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ABSTRACT: Serine/threonine-protein kinase B-Raf (BRAF; RAF = rapidly
accelerated fibrosarcoma) plays an important role in the mitogen-activated
protein kinase (MAPK) signaling cascade. Somatic mutations in the BRAF gene
were first discovered in 2002 by Davies et al., which was a major breakthrough
in cancer research. Subsequently, three different classes of BRAF mutants have
been discovered. This class includes class I monomeric mutants (BRAFV600),
class II BRAF homodimer mutants (non-V600), and class III BRAF
heterodimers (non-V600). Cancers caused by these include melanoma, thyroid
cancer, ovarian cancer, colorectal cancer, nonsmall cell lung cancer, and others.
In this study, we have highlighted the major binding pockets in BRAF protein,
their active and inactive conformations with inhibitors, and BRAF dimerization
and its importance in paradoxical activation and BRAF mutation. We have
discussed the first-, second-, and third-generation drugs approved by the Food
and Drug Administration and drugs under clinical trials with all four different binding approaches with DFG-IN/OUT and αC-IN/
OUT for BRAF protein. We have investigated particular aspects and difficulties with all three generations of inhibitors. Finally, this
study has also covered recent developments in synthetic BRAF inhibitors (from their discovery in 2002 to 2022), their unique
properties, and importance in inhibiting BRAF mutants.

1. INTRODUCTION
The rat sarcoma (RAS)/rapidly accelerated fibrosarcoma
(RAF)/mitogen extracellular kinase (MEK)/extracellular
signal-regulated kinase (ERK) or mitogen-activated protein
kinase (MAPK) signaling pathway is a crucial intracellular
signaling pathway,1 responsible for intracellular signal trans-
duction, namely, acute hormone responses, embryogenesis, cell
differentiation, and apoptosis involved in the control of cell
growth, proliferation, migration, and survival.2 By acting
downstream of receptor tyrosine kinases, the MAPK pathway
regulates cell fate decisions. Under physiological conditions,
MAPK activation occurs via extracellular binding of growth
factors to receptor tyrosine kinases,3 at the cell surface, leading
to phosphorylation and activation of RAS proteins by
guanosine-5′-triphosphate (GTP)-bound.4 RAF, a downstream
effector of RAS, is a serine-threonine-specific protein kinase
that stimulates MEK, which in turn activates ERK.5 Activation
of ERK results in a growth-promoting and transforming signal
(Figure 1).6,7

The RAF kinase family includes three members of the
MAPK pathway: ARAF, BRAF, and CRAF. BRAF is the major
activating kinase,8 and its activation occurs by binding to its
RAS-binding domain.9 It encodes a cytoplasmic serine/

threonine kinase and is a major regulator of the RAS pathway
(RAS → RAF → MEK → ERK → MAP kinase).10,11 BRAF is
essential for regulation of a variety of cellular processes,
including growth, proliferation, survival, and migration.12,13

The discovery of BRAF mutations was a major breakthrough
in cancer research. Somatic mutations in BRAF were first
discovered in 2002 by Davies et al.14 BRAF is among the most
frequently mutated oncogenes in human cancers.15 One of the
most studied pathways, with over 90% mutations, is the RAS >
RAF > MEK > ERK (MAPK) pathway.16 BRAF mutations
occur to varying degrees in human cancers, including
approximately 70−90% in melanoma, 5−20% in colon
cancer,17,18 30−50% in thyroid cancer,19 5−30% in ovarian
cancer,20 1−4% in nonsmall cell lung cancer, and 1−3% in
hairy cell leukemia and Langerhans cell histiocytosis (Figure
2).21
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All BRAF mutations are located in the kinase domain, either
in the glycine-rich loop encoded by exon 11 or in the
activation sequence encoded by exon 15.14,22 The BRAF gene
has a variety of activating mutations that have been discovered
and classified into three classes. The monomeric BRAFV600

codon mutation is classified as class I. In the RAS/RAF/MEK/
ERK pathway, this mutation occurs in an RAS-independent
manner.23 The BRAFV600 gene mutation BRAFV600E is the most
common mutation 90%24 at position 600 with a single point
mutation (Val600 → Glu) in which the polar, hydrophilic

Figure 1. BRAF signaling pathway. (green arrow) Normal BRAF pathway. (red arrow) Oncogenic BRAF pathway.

Figure 2. Global cancer statistics for new cases and deaths for 2020 and BRAFV600E (%) mutation in different cancer types.
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glutamic acid replaces the hydrophobic valine.25 This breaks
the hydrophobic link between the A-loop and the P-loop,
resulting in an active conformation.26 The constitutive kinase
activity of BRAFV600E is 500 times higher than that of wild-type
BRAF kinase.27 Another type of mutation is BRAFV600WT, with
BRAFV600K (10%) being the second most common mutation,
where valine is replaced by lysine.28 Rarer codon BRAFV600

mutations are BRAFV600R, BRAFV600D (6−3%), and
BRAFV600E2,V600M,V600G (<1%).29 The class II includes non-
V600 mutants and is regulated by mutant BRAF homodimers
without involvement of RAS. Here, L597 and K601 were
found in the activation segment, whereas G464 and G469 were
found in the glycine-rich region of BRAF. Class III involves
non-V600 mutants and is regulated by mutant BRAF
heterodimers involving the RAS mutant. In this, D287,
V459L, G466 V, S467, G469, N581, D594, F555, and G596
were detected. In BRAF gene mutations, the classes II and III
are very rare codon mutations.23,30

Statistics of new cases and deaths in all cancers worldwide
for 2020 and details of specific cancers affected by the
BRAFV600E mutation are shown in (Figure 2).

2. CURRENT INSIGHT BRAF PROTEIN
2.1. BRAF’s Skeletal System and Binding Pocket. The

BRAF protein consists of 766 amino acid sequences.31,32 It has
two lobes, the N-terminal and the C-terminal lobes. These two
lobes consist of three conserved regions (CRs): CR1 (R150−
290), CR2 (R360−375), and CR3 (R457−717). CR1 and
CR2 are regulatory domains.33 CR1 contains the RAS-binding
domain (RBD) (R155−227) and the cysteine-rich domain
(CRD) (R234−280).34,35 CR1 interacts with both RAS and
membrane phospholipids. CR1 acts as an autoinhibitor of the
BRAF kinase domain (CR3) and ensures that signal trans-
duction is controlled. CR2 is a serine/threonine-rich domain
that serves as a flexible hinge between CR1 and CR3 and
contains a binding site for the 14−3−3 protein.35,36 CR3 is the
catalytic protein kinase domain located near the C-terminus
[Figure 3a]. The N-terminus of CR3 is involved in adenosine

Figure 3. BRAF protein structure and binding pocket. (a) Regulatory (CR1 & CR2) and kinase (CR3) domain between N and C-terminal in
BRAF kinase protein. (b) BRAF protomer (PDB ID:6P7G) with different orientations. (c) BRAF dimer (PDB ID:2FB8). Different binding
pockets (p-loop, αC-helix, DIF, DFG, catalytic loop, activation segment, and hinge region) are labeled in specific colors.
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triphosphate (ATP) binding. It primarily comprises an
antiparallel β-sheet structure, anchors, and a glycine-rich
ATP-phosphate binding loop (P-loop) (R464−471) and an
αC-helix (R492−504). Through the activation segment, the P-
loop region is critical for stabilizing ATP binding and
maintaining an inactive BRAF conformation. The C-terminal
of CR3 contains a hinge region/adenine region (R530−535),
catalytic loop (R574−581), DFG motif [Asp-Phe-Gly(R594−
595−596)], and an activation section (R594−623). In the
CR3 domain, the ATP-phosphate binding loop, DFG motif,
and activation segment are the major active binding sites.37−39

The ATP pocket has several binding regions that interact with
inhibitors. These are an adenine region (similar to the hinge
region), a sugar region (ATP ribose pocket), type I and II
hydrophobic regions, and a solvent-accessible region that is
also part of the ATP region but is not occupied. At the C-
terminus, the dimerization interface (DIF) (R504−511) is
another binding site for the 14−3−3 protein.36 The end of
CR3 facilitates the binding of substrate proteins. This occurs
through its catalytic loop, which facilitates the transfer of
phosphate from ATP to BRAF substrates [Figure 3b,c].32,40

The gatekeeper (catalytic cleft between the N- and C-termini)
plays an important role by controlling the access of ligands to a
hydrophobic pocket deep in the active site that is not in
contact with ATP, which affects the binding and specificity of
inhibitors.41

2.2. Importance of BRAF Dimerization and Its
Challenges. Recent studies have shown that Raf dimerization
is required for normal Ras-dependent activation of Raf kinase
in various cellular activities.42 The active conformation of
BRAF is facilitated by dimerization.43 It was discovered that
dimerization of BRAF kinases involves insights into a core

cluster of residues known as the dimer interface (DIF)
[(R504−511) in BRAF], which plays a critical role in dimer
formation.8 DIF is located at the tail end of the αC-helix in the
BRAF kinase protein. Many of the ATP-competitive inhibitors
promote BRAF dimerization in an RAS-dependent manner.
BRAF dimerization can be homo- or heterodimerized.44 The
14−3−3 domain protein in DIF is responsible for BRAF
dimerization. The two-protein structure of BRAF−BRAF in
the 14−3−3 complex in DIF is responsible for homodimer,
and BRAF-MEK1−14−3−3 complex is heterodimer. Two
BRAF serine sites pS729 and Ps365 open monomers in the
14−3−3 protein complex, promote formation of active BRAF
dimers, and link them.36 Dimerization is enhanced by Ras and
is subject to negative feedback regulation by ERK.45

The structure of an active BRAF kinase in dimerization is
that of a side-by-side dimer, in which only one partner needs to
be catalytically active.45 Drugs that inhibit BRAF kinase can
bind to a protomer of the dimer complex (homodimers and
heterodimers of BRAF) and inhibit its ATP-binding site;
however, this binding enhances the activity of the protomer (in
the absence of drug), leading to the induction of an active
conformation.46 Although recent BRAF dimer structures have
shown that the 14−3−3 dimer can bind to two kinase domain
protomers simultaneously, it is unclear whether both
protomers are catalytically active.47

The RBD:14−3−3 interface has a dual function, contribu-
ting first to RAF autoinhibition and second to the full spectrum
of RAS-RBD interactions.47 There are two types of auto-
inhibitory mechanisms that must be overcome in BRAF
activation. The first is 14−3−3-assisted locking of the N- and
C-terminal portions, and the second is destabilization of the
inactive conformation of the kinase domain itself.46 BRAF

Figure 4. Dimerization of Raf in cell signaling. Note: (A) In the normal RAS-dependent signaling pathway, Raf dimerization is required for Raf
kinase activation and signaling to MEK for further cell proliferation and regulation. (B) In oncogenic states, it is required for MEK/ERK signaling,
which is upregulated by Raf dimerization. These include: (1) mutant c-Raf protein with b-Raf in dimerization impaired kinase activity from normal
to oncogenic, (2) RTKs and RasGTPases induced by mutation, (3) in the context of active Ras, treatment with ATP-competitive Raf inhibitors,
and (4) Raf inhibitor resistance is mediated by self-homodimerizing BRAFV600E splice variants.
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dimerization is also associated with multiple phosphorylation
events. RAF dimers may have an allosteric function in
facilitating activation loop autophosphorylation. The auto-
phosphorylation of the P-loop of RAF is inextricably linked to
the catalytic activity of RAF.48 The dimer-promoting potential
of BRAF inhibitors may be associated with some “paradoxical”
activation. Paradoxical triggers may enhance concerted move-
ments of the αC-helix and A-loop regions.49 As mentioned
earlier, the class II mutation is responsible for the homodimer,
and the class III mutation is responsible for the heterodimer.
Rajakulendran et al. suggested that BRAF mutations G450W,
F488A, M489W, and Y538F at the dimerization interface
inhibit dimer formation.46 BRAF dimerization contributes to
the pathogenic effect of disease-associated mutant Raf proteins
and, when activated, exhibits similar activity to the
constitutively active V600E mutant. It has also been shown
to influence treatment response and disease progression in
individuals receiving BRAF inhibitors.50 Raf dimerization and
its role in normal and oncogenic states in cell signaling is
shown in Figure 4.
2.3. Concept of Inactive and Active Conformation of

BRAF. BRAF protein switches from inactive to active
conformation and is also important for kinase activation.
Several regulatory elements play key roles in this process. The
inactive conformation of BRAF is characterized by the position
DFG-OUT/αC-OUT and is also known as the closed
conformation. The active conformation is characterized by
the position DFG-IN/αC-IN and is also referred to as the
open conformation.51−53 In BRAF protein kinases, the
conformation of the conserved DFG motif containing a
catalytic [Asp-Phe-Gly (594−595−596)] residue is known to
be critical for selective binding of many kinase inhibitors.54

In the DFG-OUT conformation, BRAF shows a reverse
orientation. The DFG residue [Asp (594)] oscillates and is

displaced from the active site, occupying part of the ATP-
binding site. The Mg2+ of the DFG motif is not bound to ATP,
facilitating ATP c-phosphate transfer as the catalytic cleft of
BRAF becomes inaccessible to ATP. The glycine-rich loop and
activation segment are close to each other due to hydrophobic
interactions.55,56 The DFG-OUT conformation has created an
ATP-binding site and an adjacent hydrophobic pocket. In this
conformation, the DFG residue moves from the ATP-binding
site to the hydrophobic pocket, which is known as allosteric
movement extending outward from the ATP-binding site. In
the DFG-OUT conformation, the inhibitors bind to the
allosteric site (hydrophobic pocket, near the ATP-binding
pocket).54

In the DFG-IN conformation, the DFG residue [Asp(594)]
is in the active site, and the catalytic cleft of BRAF becomes
accessible to ATP, so that the Mg2+ of the DFG motif is bound
to and occupies part of the ATP-binding site. Disruption of the
hydrophobic interaction occurs between the glycine-rich loop
and the activation segment (due to phosphorylation in the
activation segment).55,56 The DFG-IN conformation has no
allosteric movement and no allosteric binding site. In this
conformation, inhibitors or agonists form interactions with the
hinge region by forming ∼1−3 hydrogen bonds and the
adenine region (ATP binding site) by hydrophobic interaction
and also interact with other parts of the ATP binding site.54

The αC-helix near the ATP-binding site is called the αC-IN
position. In this catalytic position, the Glu501 residue of the
αC-helix causes the formation of a salt bridge with the
conserved K483 residue. The αC-helix away from the ATP site
is referred to as the αC-OUT position.57,58

3. CURRENT INSIGHT INTO BRAF INHIBITORS
BRAF binding modes are classified into four basic categories
based on the conformation of the binding pocket of the DFG

Figure 5. On the basis of DFG (purple color) and αC (cyan color) movement, four different binding conformations are shown. (a) PDB ID:
4MNF (GDC-0879); type I inhibitors (αC-IN/DFG-IN) (b) PDB ID: 5HI2 (Sorafenib); type II inhibitors (αC-IN/DFG-OUT) (c) PDB ID:
4RZV (Vemurafenib); type I1/2 or type III (αC-OUT/DFG-IN) (d) PDB ID: 5CSX (BI 882370); typeI/II or type IV (αC-OUT/DFG-OUT).
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motif and the αC-helix.59 These conformations classify
inhibitors as follows and are shown in (Figure 5).

1. Type I inhibitors (αC-IN/DFG-IN) 2. Type II inhibitors
(αC-IN/DFG-OUT) 3. Type I1/2 or Type III (αC-OUT/
DFG-IN) 4. TypeI/II or Type IV (αC-OUT/DFG-OUT).60−63

3.1. First-Generation BRAF Inhibitors: (αC-IN). Origi-
nally, this class was designed to target the RAS (CRAF)
mutant in the MAPK pathway before the BRAF mutation was
discovered.58,64 The first-generation inhibitors (Figure 6) are
designed as ATP-competitive small molecules with αC-IN
conformation. They are BRAF monomer inhibitors and bind in
dimers to the active site of a protomer within an RAF. They
are not selective enough to block mutant RAF dimers.65,66

Sorafenib (formally known as BAY43−9006) is a “multi-
targeted” RAF kinase inhibitor that inhibits both BRAF and
CRAF. It is a nonselective RAF kinase inhibitor. It was the first
Food and Drug Administration (FDA)-approved oral drug in
2005, targeting monomeric BRAF tumors (wild-type and
V600E mutant) but ineffective against dimeric mutant.67−71 In

addition to sorafenib, many small molecules have been
developed as BRAF inhibitors, but most are still in the
preclinical phase. L-779,450 is a selective BRAF kinase
inhibitor, but it lacks relative therapeutic efficacy due to poor
bioavailability.72−75 GW-5074 (GlaxoSmithKline (GSK)) is an
RAF inhibitor with stronger (10-fold) inhibitory activity on
RAF1 than on BRAF. A phase I study demonstrated the safety
and antitumor efficacy of GW-5074 (MG−005) in combina-
tion with sorafenib, providing a unique method of antitumor
activity that targets cancer cell necroptosis caused by
mitochondrial dysfunction and differing from conventional
Raf inhibitor therapies.76−80 Clinical studies have shown that
GDC-0879 is a potent and selective BRAFV600E inhibitor in
melanoma and colorectal cancer, inhibiting the RAF/MEK/
ERK pathway.81−83 ZM-336372 is a pan-RAF inhibitor that
was the first BRAF inhibitor investigated but simultaneously
hyperactivates and inhibits CRAF, resulting in paradoxical
CRAF activity without pathway activation.78,84−86 SB-590885
is a triarylimidazole moiety that has greater potency and

Figure 6. First-generation BRAF inhibitors.

Figure 7. Second-generation BRAF inhibitors.
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activity for BRAFV600E mutant than for CRAF in RAF
kinases.87−89

3.2. Second-Generation BRAF Inhibitors: (αC-OUT).
Following the identification of BRAF mutations in 2002,
second-generation drugs were found by screening inhibitors for
the BRAFV600E48 mutant. The second generation (Figure 7) has
an αC-out binding conformation with specific selectivity for
the tumor driven by the BRAF monomer to target the
BRAFV600E mutant with a broad therapeutic window. As
monotherapies or in combination with other targeted treat-
ments, these inhibitors significantly improve clinical outcomes
for patients with BRAFV600 mutation-driven melanoma and
some solid malignancies.53,75,90

Dabrafenib is an ATP-competitive inhibitor of BRAF kinases
was first developed under the name GSK2118436 by
GlaxoSmithKline (GSK). It suppresses BRAFV600E more
effectively than BRAFV600WT. The Biopharmaceutics Catego-
rization System (BCS) classifies dabrafenib as a class II.91−95

Vemurafenib is the first drug approved by the FDA in 2011 for
the treatment of patients with advanced BRAF exon 15 V600E

mutation metastatic melanoma.96−99 In June 2018, the FDA
approved encorafenib (LGX-818), a pyrazolo-pyrimidine-
based phenylsulfonamide derivative, for the treatment of
BRAFV600E/K-mutated cancer. Encorafenib, a selective inhibitor
of BRAF kinase, is being paired with binimetinib, an MEK
inhibitor, to treat metastatic and advanced malignant
melanoma. Compared with other second-generation BRAF
inhibitors, encorafenib has a longer duration of action.100−103

BI882370 inhibited the growth of human BRAF-mutated
melanoma cells with 100-fold greater efficacy (1−10 nmol/L)
than vemurafenib. BI-882370 is a potent and selective inhibitor
of both the BRAFV600E oncogenic mutant and BRAF wild-
type.104−106 XL-281 is an orally bioavailable RAF inhibitor that
is generally well-tolerated. XL-281 has a lower rate of
keratoacanthoma and squamous cell carcinoma (4%) than

Figure 8. Third-generation BRAF inhibitors.
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BRAF inhibitors such as dabrafenib (6−10%) and vemurafenib
(18−26%).107−109

3.3. Third-Generation BRAF Inhibitors: (αC-IN with
Allosteric Binding Site). Third-generation drugs mainly have
the αC-IN/DFG-OUT conformation (Figure 8). They were
developed to overcome the problems with BRAF dimerization
and paradoxical activation. These inhibitors with αC-IN
conformation have specific selectivity for tumors driven by
BRAF monomers and RAS-dependent BRAF dimers. They
have target specificity for BRAF monomers and RAF dimers
with a narrow therapeutic window. These inhibitors with αC-
OUT conformation have specific selectivity for tumor-driven
BRAF monomers and RAS-independent BRAF dimers. They
have target specificity for BRAF homodimers and RAF
monomers with a broad therapeutic window. The DFG-
OUT conformation exposes an additional hydrophobic
binding site directly adjacent to the ATP-binding site,
commonly referred to as the “allosteric site.” Some third-
generation drugs are pan-RAF inhibitors that inhibit para-
doxical activation and are also not activated during RAF
dimerization.64,66,110,111

AZ-628 is more effective against the BRAFV600E mutation.
AZ-628 compared with sorafenib has shown excellent
preclinical results in terms of catalytic inhibition of BRAF
protomers and dimers.112−115 MLN-2480 has a wider cerebral
distribution. MLN-2480 is an oral, experimental phase I
BRAFV600E inhibitor with a delayed inactivation rate. The
allosteric kinase inhibitor MLN-2480 is used to treat
melanoma, colorectal, lung, and pancreatic cancer.116−119

CCT-241161 and CCT-196969 are equally effective against

BRAFV600E, CRAF, and SFKs (Src family kinase). The
development of BRAFV600E skin tumors was inhibited by
CCT-241161 and CCT-196969. The efficacy of CCT-241161
and CCT-196969 was observed in PDXs derived from patients
exhibiting innate resistance to vemurafenib.78,120−122 INU-152
only partially activates the paradoxical pathway in melanoma
cells with mutated RAS.120,123 LY-3009120 inhibits the
isoforms of ARAF, BRAF, and CRAF with comparable affinity.
LY-3009120 stimulates dimerization of BRAF-CRAF and
causes paradoxical ERK activation.120,124−126 CEP-32496 is
an orally bioavailable potent BRAF inhibitor. It is also known
as agerafenib or RXDX-105. CEP-32492 shows high affinity
against BRAFV600E. Agerafenib (CEP-32496) inhibited activa-
tion of the ERK, MAPK pathway in neuroblastoma
cells.127−131

BAL−3833 (CCT-3833) works well in in KRAS-mutated
tumors because RAF and SRC are important junctions in
them. It inhibits both the monomeric and dimeric forms of
BRAF.78,112,132,133 LSN-307453, which inhibits dimerization of
all RAF isoforms, is currently in preclinical testing. LSN-
3074753 is more active against all ten mutations than
BRAFV600E.120,134−136 BGB-283 (lifirafenib) inhibits the
BRAF dimer with potent reversible inhibition of all RAFs as
well as EGFR.120,137,138 RAF-709 inhibits monomers and
dimers alike.120,139,140 PLX-8394 inhibits paradoxical forma-
tion of RAF dimers and is more potent than vemurafenib. It is
a BRAF inhibitor that can be taken orally and does not lead to
paradoxical activation of MAPK.141−144 Compared to vemur-
afenib, PLX-7904 inhibits MAPK signaling for a longer period
of time, resulting in greater blockade of proliferation and lower

Figure 9. Paradoxical activation. Note: Mechanism of autoinhibition: (1) In this case, inhibition of BRAF in the presence of a mutant or growth
factor-activated RAS leads to abrogation of BRAF autoinhibition, so that it homodimerizes with BRAF and becomes hyperactivated.
Conformational changes: (2, 3) At low doses, the drug binds only one RAF protomer and causes the other to transactivate. (4) At high doses, it
binds to and inhibits both RAF dimers, effectively knocking down the signaling complex.
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Figure 10. continued
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Figure 10. Various synthesized compounds with parents’ scaffolds as BRAF mutant inhibitors. Note: (*) Cpd No.: Compound number; (**)
Parent scaffold: Different derivatives of the parent scaffold were synthesized, but only the most potent compounds based on cell line or enzyme
kinase activity were chosen.
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viability. In BRAFV600E melanoma cells, PLX-7904 was found
to effectively suppress RAF signaling, whereas it had no
paradoxical effects on wild-type cells.120,145−147 RAF-265 is a
dual inhibitor of BRAF and VEGFR2, preventing both
osteoclast development and resorption. RAF-265 shows
synergistic antitumor activity with ZSTK-474 in medullary
thyroid cancer.117,147−149 BGB-659 is able to inhibit class I and
class II BRAF mutations because it can bind both monomeric
BRAFs and both protomers of an RAF dimer. BGB659 showed
higher activity against BRAFWT kinase.117,136,150,151

3.4. Challenges with BRAF Inhibitors. 3.4.1. Challenges
with First- and Second-Generation BRAF Inhibitors. First-
generation BRAF inhibitors (αC-IN) have a lack of selectivity.
They are ineffective against malignancies caused by II and III
BRAF mutants due to homo/heterodimerization, leading to a
paradoxical outcome.66,152

Second-generation αC-OUT BRAF inhibitors are extremely
selective for cancers that rely on monomeric BRAF species,
resulting in a broad treatment window. Resistance to first- and
second-generation BRAF kinase inhibitors is mediated by
BRAF dimerization. However, they have negative allostery and
paradoxical activation and are ineffective in cancers based on
dimer BRAF mutations. Second-generation BRAF inhibitors
(αC-OUT/DFG-IN) exhibit paradoxical activation and
allosteric transactivation of BRAF dimers. As a result of
treatment with these inhibitors, healthy (BRAFWT) cells may
be stimulated, leading to secondary malignancies. These drugs
are highly effective in BRAFV600E tumors; however, non-V600
mutated malignancies are resistant.153

Secondary skin lesions such as hyperkeratosis, keratoacan-
thomas, and squamous cell carcinomas may occur in patients
on BRAF inhibitors. Secondary melanomas, gastric and colonic
polyps, and recurrences of previous cancers have also been
observed in patients on BRAF inhibitors.154 Combinations of
BRAF inhibitors and MEK inhibitors increase response rates
and prolong progression-free survival (PFS) and overall
survival (OS) in patients with BRAFV600 mutated metastatic
melanoma. Although long-term effects have been documented,
many patients develop acquired resistance to these drugs.153

3.4.2. Challenges with Third Generation BRAF Inhibitors.
The ability of inhibitors to efficiently and persistently target
both protomers is critical for effective inhibition of such
dimers. The goal is to develop third-generation BRAF
inhibitors that stabilize BRAF in the αC-IN conformation
that can bind to both protomers in dimeric structures while
inhibiting cellular CRAF inhibits both monomeric and dimeric
forms of RAFs or does not allow dimer formation. The ability
of both αC-OUT and αC-IN inhibitors to promote trans-
activating dimerization of RAFs, as well as their general
mechanism of inhibition, results in a paradoxical stimulation of
ERK signaling. αC-IN inhibitors are more potent than αC-
OUT inhibitors in suppressing dimeric RAF activity. αC-OUT
and αC-IN inhibitors both stimulate dimerization; however,
αC-IN inhibitors often do so more strongly because they
greatly increase RAF binding to the active RAS. αC-IN
inhibitors promote paradoxical activation more strongly than
αC-OUT inhibitors.39,66

Paradoxical Activation by BRAF Inhibitors. Oncogenic
BRAF dimers show resistance to BRAF inhibitors and cause
paradoxical activation. Paradoxical activation in dimerizing
cells by BRAF inhibitors can be explained by two different
mechanistic explanations (Figure 9). The first hypothesis states
that BRAF is autoinhibited. Another proposed mechanism

involves BRAF and CRAF conformational changes induced by
physical binding of the RAF inhibitor that promote dimer
formation between an uninhibited CRAF protomer and BRAF
or CRAF bound to the inhibitor. The phenomenon of
paradoxical activation is mostly unknown and hypotheti-
cal.49,154

4. RECENT ADVANCEMENTS
Following the discovery of BRAF mutations in 2002 and their
importance in various cancers, many academic scientists/
researchers started to work on it to solve the problem related
to different BRAF mutations, dimerization, and paradoxical
activation. In this context, various scaffold derivatives, such as
pyrazine, imidazole, pyridine, pyrazole, pyrimidine, quinoxa-
line, etc., and their hybrids were synthesized. Their inhibitory
activity against various cell lines such as A375, WM266−4,
B16BL6, LOX-IMVI, SK-MEL-5 (melanoma), T-29RKO
(colorectal wild type), A549 (lung adenocarcinoma), cancer
cell lines, etc., and enzyme kinase assay BRAFV600E and
BRAFWT were investigated, and their results were published. A
summary of the various synthesized scaffolds and their BRAF
inhibitory activity and binding conformation in relation to the
existing difficulties (from the discovery of BRAF mutant in
2002 to 2022) is reported in Figure 10 and Table 1.

5. CONCLUSION
Currently, three types of BRAF mutations are reported, i.e.,
class I: monomeric mutants (BRAFV600); class II: BRAF
homodimer mutants (non-V600); and class III: non-V600
BRAF heterodimers. Currently, FDA-approved targeted
therapy specifically targets BRAFV600E mutant monomers but
is insufficiently effective against non-V600E dimers. Third-
generation pan-RAF inhibitors are particularly intriguing
because they were designed as “paradox breakers” that do
not cause paradoxical BRAF activation but, rather, perform
activation in a specific manner that leads to the development of
secondary cancers. The mobility of the DFG motif is critical
for the selectivity of BRAF inhibitors. Many inhibitors are
designed based on the αC-helix and DFG conformation; they
are ineffective for current problems such as dimerization and
paradoxical activation. Therefore, a structure-based design is
strongly recommended to design BRAF inhibitors that exploit
the properties of BRAF binding sites, conformational changes,
and DFG rearrangement.

In recent years, researchers have synthesized various BRAF
inhibitors, and after compiling the data, among these
inhibitors, a few target the second and third classes of BRAF
mutations as well as have problems like dimerization and
paradoxical activation. They should design inhibitors that have
binding affinity in the core active site [the nucleotide binding
site (ADP or ATP), the DFG motif, the phospho-acceptor site
(activation segment) adjacent to the DFG motif, and the helix]
and an allosteric binding pocket. In cases of BRAF
dimerization, new molecules should aim to bind to both
protomers instead of one. These efforts could reduce the
number of paradoxical breakers, which would provide new
hope for a fourth-generation drug to overcome the current
challenges of BRAF.

6. FUTURE PERSPECTIVE
Many questions regarding the BRAF protein and its regulation
remain unanswered. The structure of BRAF kinase is very
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flexible; different ligands can induce different states of the
kinase. The differences in structures may explain the selectivity
of BRAF inhibitors for active and inactive BRAF. BRAF
monomer, homodimer, and heterodimer protein structures
have different mutations. Therefore, based on the above-
mentioned mutations and the change of their conformations
from active to inactive, further studies are needed.

Because of paradoxical activation, alternative methods of
inhibiting Raf (BRAF) signaling using ATP-competitive
inhibitors are needed. Little is known about the regulatory
mechanisms controlling the formation of BRAF homodimers
to heterodimers. In the long term, a better knowledge of RAF
regulation would help to develop more effective and better
tolerated therapies for BRAF-related malignancies.
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