420.*”" Copper
chelation emerges as a potential treatment strategy for a specific
subset of tumors characterized by activating BRAF'°°°f mutations.
Copper chelators, commonly used to treat Wilson's disease, inhibit
tumor formation in human or mouse cells harboring BRAF®°%
mutations or engineered to be resistant to BRAFi.*”?

Targeting apoptosis. Tumor cells often develop resistance to
chemotherapy and radiation by disrupting the regulation of
apoptosis-related mediators, especially by increasing the levels of
anti-apoptotic BCL-2 family proteins.*”> BH3 mimics have gained
popularity as a means to induce cell death effectively by targeting
the primary anti-apoptotic proteins without necessitating sig-
nificant involvement of pro-apoptotic proteins.*’* ABT-263, a BH3
mimic, when used in combination with selective BRAFi (PLX4720),
enhances both the extent and speed of responses in treatment-
naive patients with BRAF'5°°®-mutated melanoma but it is less
effective in individuals who have developed resistance to these
drugs.*”® Surprisingly, ABT-737 significantly increases the sensitiv-
ity of melanoma cell lines to conventional chemotherapeutics,
leading to BIM-mediated apoptosis.*’® Inhibiting anti-apoptotic
BCL-2 proteins can improve primary PLX-4032 responses and
reduces the development of resistance to both targeted and
standard therapies.*””

In addition to BCL-2 family proteins, STAT3 is a promising target
for anti-apoptotic drug development against BRAFi resistance.
Inhibiting the STAT3 pathway demonstrates significantly higher
cytotoxicity compared to the currently used therapeutic drug PLX-
4032. This approach targets both BRAF-mutant and WT melanoma
cells  without selectivity.’® Combing Vemurafenib  with
STAT3 silencing or miR-579-3p overexpression proves effective in
overcoming Vemurafenib resistance in cancer cells.*”® Furthermore,
activation of the RAS-RAF-MAPK pathway is associated with the
prevention of Caspase-3 activation, cell protection against apoptosis,
and direct phosphorylation of caspase-9.2'> Caspase-3 inhibits MEK1
through proteolytic means, leading to reduced pro-survival ERK
signaling and increased susceptibility of cell to apoptosis.*®°

Endoplasmic reticulum (ER) stress can potentially activate
various apoptotic signaling pathways in melanoma cells in a
context-dependent manner. The MEK/ERK signaling pathway plays
a pivotal role in preventing caspase-4 activation induced by ER
stress. Additionally, the apoptosis repressor with caspase recruit-
ment domain (ARC) proteins appears essential in preventing
Caspase-8 activation in melanoma cells under ER stress.*®'
Inhibiting the MEK/ERK pathway makes melanoma cells more
susceptible to apoptosis induced by ER stress, partially through
caspase-4 activation, and is also associated with the inhibition of
ER chaperon glucose-regulated protein 78 (GRP78) production.*®?
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Expanding current strategies using high-throughput technology
High-throughput techniques for profiling tumor-associated gene
expression, including miRNAs, have a great prospect for clinical
applications. A recent advancement involves a high-throughput
quantitative method based on RCA, enhancing the sensitivity of
detecting miRNAs associated with Triple-negative breast cancer
(TNBC) using fluorescence-encoded microspheres.*®3

Genome editing. The translation of gene editing from theory to
clinical practice has been accelerated by recent advancements in
programmable nucleases, including zinc-finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENs), and
CRISPR/Cas9-associated nucleases.*®** One of the pioneering
pooled CRISPR screens involved a genome-scale knockout library
of melanoma cells treated with the BRAF inhibitor, Vemurafenib,
revealing genes responsible for treatment resistance.*®> Another
study found that CRISPR/Cas9 editing of RAS and MEK mutant cells
led to resistance to BRAF and MEK inhibitors, but MEK1 Q56P
restored sensitivity to the MEK/BRAF inhibitor combination, and
KRAS G13D increased sensitivity to immunotherapy.*8¢

Cancer vaccines. Cancer vaccines aim to activate latent or
unresponsive tumor-specific T cells, bolstering the innate immune
defense against cancer.*®” Various cancer immunotherapies have
been developed to trigger tumor-specific immune response in
tumor patients. Clinical trials have demonstrated the effectiveness
of cytosine-phosphorothioate-guanine  oligodeoxynucleotides
(CpG ODN) as a cancer vaccine adjuvant. The GO-PEI-OVA-PEG-
CpG nano-vaccine exhibited favorable safety profiles and sig-
nificant anticancer efficacy, extending mouse survival, and limiting
tumor growth in vivo. When combined with NLG918 (antitumor
immunotherapy), the vaccine displayed even greater therapeu-
tic.*®® Peptide-based drug delivery system, like cancer vaccines,
offer an additional promising avenue to enhance existing BRAFi
and MEKi strategies. An early-phase | clinical trial is therapy with
the administration of six melanoma helper peptides (6MHP). The
trial also assesses the impact of peptide vaccination, BRAF
inhibitors, and MEK inhibitors on the immune system using
participant blood and tumor samples. Initial results indicate that
77% of patients exhibited antibody responses to 6MHP by week 7,
peaking 6 weeks after the last vaccine and persisting for 6 months
(NCT02382549).

Leveraging online resources for compound screening. Resources
for studying the RAF-centered signaling network are expanding,
facilitating the discovery of protein sets that physically interact
with MAPK network through high-throughput techniques, such as
protein-interaction based screening approaches.*®® The develop-
ment of the NanoBRET screening platform employs live-cell
bioluminescence resonance energy transfer (BRET) to identify
substances that modify the binding between activated KRAS and
CRAF kinase.*® Additionally, a subtractive forward two-hybrid
method is employed to identify small molecule that disrupt the
interaction between RAS and RAF.*° Furthermore, numerous
online databases, including Cell Circuits, NCBI GEO, DIP, BIND,
KEGG, NetPath, LINCS, BioGrid, and expert systems, enable
individual researcher to construct and query protein interaction
maps tailored to their gene of interest.

Targeting autophagy: a new therapeutic avenue for RAS/RAF/
MAPK inhibitor-resistance

Autophagy is generally affected by a wide range of anticancer
medications, including DNA-damaging agents, microtubule-
targeted therapies, antimetabolites, death receptor agonists,
hormonal agents, antiangiogenic agents, proteasome inhibitors,
histone deacetylase inhibitors, and kinase inhibitors.?? Both
chemotherapeutic agents and ionizing radiation stimulate autop-
hagy by inducing autophagosome formation. 26?1492 Some
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agents promote autophagosome formation but prevent lysosome
fusion, consequently blocking autophagic flux.** For example,
mTOR inhibitors, such as Rapamycin and Temsirolimus, are well-
known anticancer drugs that directly promote autophagy by
disrupting the activity of the negative autophagy regulator mTOR
complex 1 (MTORC1).*** ABT-737, a Bcl-2 inhibitor, directly targets
the core autophagy machinery.*9>4%

Some autophagy inhibitors can attenuate tumor growth.
Autophagy inhibition increases Icariin-induced cytotoxicity in
colorectal cancer cells.**” In addition, several PI3K inhibitors,
including 3-Methyladenine, Wortmannin, and LY294002, used as
anticancer therapeutics, directly inhibit autophagy.**®**° Antic-
ancer therapies that activate autophagy frequently induce a pro-
survival response that may contribute to the development of drug
resistance and refractory cancer.>°°>% Therefore, drugs that
target autophagy should be considered for combination therapy
strategies together with other anticancer drugs. The antimalarial
drugs Chloroquine (CQ) and Hydroxychloroquine (HCQ) are
currently being studied as potential components of combination
therapies together with standard treatments in multiple tumor
types.5°4_5°6

Autophagy-associated RAFi resistance. Two recent studies have
delved into the potential therapeutic benefits of combining
autophagy inhibitors with targeted therapy.>°’°% Based on a
wealth of preclinical research, clinical trials, and recent literature,
we have compiled a summary of autophagy-related RAFi-resistance
and potential therapeutic interventions. MAPK inhibitors are used as
conventional therapy in cancer patients with activated RAF
mutations. However, their antitumorigenic effects and clinical
benefits are temporary due to the eventual development of drug
resistance and relapse. Drug resistance can occur when upstream
factors activate these signaling pathways, bypassing RAF inhibition
(Fig. 9b). The MAPK pathway is often aberrantly stimulated by BCR-
ABL oncoproteins through direct binding with RAS activators, and
aberrant MAPK activation plays significant roles in the onset and
progression of leukemia.>®® In addition, MAPK phosphorylation is
frequently associated with autophagic structures, suggesting that
microtubule-associated protein 1 A/1B-light chain 3 (LC3)-ll-positive
membranes and ATG5- and ATG12-positive pre-autophagosomes
may serve as scaffolds or cellular signaling platforms for the
RAF-MEK-ERK cascade, facilitating ERK pathway activation®'®. The
ATG7-ATG5-ATG12-LC3-Il cascade modulates MAPK phosphoryla-
tion in an unconventional manner (Fig. 9b). Atg4b, an LC3-specific
protease, catalyzes the conversion of the LC3 precursor into its
active forms and deconjugates modifiers from phospholipids.>’">'?

AMPK plays a crucial in promoting resistance to RAS-RAF-MAPK
pathway inhibitors triggering autophagy.>'® The oncogenic BRAF
negatively regulates the tumor suppressor LKB1, fostering the
proliferation of melanoma cells. Consequently, the RAS/RAF/MAPK
pathway initiates autophagy activation through the LKB1-AMPK-
ULK1 signaling axis. To induce mTORC1 inhibition and cell cycle
arrest in response to energy stress, AMPK must phosphorylate
Raptor, a part of mTORC1.>™ The oncogenic BRAF leads to
heightened basal autophagy and increased resistance to apopto-
sis in cutaneous melanomas, also causing chronic ER stress.>' ER
stress-induced autophagy is diminished in cells lacking IRE1 or
treated with a JNK inhibitor, highlighting the essential role of the
IRET-JNK pathway in autophagy activation following ER stress.>'®
Activation of the IRE1/ASK1/JNK and TRB3 pathways is induced by
p38 activation, which is driven by BRAF'6%%€ 31>

BCL-2 family members (BCL-2, BCL-xL, and MCL-1) inhibit
autophagy, whereas BNIP3 stimulates autophagy by releasing
Beclin1 from the BCL2/Beclin1 complex.**® p53 family isoforms
contribute to acquired resistance to targeted MAPK inhibitors in
melanoma cells,>'” and p53-dependent activation of damage-
regulated autophagy modulator-1 (DRAM-1) triggers autop-
hagy.”'® RAF-mutant-induced chronic ER stress stimulates basal
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autophagy, and RAF-mediated p38 activation augments the
IRE1-ASK1-JNK and Tribbles 3 (TRB3) pathways.”'> DMP1 also
acts as a critical molecule connecting oncogenic RAS/RAF/MEK/
ERK signaling with the tumor-suppressive ARF-MDM2-p53 path-
way.>%° In conclusion, RAFi resistance in cancer is often associated
with increased autophagy, driven by multiple interconnected
pathways and molecular events, suggesting that understanding
these mechanism may have implications for developing more
effective treatment strategies in cancer.

Targeting autophagé/ to overcome RAFi resistance as a therapeutic
strategy. BRAF'®°®“-mutant MAPK activation in cancer highlights
the potential therapeutic benefits of using MAPK inhibitors, such
as Vemurafenib, which have demonstrated beneficial outcomes
when used to treat patients with late-stage melanoma.?* In
addition, pharmacological inhibitors of BRAF"*°*!-mutant and MEK
have been used to treat metastatic carcinoma.**'**”>?' However,
the rapid development of drug resistance has limited the use of
these drugs in cancer therapy, resulting in temporary benefits
lasting from several months to less than 2 years’?* When
combined with immune checkpoint inhibitors targeting pro-
grammed death protein 1 or ipilimumab targeting cytotoxic T
lymphocyte-associated protein 4, these medications greatly
enhance life expectancy up to 4 years in 50% of patients with
metastatic melanoma.>?**** However, combination therapy using
RAFis or MEK inhibitors together with immune checkpoint
inhibitors remains restricted to patients with certain types of
cancer.>**>?% To enhance therapeutic efficacy, a wide range of
adaptive responses must be studied, including therapy resistance
mechanisms and autophagy, which enable drug sequestration
and cell survival.

Inhibition of adaptive protective autophagy induced by MAPK re-
sensitization in RAFi resistance: Numerous avenues that lead to
acquired resistance to RAFis generally utilize multiple methods to
target the same or parallel pathways.>®® Vertical inhibition of the
MAPK signaling pathway using combinations of RAFi together
with MEK inhibitors has received FDA approval as a first-line
treatment strategy for patients with advanced RAF-mutant
melanoma, NSCLC, and thyroid cancer. Suppression of RAF-mutant
signaling promotes autophagy in cancer cells,*>?® suggesting that
targeting autophagy in cancer cells may be desirable when using
pathway-targeted inhibitors in RAF-mutant cancer.?® Many
tumors harboring RAS and RAF mutations develop an “addiction”
to autophagy, which is required to maintain cellular homeostasis;
thus, the inhibition of protective autophagy induced by MAPK
pathway activation may represent a therapeutic option in RAS-
and RAF-mutant malignancies.**>*3°->3% The genetic suppression
of autophagy genes may also represent a novel approach for the
treatment of lung cancers harboring mutant RAS>* or
BRAF®9% 335 pharmacologic RAF inhibition dramatically increases
autophagy in RAFi-resistant melanoma cells,?® and the genetic or
pharmacological inhibition of autophagy counters RAFi resistance
in brain tumors.*** Additionally, inhibiting autophagy in RAFi-
resistant tumor cells in vitro and in patients reverses drug
resistance.”** Combining autophagy inhibition with MEK inhibi-
tion increases apoptotic cell death in a RAF-mutant colorectal
cancer cell line.*® The combined inhibition of autophagy and MEK
significantly accelerates regression in RAF-mutant patient-derived
colorectal cancer cells xenografted onto an animal model>%’
Similarly, RAF-mutant thyroid cancer cells are sensitive to
autophagy targeting in the presence of vemurafenib.32%>38

Therapeutics success beyond autophagy targeted RAFi therapy. In
cancer, autophagy plays adaptive and protective roles when
MAPK signaling is hampered.>*® Accordingly, combined treatment
using both MAPK and autophagy inhibitors represents one of the
best options for treating various carcinomas.?*>3' However, tumor
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responses to autophagy inhibitors are not clinically consistent due
to non-uniform permeability across tumor tissues and the
potential toxicity of combination treatments using multiple
chemotherapeutics.>*°

Because autophagy can act as a double-edged sword during
tumorigenesis, autophagy-targeted treatment outcomes are highly
dependent on cancer types, contexts, and stages.>*'~*? In addition,
the inhibition of autophagy initiation and late fusion steps results in
differential responses. For example, early-stage autophagy inhibition
using ULK1/2 inhibitors (e.g., MRT 68921) decreases tumor cell
death, whereas inhibitors (HCQ) that target the later fusion stage
greatly increase cell death in mesothelioma cells>** CQ and its
variants, such as HCQ, are currently the most frequently tested
autophagy inhibitors in cancer clinical trials. These chemicals
impede the late fusion stage between autophagosomes and
lysosomes, causing deacidification and impairing enzymatic func-
tion.>5445% nterestingly, these inhibitors lack selectivity, affecting
total lysosomal function*® However, CQ largely improved the
sensitivity of Vemurafenib in an ex vivo Erimary cell culture derived
from patients harboring the BRAF'®°* mutation*®®. Autophagy-
independent vascular normalization of CQ inhibits tumor invasion
and metastasis by enhancing chemotherapeutic effects>*”>*® The
autophagy inhibitor HCQ has been more widely used in clinical trials
over CQ because HCQ is less toxic at optimum doses.>**>*°->>" HCQ
shows beneficial effects and synergistic effects when combined with
the mTOR inhibitor, Temsirolimus, in melanoma®*? and breast
cancer.>>*>** Importantly, HCQ affects chemotherapy and radiation
sensitivity in non-selective cancers.”>> Lys05, a novel lysosomal
autophagy inhibitor, has also been suggested as a potential
therapeutic agent for cancer.>>%>>’

CQ and HCQ are non-selective autophagy inhibitors, and
specific small-molecule inhibitors that target earlier stages of
autophagy are preferred for cancer therapy.>*’>>%7>%° ULK1, a key
autophagy regulator, can be specifically targeted by cellular
energy status regulators, such as mTORC1 and AMPK.>®' AMPK, a
low-energy sensor, activates ULK1 to induce autophagy.”®? ATG13,
an autophagy protein in the ULK1 comple, is a static autophagy
marker that corresponds closely with autophagic flux in mesothe-
lioma.>®® In addition, multiple ATP-competitive ULK1 kinase
inhibitors have demonstrated compelling evidence to support
clinical use,****®° such as the successful suppression of NSCLC
growth by SBI-0206965.>%>%¢ Vacuolar protein sorting 34 (VPS34),
a component of the Beclin1 complex, also plays an important early
role in autophagosome formation and is considered a potential
therapeutic target.>®”>%® Several VPS34 inhibitors (e.g., SAR405)
have demonstrated anticancer effects in kidney carcinoma cells,>®°
including VPS34-IN1, a particularly powerful and selective VPS34
inhibitor with cancer therapeutic potential.>’® Furthermore,
transitional small molecules tend to form prolonged associations
with target proteins, leading to the inhibition of their enzymatic
activity. This extended binding duration poses challenges in
devising small molecule structures and countering drug resistance
resulting from target mutations. In contrast, the proteolysis-
targeting chimera (PROTAC) exhibits the ability to specifically
eliminate target proteins, thereby intensifying the cytotoxic
impact on mutant tumors. In the realm of both fundamental
research and pharmaceutical advancement, the autophagy-
targeting chimera (AUTOTAC) provides a versatile platform for
precise proteolysis.>”" Also, high-throughput technology presents
a promising approach for identifying selective autophagy
inhibitors that are both effective and less cytotoxic when used
in combination therapy. Arzonol, for instance, emerged as a
distinct chemotherapeutic candidate through high-throughput
screening of natural compounds aimed at modulating autop-
hagy.”’? Overall, targeting autophagy initiation, together with
improved investigations of the functional mechanisms underlying
existing chemotherapies, could be crucial for developing novel
cancer therapies.
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CONCLUSION AND FUTURE DIRECTIONS

RAF inhibitors exhibit exceptional clinical efficacy in patients with
RAF-mutant carcinoma, although their therapeutic effects are
restricted due to the development of drug resistance. Recent
in vitro and in vivo translational studies have elucidated the
molecular basis underlying the development of RAFi resistance in
cancer. Obtaining additional biological insights into the process of
drug resistance represents a necessary, long-term goal for the
development of new RAFi and combination treatments able to
slow or prevent the development of drug resistance in cancer. The
combined regulation of MAPK signaling and RAFi-induced
autophagy may represent a potential strategy for overcoming
drug resistance and inform the development of novel cancer
therapies. Because autophagy can act as either a pro-death or a
pro-survival factor in tumorigenesis, targeting autophagy is highly
dependent on cancer type and stage. Autophagy activation can
promote tumorigenesis, and autophagy inhibition can improve
the therapeutic efficacy of RAFi. A better understanding of the
molecular mechanisms and precise targets underlying the
complex process of autophagy modulation could lead to the
development of agonists or blockers that could serve as potential
therapeutic agents for future use in RAF-mutant cancers.

Pharmacological autophagy inhibitors hold significant potential
in combating resistance to RAF inhibitors in cancer patients with
RAF mutations. Recent research highlights the efficacy of
compounds like 3-Methyladenine and hydroxychloroquine (HCQ)
in suppressing autophagy when combined with anti-EGFR
monoclonal antibodies (mAbs) and checkpoint inhibitors. The
BAMM trial (BRAF Autophagy and MEK Inhibition in Melanoma),
which combined Dabrafenib, Trametinib, and HCQ, demonstrated
these combinations are effective and safe in patients with
BRAFY®-mutant melanoma. Beyond classical autophagy inhibi-
tors, emerging indirect inhibitors like ABT-737, natural products
such as Resveratrol, and synthetic compounds like Quinacrine may
warrant clinical investigation. The AUTOTAC chemical biology
platform has garnered significant attention within the area of
targeted protein degradation. It employs bifunctional molecules
that consist of ligand binding to specific targets linked with
ligands targeting the autophagy processes. Furthermore, recent
advancements in autophagy-based degraders and molecular
adhesives, such as autophagosome-tethering compounds (AATEC)
or lysosome-targeting chimera (LYTAC), have enabled the
successful degradation of numerous target proteins by routing
them to the lysosome.

Also, the genetic inhibition of autophagy genes via RNA
interference and CRISPR/Cas9 targeting holds promising.
Evaluating the safety of combing BRAF and MEK inhibitor
therapy with melanoma helper peptides (6MHP) administration
assesses the impact on the immune system. In addition, cancer
vaccines aim to activate tumor-specific T cells, strengthening
the immune defenses. Future research emphasizes high-
throughput technology for preclinical evaluations of cytotoxi-
city and combination therapy between RAS/RAF/MAPK inhibi-
tors and other compounds.
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