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The mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway is
frequently mutated in human cancer. This pathway consists of a small GTP protein of the RAS family that is
activated in response to extracellular signaling to recruit a member of the RAF kinase family to the cell
membrane. Active RAF signals through MAP/ERK kinase to activate ERK and its downstream effectors to
regulate a wide range of biological activities including cell differentiation, proliferation, senescence, and
survival. Mutations in the v-raf murine sarcoma viral oncogenes homolog B1 (BRAF) isoform of the RAF
kinase or KRAS isoform of the RAS protein are found as activating mutations in approximately 30% of all
human cancers. The BRAF pathway has become a target of interest for molecular therapy, with promising
results emerging from clinical trials. Here, the role of the most common BRAF mutation BRAFV600E in
human carcinogenesis is investigated through a review of the literature, with specific focus on its role
in melanoma, colorectal, and thyroid cancers and its potential as a therapeutic target. Mol Cancer Ther; 10(3);
385–94. 2011 AACR.

Introduction
The mitogen-activated protein kinase (MAPK) kinase
(MEKK)/extracellular signal-regulated kinase (ERK)
pathway is a conserved kinase cascade involved in the
regulation of cell proliferation, differentiation, and survival in response to extracellular signaling. The most
potent activator of MAP/ERK kinase (MEK) is the
v-raf murine sarcoma viral oncogenes homolog B1
(BRAF). The RAS/BRAF/MEK/ERK pathway is
mutated in an estimated 30% of all cancers (1), with
mutations in the braf gene found in approximately 7%
of cancers (2). The predominant mutation in the braf gene
involves a thymidine to adenosine transversion at nucleotide 1,799, accounting for greater than 90% of the
observed mutations in braf (2). This results in an activating mutation due to the substitution of valine with glutamic acid at amino acid (aa) 600. Significant progress
has been made in understanding the carcinogenic role
of the BRAFV600E mutation (3). BRAFV600E is an attractive target for molecular therapy. Inhibitors targeted
against BRAF and its primary downstream target MEK
are producing interesting results in early-phase clinical
trials. In this article, the molecular aspects of BRAFV600E
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and the consequences of this activating mutation are
reviewed. The carcinogenic effect of BRAFV600E is discussed through its effect on 3 cancers types with the
highest incidence of braf mutation: melanoma, colorectal, and thyroid cancers. Furthermore, the clinical
application of molecular inhibitors targeting BRAFV600E
and its downstream effector MEK is reviewed.

The Role of BRAF in the MAPK/ERK Pathway
BRAF is a member of the RAF family of serine/threonine protein kinases. This family consists of 3 kinases,
ARAF, CRAF (RAF-1), and BRAF, of which the latter has
the highest basal kinase. BRAF functions to regulate the
MAPK/ERK pathway, a pathway that is conserved in all
eukaryotes (4). The RAS/RAF/MEK/ERK pathway acts
as a signal transducer between the extracellular environment and the nucleus. Extracellular signals such as hormones, cytokines, and various growth factors interact
with their receptors to activate the small G-proteins of
the RAS family. Active RAS acts via adaptor proteins to
activate and recruit RAF proteins to the cell membrane
where they are activated (1). Active BRAF signals
through MEK to activate ERK, which, in turn, activates
downstream transcription factors to induce a range of
biochemical processes including cell differentiation, proliferation, growth, and apoptosis.
BRAF is the most potent activator of MEK. Active
RAS induces conformational changes in RAF that
allows its recruitment to the cell membrane, promoting
changes in the phosphorylation status and triggering its
kinase activity. Unlike BRAF, ARAF and CRAF require
an additional phosphorylation in the N-region of their
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to extracellular signaling. It has been shown that hyperactivation of this pathway can induce cell-cycle arrest
whereas aberrant regulation of the pathway can initiate
tumorigenesis (2).

kinase domain for full activation (5), likely contributing
to the predominance of the BRAF isoform in the activation of MEK.
BRAF phosphorylates and activates MEK1/2, which
initiate a kinase cascade that acts through ERK1/2 to
signal for ligand- and cell-specific responses. MEK1/2
contain proline-rich segments in the carboxy-terminal
domains. These segments are not found in other MEK
family members (4). It is postulated that these segments
are required for MEK activation by RAF, supported by
the observation that deletion of the proline insert from
MEK-1 impairs its activation by RAF in transfected cells
(6). RAF/MEK coupling is required for the downstream
phosphorylation of ERK1/2. Regulation of this pathway
is crucial for the maintenance of homeostasis in response

More than 40 different mutations have been identified
in the braf gene in human cancer (Fig. 1). Ninety percent
of braf mutations are accounted for by a thymine to
adenine single-base change at position 1,799. This missense mutation, located in exon 15, results in a change at
residue 600 that substitutes glutamine for valine (V600E;
ref. 2). BRAFV600E can gain 500-fold increased activation,
stimulating the constitutive activation of MEK/ERK
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Figure 1. Somatic mutations of the braf gene identified in human tumor samples. A, the V600E mutation accounts for greater than 95% of the somatic
mutations described in human tumor samples. The graph illustrates the locations and relative frequency of somatic mutations within the kinase domain of the
braf gene identified in human tumor samples (n ¼ 11,860). B, somatic mutations cluster close to the P-loop of the N-terminus. The graph illustrates the amino
acid substitutions (grouped on the basis of side-chain properties) identified as arising from somatic mutations within the region aa438–486. C, somatic
mutations cluster close to the activating segment of the kinase domain. The graph illustrates the amino acid substitutions (grouped on the basis of side-chain
properties) identified as arising from somatic mutations within the region aa574–622. Note: The mutation data was obtained from the Sanger Institute
Catalogue of Somatic Mutations in Cancer web site (7).
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A

The braf Oncogene

BRAFV600E: Cancer and Therapeutics

BRAF Mutation in Carcinogenesis
BRAF has been shown to be mutated in a wide range
of cancers including 40% to 70% of malignant melanomas, an average of 45% of papillary thyroid cancer, and
10% of colorectal cancers (CRC) and has also been
identified in ovarian, breast, and lung cancers (2, 8,
9). Germline mutations in braf and craf are associated
with LEOPARD syndrome, a developmental disorder
with an increased incidence of multiple granular cell
tumors (10). Mutations in braf commonly occur in the
same cancer types that harbor ras mutations. Mutations
in braf and ras generally occur in a mutually exclusive
fashion, suggesting that aberrant regulation of the RAS/
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BRAF/MEK/ERK pathway may be the pathogenesis of
these tumor types (2), which can be achieved at different
levels of the pathway.

BRAF Mutation in Melanoma
Melanoma arises from melanocytes, the specialized
pigment cells found in the epidermis, meninges, inner
ear, and eye. The RAS/RAF/MEK/ERK pathway is frequently mutated in melanoma, with ras mutations, predominantly of the nras isoform, found in 15% to 30% and
braf mutations found in up to 70% of melanomas (2, 8).
BRAFV600E is the most frequent (>90%) BRAF mutation in
melanoma (2). It is associated with nonchronic suninduced damage (non-CSD) melanomas, indicating a
different pathology of disease than that by the CSDinduced p53 loss of function progression to disease associated with long-term UV radiation (UVR; ref. 11).
BRAFV600E is associated with low UVR dose, younger
presentation, and melanocortin-1 receptor (MC1R) variants (12). The relationship between braf-mutated melanoma and sun exposure is complex. Mutations in braf
occur at a very low rate in melanomas located at mucosal
lining and areas of low sun exposure such as the palms
and the soles of the feet, indicating that sun exposure is
required for the development of braf-mutated disease
(13). However, braf mutation has a very low frequency
in CSD melanoma associated with long-term sun exposure (12). Thus, the link between UVR and braf mutation
does not seem to be straightforward.
The mc1r gene is a key determinant of pigmentation. It
is highly polymorphic in humans, and specific variants
are linked to the distinctive red hair, pale skin, and
freckles phenotype, the same phenotype that is associated with increased melanoma risk in the Celtic population (14, 15). MC1R variants have been shown to be
associated with braf mutation in non-CSD melanomas in
both Italian and American populations (12, 16). MC1R is
a G-protein–coupled receptor, and its variant isoforms
can affect signaling through this pathway. MC1R binds
a-melanocyte–stimulating hormone (a-MSH), a crucial
regulator of melanocyte homeostasis. In response to
UVB radiation, a-MSH binds MC1R signaling for
increased proliferation and melanogenesis. The binding
of a-MSH to MC1R upregulates cyclic AMP that results
in a signaling cascade that acts through BRAF to signal
to ERK. ERK activation induces proliferation or differentiation, depending on microenvironment-specific signals. a-MSH signaling is also extremely important for
the reduction of free radical formation in response
to UV and is involved in inhibition of UV-induced
apoptosis (17).
Variant isoforms of MC1R display reduced function of
the receptor due to an inadequate ability to respond to
their ligands, such as a-MSH (17, 18). Wild-type MC1R
signals for the production of eumelanin over pheomelanin in response to UVR. However, variant isoforms of
MC1R are unable to signal for this switch in melanin
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signaling in tumor cells. Furthermore, it allows activation
of this signaling cascade in the absence of any extracellular stimuli, allowing the cell to become self-sufficient in
growth signals within this pathway. The structure of the
BRAF protein gives insight into how this constitutive
activation is initiated.
The BRAF kinase domain has characteristic bilobal
architecture, with small and large lobes separated by a
catalytic cleft. In the inactive BRAF conformation, the
conserved aspartate, phenylalanine, and glycine (DFG)
motif found in the activation segment displays a flipped
conformation that orients the region of activation toward
the P-loop of the N-lobe. This brings the residues’ glycine-rich segments G595-V600 near to the G463-V470,
which allows hydrophobic interactions to be formed
between these segments. This results in a conformational
orientation that renders the catalytic cleft inaccessible. In
this inactive conformation, the residues required for
phosphotransfer reactions are aligned but the ATP and
peptide substrate recognition segments are partially disorganized. Thus, all that is required for transition to an
active state is a change in position of the DFG motif/
activation segment (3). Phosphorylation of the activation
segment results in the destabilization of the hydrophobic
interactions between the activation segment and the
P-loop, resulting in a flip of the DFG segment to its active
state, aligning the ATP and peptide recognition segments, and allowing access to the catalytic cleft.
Activating mutations tend to cluster to the glycine-rich
loop and activation segments (Fig. 1B and C) and are
often located in residues that normally stabilize the interactions between these regions (1). The BRAFV600E mutation replaces V600 valine, a medium-sized hydrophobic
side chain that interacts with F467 phenylalanine of the
P-loop, with E600 glutamine, a larger, charged side chain.
V600 is located in the activation segment close to the DFG
motif (3). V600E substitution disrupts the hydrophobic
interaction, destabilizing the conformation that maintains
the inactive orientation of the DFG motif, resulting in the
restitution of DFG motif to its active state and thereby
restoring the activation segment to its active orientation.
This phosphomimetic mutation renders BRAFV600E in a
constitutively active state (1, 3).
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BRAF Mutation in CRC
CRC is highly prevalent within the Western world and
is 1 of 4 most prevalent cancer types worldwide (22). The
most prevalent CRC type follows the Kinzler–Vogelstein
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model, whereby a stepwise accumulation of mutations
involving the adenomatous polposis coli gene p53 and
members of the b-catenin signaling pathway (23, 24) leads
to adenocarcinoma development. However, an alternative serrated pathway to CRC has recently been highlighted, involving mutations of RAS/RAF/MEK/ERK
pathway and microsatellite instability (MSI; refs. 25,
26). This sporadic CRC frequently contains activating
mutations in kras and braf (51% and 10% respectively;
ref. 25). These mutations are found in a mutually exclusive fashion (2, 24, 25) and kras mutations tend to display
a more aggressive phenotype and less favorable clinical
outcome (27, 28). BRAFV600E mutation is associated with
CRC tumors that also display deficiency in mismatch
repair (MMR). The prevalence of braf mutation in MMRdeficient tumors has been shown to be 3-fold greater than
in MMR-proficient tumors, whereas kras mutation was
equally prevalent (25).
braf mutation is tightly associated with a CpG island
methylation phenotype (CIMP; ref. 29), which is characterized by methylation of the MMR gene mlh1 and associated high MSI (MSI-H). MHL1 is involved in the MMR
system, in which it is part of a protein complex that
introduces single strand breaks close to the mismatch,
thereby creating new entry points for exonucleases. It is
also implicated in DNA damage signaling that can lead to
the induction of cell-cycle arrest or apoptosis in response
to major DNA damage. mlh1 has a large CpG island
within its promoter region. Methylation of a small proximal region (region C) close to its transcriptional start site
has been correlated with loss of gene expression (30). The
association between braf mutation and CIMP is unclear.
However, it has been shown that braf mutations are also
found in the precursor lesions (31–33), indicating that it is
an early event in the development of these tumors.
The mutant braf CIMP tumors tend to exhibit a serrated
morphology. This serrated morphology has been postulated to be as a result of the inhibition of apoptosis (34).
Mutant BRAF can act as a potent inhibitor of apoptosis.
Erhardt (35) showed that overexpression of BRAF can
inhibit apoptosis via postmitochondrial regulation of
apoptosis. Acting through MEK, overexpression of BRAF
works at the level of cytosolic caspase activation to inhibit
cytochrome c–induced apoptosis. BRAF mutations in
colorectal tissue have also been associated with significant decreases in the rates of apoptosis in tumor cells (36).
Thus, it has been postulated that BRAF mutation introduces a microenvironment resistant to apoptosis, which
allows extensive DNA damage, such as that found in
CIMP tumors, to be tolerated (37).
The high correlation of BRAF and CIMP (29) suggests
that the association is causal. Forced overexpression of
BRAFV600E induced the methylation of the promoter
region of mlh1 in a colon cell line (37). DNA methyltransferase and DNA methylation can be regulated via the
RAS/RAF/MEK/ERK pathway (38). This has lead to
the hypothesis that BRAF mutation induces a microenvironment of apoptosis resistance and predisposition to
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production, which can lead to an accumulation of pheomelanin. Pheomelanin can increase the production of free
radical in response to UVR and thus can be regarded as a
carcinogen. It is unclear whether the association between
MC1R variants and BRAF is due to a direct relationship
or is caused indirectly via the accumulation of pheomelanin, which can increase oxidative stress and thus induce
DNA instability.
Human melanocytes are dependent on adhesion to the
extracellular matrix (ECM) for efficient activation of
ERK1/2 (19). ERK1/2 signaling is required for cell-cycle
progression through the G1/S phase, as both the upregulation of cyclin D1 and the downregulation of cyclindependent kinase inhibitors (cdk) p27kip1 are ERK1/2
dependent. To progress through the G1/S phase, growth
factors and integrin-mediated signaling from the ECM are
required to induce hyperphosphorylation of the retinoblastoma protein via the downregulation of cdk inhibitors
and the expression of D-type cyclins. This allows the
derepression of the E2F transcription factor, thereby inducing its binding to promoter sites of genes involved in Sphase entry. It has been shown that loss of adhesion in
melanocytes impairs the growth factor–mediated ERK1/2
activation, including the activation of cyclin D1 (19).
BRAFV600E mutation in melanoma cells results in the
activation of ERK1/2 without the need for signaling from
the ECM. Constitutive activation of BRAF results in the
upregulation of cyclin D1 in the absence of extracellular
signaling. The cdk inhibitor p27kip1 is downregulated in
mutant BRAF melanoma via the derepression of its transcription but also via the upregulation of the proteasomal
proteins involved in the p27kip1 protein degradation.
The S-phase kinase-associated protein 2 (SKP2) and its
cofactor Cdc kinase subunit 1 (CKS1) are members of an
ubiquitin-dependent proteasomal ligase complex
involved in the degradation of p27kip1. SKP2 is dependent on adhesion in melanocytes and has been inversely
correlated to p27kip1 levels (20). Knockdown studies of
BRAF or cyclin D1 have shown a decrease in SKP2 and
CKS1. Regulation of these proteasomal proteins involved
in p27kip1 degradation is dependent on the expression of
BRAF and cyclin D1. Thus, BRAF mutation subverts the
adhesion and growth factor requirements for ERK1/2
signaling in melanoma cells, thereby allowing unregulated progression through the G1/S checkpoint.
It has been shown that BRAF is an upstream signaling
component of a principal signaling pathway in melanocytes (21). This is a melanocyte-specific pathway that regulates differentiation and proliferation, which is reliant on
BRAF activation. The high frequency of braf mutation in
melanoma relative to other cancers may be partly explained
by the role of BRAF in melanocyte-specific biology (2).

BRAFV600E: Cancer and Therapeutics

promoter hypermethylation, as exemplified by the high
rate of mlh1 promoter methylation. This leads to a state
permissive to MSI-H due to MMR deficiency, which gives
rise to the CIMP CRC (37). This hypothesis explains the
progression of the serrated pathway but has yet to be
validated.

BRAF Mutation in Thyroid Cancer

BRAF as a Therapeutic Target
BRAF-mutated tumors have been correlated with poor
response to traditional chemotherapy and poor prognosis
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Thyroid cancer is the most common endocrine malignancy and is the most rapidly increasing cancer type
amongst women. Up to 90% of all thyroid cancers are
papillary thyroid cancer (PTC; ref. 39), of which an
average of 45% display mutant braf (9). Rearrangements
of ret are found in up to 30% of PTC (ret/PTC; ref. 40) in a
mutually exclusive fashion with braf and ras (41). RET is a
tyrosine kinase receptor not usually expressed in thyroid
follicular cells, but the chimeric RET/PTC is driven by the
promoter of the partner gene, of which more than 10
genes have been identified. RET/PTC signals through the
RAS/RAF/MEK/ERK pathway, indicating that it is
overactivation of the pathway itself that is required for
tumor pathogenesis in PTC.
RET/PTC is common among radiation-induced
tumors and sporadic tumors in juveniles (42), whereas
BRAFV600E is found at a higher rate in adults. BRAFV600E
has also been associated with more aggressive characteristics (42), which has also been shown in animal models
(43). BRAF has been shown to be necessary for RET/PTCinduced activation on the ERK pathway and its
regulation of downstream effectors relevant to tumor
pathogenesis (43).
BRAFV600E is associated with silencing of multiple
thyroid-specific iodine-metabolizing genes (43, 44).
Iodine is important in the synthesis of thyroid hormones.
Inorganic iodine is actively transported into the thyroid
cells and then, in turn, it is transported into follicular cells
where it is oxidized and incorporated into thyroid hormones. BRAFV600E has been associated with the
decreased gene expression of several of the genes
involved in this process (43, 45, 46). Thyroid DNA methylation of the promoter regions of iodine-metabolizing
genes have been linked with BRAFV600E PTC but not
with RET/PTC rearrangement-induced PTC. The function of these genes could be restored in a thyroid cell
model carrying BRAFV600E via the inhibition of MEK (43,
44). As previously discussed, DNA methyltransferase is
regulated by the BRAF pathway (38). Promoter methylation seems to play a substantial role in the silencing of
iodine-metabolizing genes in BRAFV600E PTC (43, 44). It
has been postulated that the decreased expression of
iodine metabolism–associated genes may explain the
more aggressive phenotype exhibited in BRAFV600E PTC.

in melanoma, thyroid, and colon cancers (43, 47). Targeted therapies are of great interest for these cancer types
and the elucidation of the structure and functions of the
BRAF kinase is the subject of a lot of ongoing research.
The approach of targeting oncogenic kinases has been
successful in the treatment of cancers, with activating
mutations in the kinase gene that drives their progression
(48). Imatinib (Gleevec; Novartis) is the original success
story for small-molecule kinase inhibitors. Imatinib is
used in the treatment of chronic myeloid leukemia, which
is driven by a characteristic mutant fusion protein BcrAbl, resulting in constitutive activation of the Abl kinase.
Imatinib effectively blocks the Abl kinase producing an
effective clinical response that can be correlated to the
presence of the activating kinase mutation.
BRAF-specific inhibitors such as GDC-0879 and
PLX4720 effectively block BRAFV600E and thus block
BRAFV600E-induced ERK activation (Fig. 2). PLX4720
was designed according to the atomic structure of
BRAFV600E and as a result has a 10-fold increased potency
for BRAFV600E over the wild-type kinase (49). These firstgeneration BRAF inhibitors were found to be effective in
preclinical trials but underwhelmed in clinical trials. The
emergence of second-generation inhibitors, such as the
PLX4720 analogue PLX4032, is proving much better in
clinical trials. The details of a phase I trial for PLX4032
announced an 80% response rate (as determined by
complete or partial tumor regression) among patients
with BRAFV600E mutations whereas patients without
the mutation did not respond (50). This 80% response
rate is the highest response rate to date for a melanoma
drug. This was a phase I trial and therefore is based on a
small number of patients. It does however provide proof
of concept for small BRAFV600E inhibitors and provides
hope for their use in the clinic.
Increasing research of BRAF-specific inhibitors has
highlighted several mechanisms of interest that may
negate their use in the clinic. It has been shown that
mutant BRAF cell lines can acquire resistance toward
BRAF-specific inhibitors through an increase in CRAF
expression (51). In the presence of oncogenic or growth
factor–activated RAS, BRAF-selective inhibitors can
induce BRAF binding to CRAF. This can lead to transactivation of CRAF and consequent elevation of MEK and
ERK signaling (Fig. 2C; ref. 52). This results in the cell
regaining autonomy and hyperactivation of the MEK/
ERK pathway through CRAF in a RAS-dependent manner (53). The genotyping of tumors is therefore critical to
ensure not only that an activating mutation is present in
braf but also that activating mutations of ras are not
present. This reactivation of the pathway can occur with
chemical or genetic (short hairpin RNA inhibition) inhibition of BRAF but does not seem to occur with pan-RAF
drugs.
Pan-RAF drugs (e.g., sorafenib and XL281) target all
the RAF isoforms. It has been shown in mice and human
xenographs carrying BRAFV600E that pan-RAF inhibitors
hyperactivate CRAF through the inhibition of BRAF but
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do not activate the MEK/ERK pathway because they
concurrently inhibit CRAF. Thus, a major distinction
between BRAF-specific and pan-RAF drugs is that in
the presence of increased RAS expression, melanoma cell
lines treated with BRAF-selective drugs result in pathway
reactivation but this is less likely to occur with pan-RAF
drug treatment as the CRAF isoform is also inhibited.
However, the increase in CRAF expression in response to
pan-RAF drugs can mediate acquired resistance to the
drugs in mutant BRAF melanoma cells lines (51). Inter-
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estingly, separate phase I clinical trials with BRAFspecific inhibitors both noted that 10% to 15% of
patients treated with BRAF inhibitors developed squamous cell carcinoma, 22% of which harbored RAS
mutations (50, 54). It has been postulated that BRAFspecific inhibitors may act as tumor promoters in premalignant skin cells with underlying RAS mutations
(53). The release of results from phase II and III trials
will aid in elucidating the role of BRAF in these subtle
pathway regulations.
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Figure 2. Targeted therapy in the BRAF pathway. A, the BRAF/MEK/ERK pathway. Extracellular signaling acts through RAS to activate BRAF, which
signals through MEK to ERK culminating in activation of transcription factors involved in cell fate determination. B, mutations in the pathway lead to
constitutive activation of the pathway. Activating mutation in BRAFV600E activates the MEK/ERK pathway in the absence of extracellular signaling. Activating
mutations in RAS can stimulate MEK/ERK signaling through CRAF in the absence of extracellular signaling. BRAF and RAS mutations occur in a mutually
exclusive fashion. (Note: Whereas BRAF relies on the MEK/ERK pathway for signaling, mutant RAS can act through a number of diverse pathways.) C, BRAFspecific inhibitors prevent BRAF signaling. Small-molecule BRAF-specific inhibitors block the kinase activity of BRAF, preventing it from activating its
downstream targets. However, in the cells with wild-type BRAF or activating mutations in RAS, BRAF inhibition can result in the transactivation of CRAF, which
can signal to MEK, resulting in reactivation of the pathway and acquired resistance to BRAF-specific inhibitors. D, targeting downstream of BRAF may
circumvent the pathway reactivation associated with BRAF inhibition. Targeting MEK may be useful in tumors with activating BRAF or RAS mutations due
to its strategic position in the pathway. However, the reliance of BRAF on the MEK/ERK pathway makes mutant BRAF tumors more sensitive to MEK
inhibition than mutant RAS tumors, which can signal through multiple pathways.

BRAFV600E: Cancer and Therapeutics

Targeting MEK in Mutant BRAF Tumors
The effectiveness of a targeted agent depends on where
in the pathway the activating mutant occurs and what
other pathways the aberrant protein is channeling. As
outlined earlier, targeting BRAF can lead to pathway
reactivation under certain genetic conditions. Thus, it
may be of greater benefit to target downstream in the
BRAF pathway. Because of the strategic position of the
MEK1/2 kinases in the RAS/RAF/MEK/ERK pathway,
it is a very promising target for new drug development
(Fig. 2D). Although MEK is downstream of both RAS and
RAF, Solit and colleagues showed that braf mutation, but
not ras mutation, could predict sensitivity to MEK inhibition, indicating that braf mutations are more reliant on
MEK/ERK signaling than ras mutants. The reliance of
BRAF on the MEK/ERK pathway seems to make it more
sensitive to MEK inhibition (58). Preclinical trials have
shown that small-molecule MEK1/2 kinase inhibitors can
significantly reduce the proliferation of a variety of cancer
cell lines via the induction of apoptosis and cell-cycle
arrest (58, 59). Thus, MEK seems to be a logical target for
targeted therapy.
The first small-molecule MEK inhibitor to enter clinical
trials was CI1040, which is highly selective for MEK1/2.
This molecule exerts its effect by binding a hydrophobic
pocket adjacent to the Mg-ATP binding site of the kinase.
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This results in the active site of the kinase becoming
locked into a catalytically inactive conformation. The
binding pocket is located in a region of low-sequence
homology to other kinases, resulting in a high selectivity
and noncompetitive kinetics of inhibition (60). However,
it was found in phase II trials that CI1040 had poor
pharmacodynamics and its development was stopped.
The second-generation MEK inhibitor PD0325901 is a
structural analogue of CI1040. This MEK inhibitor had
100-fold greater activity than that of CI1040 and preclinical trials showed its ability to inhibit the growth of
human tumor xenographs bearing mutant braf (58, 61).
Phase I clinical trials seemed promising, but phase II trials
displayed increased toxicity, more severe than that of
CI1040. PD0325901 development was terminated because
of these unacceptable toxicities (62, 63).
A second-generation inhibitor that is showing very
promising results in clinical trial is the benzimidazole
derivative AZD6244. This small-molecule inhibitor is
selective for MEK1/2 by a mechanism that is not fully
elucidated but occurs in a manner noncompetitive for
ATP. Phase I trials produced very promising results, with
one patient with malignant melanoma showing 70%
tumor shrinkage (64). A phase II trial comparing
AZD6244 to the standard treatment temozolomide in
melanoma showed a survival advantage favoring
AZD6244 in the subset of tumors with braf mutation,
although there was no difference in the total progression-free survival between treatments. In this trial, the
AZD6244 group had 6 confirmed responses, of which 5
carried mutant braf (65). In another phase I trial of
AZD6244-based combination therapy, a positive trend
was identified between braf mutation and clinical benefit
(66). No such trend was identified for nras mutations. In
this small study, all responders [as defined by RECIST
(Response Evaluation Criteria in Solid Tumors) criteria]
carried braf mutation and none of the subjects with braf
mutation had early disease progression. There are currently more than 30 clinical trials ongoing (www.clinicaltrials.gov), involving AZD6244 in a variety of tumor
types.
MEK inhibitors are very promising as targeted therapies in tumors with aberrant RAS/RAF/MEK/ERK
pathway activation. MEK inhibitors are highly selective
for their targets and those with improved pharmacodynamics are under development. Determining whether
BRAF and/or MEK are a clinically viable level in the
pathway to target will become clear as results from the
ongoing and future trials are released. It is likely that any
targeted therapies will be susceptible to the development
of resistance due to secondary mutations in kinase
domains that reduce drug binding while preserving
catalytic function, activation of redundant signaling pathways, or upregulation or activation of a ligand or regulator of an alternative signaling pathway (67). Thus, it is
likely that MEK inhibition, or indeed BRAF inhibition,
will be less important as a single chemotherapeutic agent
than it will be as a combination therapy. To this effect,

Mol Cancer Ther; 10(3) March 2011

Downloaded from http://aacrjournals.org/mct/article-pdf/10/3/385/2319760/385.pdf by guest on 28 September 2022

Inflammation is also a potential factor that needs to be
accounted for the successful use of BRAF inhibitors. TNFa is a pleiotropic cytokine that has been shown to block
apoptosis in melanoma cells when BRAF signaling is
inhibited (55). Macrophage infiltration has been correlated with tumor stage, progression, and angiogenesis in
human malignant melanoma. Activated macrophages are
strong secretors of TNF-a. The effect of TNF-a on melanoma cells depends on the context in which it acts.
Epithelial malignancies have been associated with
chronically produced TNF-a, whereas it can be tumor
destructive in mice if high doses of TNF-a are administered therapeutically (56). Autocrine production of TNFa in malignant melanoma has been associated with resistance to the cytolytic effects of TNF-a, a response that
could have clinical implications (57). Melanoma cells
treated with BRAFV600E inhibitors resulted in both cytostatic and cytotoxic effects. Subsequent treatment with
TNF-a resulted in apoptosis being blocked and recovery
of the oncogenic cells to reenter the cell cycle (55). This
effect was TNF-a specific and mediated by NF-kB signaling. NF-kB depletion blocks the ability of TNF-a to rescue
BRAF-inhibited cells. The relations between the BRAF
and NF-kB signaling pathways is not fully understood,
nor is the interaction that leads to the specific rescue that
allows TNF-a to override the effect of BRAF inhibition.
However, the observation that TNF-a can rescue cells
undergoing BRAF inhibition may be important if the
microenvironment has a high degree of macrophage
infiltration.
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Merck and AstraZeneca announced a collaboration to test
AZD6244 and the AKT inhibitor [phosphoinositide 3kinase (PI3K) pathway] MK-2206 in 2009. It has been
shown in preclinical trials for MEK inhibitors that PI3K
activation can significantly decrease the response of
KRAS mutants to MEK1/2 inhibition (68). Thereby, targeting both pathways should reduce the ability of the
tumor to gain resistance. This unusual collaboration
between pharmaceutical companies is more evidence
of the expectation for the usefulness of these molecules
in combination chemotherapy.

Conclusions
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