
RAF serine/threonine kinases are important signalling  
integrators and their founding member RAF was iden-
tified as a viral oncogene almost 30 years ago1. As an 
oncogene, RAF was thus implicated as a driver of can-
cer cell proliferation. Cloning of the human homologue, 
CRAF2,3, led to the subsequent realization that two 
additional homologues existed in the human genome, 
namely ARAF4,5 and BRAF6,7. As described below, the RAF 
kinases have important roles in growth factor signalling 
pathways (FIG. 1).

In 2002, a major advance in the understanding of 
the function of BRAF came from the discovery that the 
BRAF gene was mutated in many different cancers8. 
Specifically, most mutations occur at a single codon, 
codon 600, replacing valine most typically with glutamic 
acid (the V600E mutation). This codon is in the activa-
tion loop of BRAF, a loop found in most kinases that 
controls kinase activity; mutations (most commonly the 
V600E mutation) substantially increase kinase activity 
to drive the proliferation of cancer cells. This mutation 
occurs in about half of all melanomas9 and to varying 
prevalence in many additional cancers, including colo-
rectal cancer10, papillary thyroid cancer11–14, anaplastic 
thyroid cancer15, serous ovarian cancer16, non-small- 
cell lung cancer17, gastric cancer18, cholangiocarcinoma19,  
Barrett’s oesophageal cancer20 as well as head and neck 
cancers21. Additional BRAF-mutated cancers are still 
being identified; for example, it was shown that certain 
populations of hepatocellular carcinoma22, Langerhan’s 

cell histiocytosis23, gastrointestinal stromal cell tumours24, 
multiple myeloma25, paediatric astrocytomas (which con-
tain mostly BRAF duplications)26–28, pleomorphic xantho
astrocytomas29,30 and almost all hairy cell leukaemias 
harbour BRAF mutations31. Intriguingly, it was found 
that BRAFV600E mutations are very frequent in nevi32 — 
dysplastic lesions that derive from melanocytes and are 
quiescent and thus benign33. Therefore, additional genetic 
events are probably required to turn a BRAF-mutant cell 
into a malignant cell.

Preclinical studies to validate mutant BRAF as a target 
have been reported. Cell culture experiments revealed 
that proliferation of melanoma and other tumour cell 
lines could be stimulated by the BRAFV600E oncogene 
and blocked by genetic ablation of BRAFV600E expres-
sion34–38. Indeed, dependence on mutant BRAF could 
also be shown in vivo using tumour cell lines in which 
the BRAFV600E gene could be conditionally suppressed;  
in some cell lines this suppression resulted in regression 
of established tumours39. More recently, genetically engi-
neered mouse models of BRAFV600E-driven tumours have 
been developed for many key cancer types40–45.

Before the discovery of the BRAF oncogene, CRAF 
was considered to be an enticing target primarily because 
of studies in the literature showing that it was an important 
effector of RAS. Numerous drug discovery efforts target-
ing CRAF led to a number of preclinical compounds46. 
Sorafenib (Nexavar; Bayer/Onyx), originally discovered 
as a CRAF inhibitor47, was approved for the treatment of 
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Abstract | The identification of driver oncogenes has provided important targets for drugs 
that can change the landscape of cancer therapies. One such example is the BRAF 
oncogene, which is found in about half of all melanomas as well as several other cancers. 
As a druggable kinase, oncogenic BRAF has become a crucial target of small-molecule 
drug discovery efforts. Following a rapid clinical development path, vemurafenib (Zelboraf; 
Plexxikon/Roche) was approved for the treatment of BRAF-mutated metastatic melanoma 
in the United States in August 2011 and the European Union in February 2012. This Review 
describes the underlying biology of BRAF, the technology used to identify vemurafenib and 
its clinical development milestones, along with future prospects based on lessons learned 
during its development. 
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renal and hepatocellular carcinoma48,49. To date, much 
of the data suggest that the clinical efficacy of sorafenib 
derives primarily from its ability to inhibit other kinases 
such as the vascular endothelial growth factor receptor 
(VEGFR) family50. Sorafenib also inhibits BRAF, but has 
preference for CRAF and only weakly inhibits BRAFV600E. 
Phase I, Phase II and even large Phase III studies in 
patients with melanoma did not reveal any clinical effi-
cacy. Patients were not selected for BRAF mutations but 
roughly half of the patients in the trial had melanomas 
with V600 mutations, so these results raised concerns 
about BRAF as a cancer target51–53.

Although BRAF was an emerging anticancer target, 
RAF kinases had been refractory to crystallization for 
many years, which hampered the identification of selec-
tive compounds. With the focus of targeting the RAF 
family switching to BRAF and the availability of a rela-
tively potent inhibitor in the form of sorafenib, the first 
crystal structure was finally reported in 2004 (REF. 54). 
The structural information had important implications 
for the discovery of vemurafenib (Zelboraf; Plexxikon/
Roche), as described below.

Here, we describe the methodology used to discover 
vemurafenib as well as the preclinical and clinical data 
that led to its approval for treating BRAF-mutant meta-
static melanoma. Alongside vemurafenib, a diagnostic  
test was developed to enable selection of patients. 
Furthermore, knowledge gained from findings in the 
clinic and preclinical studies revealed new enigmas of 
RAF biology, and these are also discussed.

Although the focus of this Review is on the discovery  
and development of vemurafenib, it should be noted 
that additional RAF inhibitors are showing promise in 
clinical trials. The most advanced of these is dabrafenib, 
which has produced tumour regressions and improved 
progression-free survival in Phase I–III clinical trials 
in patients with melanoma55–57. Additional compounds 
include LGX‑818, RAF‑265 (REF. 58), XL281, ARQ‑736 
and CEP‑32496 (REF. 59); these compounds are at earlier 
stages of clinical development.

Scaffold-based discovery of kinase inhibitors
Kinase inhibitors were the subject of intensive drug 
discovery projects at most large pharmaceutical com-
panies through the 1980s and 1990s60,61. By the early 
2000s, traditional drug discovery efforts using high-
throughput screening of very large compound libraries  
had led to the discovery of several compound classes 
— such as quinazolines, amino-pyrimidines, oxindoles 
and bis-aryl ureas — that inhibited kinase activity; 
however, none of these had the desired properties for 
inhibiting BRAF. At Plexxikon, we sought to develop a 
discovery approach that could identify novel scaffolds 
for kinases (and virtually any other readily crystallizable 
protein family) in order to explore new chemical space 
and novel binding modalities. We used this scaffold-
based approach to identify novel kinase inhibitors. 
This approach screened small molecules with selected 
chemical properties (molecular mass 150–350 Da, 
fewer than eight hydrogen bond donors and acceptors, 
few rotatable bonds and relatively high aqueous solu-
bility) in order to maximize the chemical space that is 
sampled.

This approach started with a library of ‘scaffold-like’ 
compounds, enriched for maximum chemical diversity. 
As these smaller compounds (that is, those with a lower 
molecular mass) have limited compositional variabili-
ties, a library of 20,000 compounds covers a relatively 
large swath of chemical space in the specified molecular 
mass range62,63. It should be noted that many other uses 
of scaffold- or fragment-based drug discovery for iden-
tifying inhibitors of kinases and other protein families 
have also been described in the literature60,64–66.

Figure 1 | The RAF pathway.  Growth factors often bind to receptor tyrosine kinases 
(RTKs), which are autophosphorylated (illustrated by Y‑P) to trigger downstream 
signalling pathways, including the pathway involving RAS, RAF, extracellular 
signal-regulated kinase (ERK) and mitogen-activated protein kinase (MAPK)/ERK 
kinase (MEK). RAF kinase activity initiates a kinase cascade by directly phosphorylating 
MEK, which in turn phosphorylates ERK to cause translocation of ERK to the nucleus 
where changes in gene expression take place132. Many years after its original 
identification, RAF was mapped downstream of the RAS oncogene133. RAS is a 
molecular switch that cycles between a basal GDP-bound state and an activated 
GTP-bound state that binds to many different effectors134. Demonstration of direct 
binding between RAS-GTP and RAF135 led to the finding that membrane-bound 
RAS-GTP recruits RAF to the membrane136, generating an active effector kinase.  
As with many other kinases, RAF family members are regulated by dimerization as  
well as phosphorylation and dephosphorylation. Dimerization of RAF kinases,  
which is sometimes induced by the binding of RAS to the kinase, activates the  
kinase137. BRAF–BRAF and CRAF–CRAF homodimerization as well as BRAF–CRAF 
heterodimerization have been demonstrated138 (the role of ARAF is not understood  
in as much detail and so is not discussed here). Feedback phosphorylation events by 
downstream kinases such as ERK serve in part to disrupt dimers117. A related kinase 
called kinase suppressor of RAS (KSR; not shown in figure) appears to enable this 
dimerization90. PI3K, phosphoinositide 3‑kinase; PLCε, phospholipase Cε; RALGDS, 
RAL guanine nucleotide dissociation stimulator. 
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Chemical space
The potential chemical 
diversity that is spanned by  
all possible combinations of 
atomic elements to yield  
all possible compounds 
encompassing all sizes and 
with all potential chemical  
and physical properties.

Fragment
A very small molecule — 
typically less than 250 Da — 
discovered through biophysical 
screening methods such as 
nuclear magnetic resonance 
(NMR) or X-ray technologies. 
Often, several fragments that 
represent discrete binding 
components will be linked 
together to enhance potency 
during lead optimization.

Biochemical assays were then developed that had 
readouts covering a broad dynamic range of signal output 
and that had minimal sensitivity to the intrinsic com-
pound interference that would normally plague screening 
at high compound concentrations. Thus, for the kinase 
family, five different kinases were screened through  
the library at a concentration of 200 μM. Compounds 
that inhibited at least three of the five kinases were 
selected for follow‑up studies. This approach of identi-
fying hits that are weak and non-selective would appear  
to be counter-intuitive to traditional drug discovery 
methods. Furthermore, it would be anticipated that 
a screen at such high concentrations might be prone 
to false positives. These issues were addressed at the  
very next step of the approach: co‑crystallography.  
A co‑crystal structure of the kinase and the hit com-
pound unambiguously identified true binding inter
actions. Using this approach, new compound classes were 
readily identified.

From the initial screen, 238 compounds were selected 
for co‑crystal analysis: the compounds were mixed with 
crystallography-grade, recombinant kinase domains 
from the various kinases that the compounds bound in 
buffers favouring crystal growth. For those compounds 
that yielded co‑crystals in one of several kinase crys-
tallization systems, three-dimensional structures were 
determined. Eventually, over 100 structures of kinases 
co‑crystallized with bound compounds were success-
fully determined. In particular, the serine/threonine 
kinase PIM1 provided a robust system to identify novel 
scaffold candidates67; initially, PIM1 and a second kinase, 
fibroblast growth factor receptor 1 (FGFR1), provided 
more reliable crystallization systems while BRAF crystal-
lization conditions were in optimization.

The three-dimensional structural analysis revealed 
atomic-level detail of the binding interactions despite 
the weak affinity of these initial hits. The co‑crystal 
structures also confirmed that compounds identified as 
hits in the original screening did indeed bind the target 
kinase. With the structural information at hand, chem-
ists, computational chemists and structural biologists 
could select the best screening hits and rationally design 
a next iteration of compounds for synthesis. Important 
criteria for scaffold selection included the number of sites 
for substitution by chemical groups, the orientations of 
the substitution sites in the binding pocket and differen-
tiation of the hits from the known chemical space.

Based on this approach, a 3‑substituted 7‑azaindole 
was selected for further optimization based on the struc-
ture of the compound co‑crystallized with PIM1 (REF. 62) 
(FIG. 2). Synthetic chemistry coupled with additional 
co‑crystallography, this time with FGFR1, yielded a sub-
stantial improvement in the affinity of the compound 
for the kinase, which was due to an increased number of 
binding interactions. Subsequent optimization required 
development of a BRAF structure analysis.

In order to generate a robust expression and crystal-
lization system for BRAF, a highly soluble form of the 
truncated kinase domain was engineered by mutating 
surface hydrophobic residues into relatively isosteric 
hydrophilic amino acids62. Using this approach, we were 

able to determine the co‑crystal structures of over 100 
different compounds bound to BRAF. Once iterations 
of co‑crystallography, computational simulation, chem-
istry and biological assays were adapted to the BRAF 
system, progress towards identifying potent, selective 
compounds was very rapid. Vemurafenib and PLX4720 
(a sister compound to vemurafenib that had better phar-
macokinetics in rodents) were identified within a year 
of initiating BRAF-specific improvements; these com-
pounds were optimized for binding affinity, selectivity 
and pharmacokinetic properties.

Although not covered in this article, the scaffold-based 
drug discovery paradigm outlined above can be readily 
applied to other protein families. Detailed descriptions 
of efforts to identify phosphodiesterase inhibitors and 
pan-agonists for the peroxisome proliferator-activated 
receptors have been published68,69.

Biological characterization of vemurafenib
Vemurafenib was first synthesized in early 2005. Initial 
biochemical characterization of this compound revealed 
that it has mild selectivity for BRAFV600E over the wild-
type enzyme. This indicated a pattern that was noted in 
the full chemical series, including PLX4720. Structural 
characterization of the series suggested that there was 
a straightforward explanation for the selectivity of the 
compounds for BRAFV600E: these compounds bind selec-
tively to the active (known as ‘DFG-in’; stabilized by 
E600) versus inactive form of the kinase62,70. The details 
of this structural interpretation are discussed below in 
the section on structural binding.

Although selectivity for BRAFV600E over wild-type 
BRAF in the biochemical assays was modest, selectivity  
for BRAFV600E over wild-type BRAF in melanoma or colo-
rectal cancer cell lines was remarkable. The reason for 
this pronounced cellular selectivity was foreshadowed in 
part by a breakthrough study showing that BRAF-mutant 
cells were highly sensitive to MEK (mitogen-activated 
protein kinase (MAPK)/extracellular signal-regulated 
kinase (ERK) kinase; also known as MAPKK) inhibi-
tors; the study determined that when BRAF is the driver 
of proliferation, the MAPK pathway is essential for cell 
proliferation71. Although both vemurafenib and MEK 
inhibitors inhibit cellular proliferation, the compounds 
have different pharmacodynamic effects: MEK inhibitors 
block ERK phosphorylation regardless of cellular geno-
type, whereas vemurafenib only blocks ERK phosphoryla-
tion in BRAF-mutant cells. Indeed, ERK phosphorylation 
is actually stimulated by vemurafenib in some wild-type 
BRAF cells, and this so‑called RAF inhibitor paradox 
is discussed below in the section describing new RAF 
biology.

Although there were quantitative differences in the 
effects of vemurafenib on cell lines derived from differ-
ent tissues of origin, vemurafenib is generally effective in 
cells with BRAF mutations at codon 600. Thus, the prolif-
eration of BRAFV600E melanoma72–78, colorectal cancer73,75,78 
and papillary thyroid cancer79,80 cell lines is inhibited by 
vemurafenib. A small subset of cell lines from each of 
these cancer types is inherently resistant to vemurafenib, 
and the mechanisms of this inherent resistance are now 
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• Low affinity: ~200 µM
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• Crystallized with PIM1

Compound 2
• IC50 in µM range
• Moderate affinity: ~2 µM
• Moderate specificity
• Crystallized with FGFR1

PLX4720
• IC50 in nM range
• High affinity: <20 nM
• High specificity
• Crystallized with BRAFV600E
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DFG motif
A motif (Asp-Phe-Gly) that 
marks the beginning of the 
activation loop and can 
assume one of two 
conformations based on the 
side-chain orientation of  
the central residue in the  
motif: ‘DFG-in’ and ‘DFG-out’.  
The conformation of the DFG 
motif affects ATP substrate 
binding and the catalytic 
competency of the kinase.

Anchor and grow
A key design strategy of 
scaffold-based drug discovery, 
in which the scaffold serves  
as the anchor that remains 
constant throughout chemical 
exploration, and multiple 
analogues are synthesized 
systematically by adding 
substituents to branch points 
to access unoccupied sub-sites 
of the drug target.

αC helix
A structurally conserved helix 
that is present in one of  
the two lobes that flank the 
ATP-binding site of a protein 
kinase. Its conformation is 
crucial for ATP binding and 
kinase activity.

under investigation81–86. Some putative mechanisms of 
both inherent and acquired resistance are described below 
in the section on mechanisms of resistance. Interestingly, 
several oncogenic BRAF mutations at codons other than 
codon 600 cause reduction or loss of kinase activity54,87,88. 
Although many of these mutant kinases are sensitive 
to vemurafenib in purified biochemical assays, the cell 
lines expressing these non‑V600 BRAF mutations are 
generally only modestly sensitive to vemurafenib78. 
Characterization of signalling from some of these 
non‑V600 mutant proteins has revealed that they recruit 
CRAF to form active heterodimers54,87. It is believed that 
the heterodimeric structure leads to inherent insensitivity 
to BRAF inhibitors in cells, and this relates closely to the 
RAF inhibitor paradox.

Nonetheless, when BRAF-mutant cell lines that are 
sensitive to vemurafenib in vitro are grown as tumour 
xenografts in vivo, such xenografts are also sensitive to 
orally delivered vemurafenib62,70,78,89. Quantitatively, the 
xenografts have different responses to vemurafenib, just 
as the antiproliferative potency of vemurafenib varies 
somewhat in the cultured cell lines, regardless of the 
tissue of origin. We chose a modestly sensitive cell line  
to mimic a typical human tumour, COLO205 colorectal 
cancer cells bearing the BRAFV600E mutation, to explore the 
pharmacology of vemurafenib. As shown in FIG. 3, when 
these cells were used in a xenograft model, increasing  
oral doses of vemurafenib lead initially to tumour 
stasis (at exposures of ~100 μM multiplied by hour;  
~100 μM•hour) and subsequently to tumour regression 
(at exposures of ~300 μM•hour or above)70.

Uptake of 18F-deoxyglucose is an additional biomarker 
that can be monitored by positron emission tomography 
(PET) in live animals. This is a sensitive marker of cancer 
cell metabolism. Vemurafenib can block the uptake of 
18F-deoxyglucose within 1 week of dosing, at drug expo-
sures that correlate with in vivo tumour stasis70.

Structural analysis of vemurafenib binding
Co‑crystallization studies enabled the analysis of 
information regarding the binding of vemurafenib. 
Co‑crystallization of the BRAFV600E protein with vemu-
rafenib revealed that BRAF forms a dimer (FIG. 4a).  
As typical of kinase domains, each BRAF protomer con-
tains two different-sized lobes linked by a hinge region 
and a neighbouring cleft that forms the ATP-binding 
pocket. Both protomers adopt the so‑called ‘DFG-in’ con-
formation in which the phenylalanine side chain of the  
DFG motif in the activation loop is buried inside and away 
from the ATP-binding pocket, but vemurafenib is present 
in the ATP-binding pocket of only one of the protomers. 
In the co‑structure of wild-type BRAF with the vemu-
rafenib analogue PLX4720 (REF. 62), the compound bound 
to one of the protomers with 100% occupancy and the 
other protomer with 60% occupancy, and the protomer 
with partial ligand occupancy adopted the ‘DFG-out’ 
conformation in which the outward-facing phenylalanine 
residue obstructed ATP binding. The structural differ-
ences between wild-type and mutant BRAF revealed the 
underlying mechanism for oncogenic activation of BRAF 
caused by the V600E mutation. In the mutated form of 
BRAF, the salt bridge formed between Glu600 and Lys507 

Figure 2 | From scaffold to lead compound.  Hits that were identified from screening a library of ‘scaffold-like’ 
compounds were co‑crystallized with representative kinases. The figure shows the co‑structure of the azaindole 
scaffold (compound 1) with the serine/threonine kinase PIM1. The scaffold was validated by synthesizing a set of 
3‑substituted compounds guided by the co‑structure, which resulted in a more potent azaindole analogue (compound 
2); this compound, when co‑crystallized with the kinase domain of the fibroblast growth factor receptor 1 (FGFR1), 
revealed a key hydrogen bond interaction with the DFG (Asp-Phe-Gly) backbone. Further structure-guided 
optimization resulted in PLX4720, the analogue of vemurafenib, which is shown here in complex with the BRAFV600E 
protein62. IC

50
, half-maximal inhibitory concentration. Images modified, with permission, from REF. 62.
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Investigational new  
drug application
A detailed report of compound 
characteristics, including 
synthetic and analytical 
methods, formulation, 
pharmacology and toxicology 
data and clinical plans, that is 
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Drug Administration to request 
approval to begin clinical testing.

Microprecipitated  
bulk powder
A stabilized formulation of 
vemurafenib consisting of 
amorphous (non-crystalline) 
microparticles that were 
prepared by precipitating 
vemurafenib into a polymer 
matrix; this process substantially 
improved the systemic 
absorption of vemurafenib.

Area under the curve
(AUC). A pharmacokinetic 
parameter that measures  
the integrated area under the 
plasma drug concentration 
curve as a function of time.

keeps the activation loop in the ‘DFG-in’ conformation 
and renders the mutant protein constitutively active.

Co‑crystallography had an important role in the dis-
covery of vemurafenib, allowing the application of the 
modular ‘anchor and grow’ philosophy of the scaffold-
based approach to drug design (FIG. 4b). The 7‑azaindole  
scaffold of the series of lead compounds, identified 
through a scaffold-based discovery campaign as described 
above, occupied the hydrophobic cleft next to the hinge 
region of BRAF kinase, which was maintained as the  
anchor throughout chemical exploration. The aryl-
sulphonamide moiety was discovered after a focused  
drug design effort to find substitutions that interacted 
optimally with the backbone amide of Asp594. The pro-
pyl tail group was selected because it fit an interior pocket 
specific to the mutant BRAF protein that was first revealed 
by the co‑crystal structures of the shorter-chain methyl 
and ethyl analogues. Because the 5‑substitution was on a 
distant site of the azaindole group, the chloro-phenyl group 
resulted from an independent optimization for improved 
potency and pharmaceutical properties. The ‘anchor and 
grow’ approach enabled the identification of a new genera-
tion of kinase inhibitors that selectively target an oncogenic 
mutation, and it also introduced a new chemical class of 
kinase inhibitor to be used as a tool compound.

Further structural analysis revealed that the BRAFV600E 
dimer has an extensive interface between the two protomers,  
burying ~1,200 Å2 of solvent-accessible surface area on 
each protomer. Rather than having simple shape com-
plementarity, the interface is dominated by specific 
polar interactions (including 16 hydrogen bonds and 7 
salt bridges)62,70. In particular, Arg509 on one molecule 
forms four hydrogen bonds with the carboxyl terminus of 
the regulatory αC helix of its dimer partner, and mutation 
of this residue abolishes dimer formation90,91. Although 
the role of RAF dimerization in regulating kinase activity  
had been previously recognized, its importance in 
developing RAF inhibition-based therapy is only now 
becoming appreciated. The efficacy of a BRAF inhibi-
tor against BRAF-driven tumours may depend to a large 
degree on the effect of the inhibitor on the conformation 
of the kinase. Unlike previous RAF inhibitors such as 
sorafenib54, vemurafenib binding causes an outward shift 
in the regulatory αC helix (FIG. 4a) of BRAFV600E, thereby 
altering its interaction with Arg509 and in turn affecting 
RAF dimerization. Although the conformational change, 
including the shift in the αC helix, induced by vemu-
rafenib is sufficient to block RAF signalling in BRAF-
mutant cells, this induced conformation does not block 
the activity of dimeric RAF, and so the drug paradoxically 
activates the MAPK pathway in cells in which growth is 
driven by RAS (or other upstream signals). Therefore, 
at Plexxikon our focus for discovering the next genera-
tion of BRAF inhibitors is to find conformation-specific 
inhibitors that abolish paradoxical activation of MAPK.

Clinical pharmacology
Before the initiation of clinical studies, work began on the 
development of a companion diagnostic assay to identify 
melanomas that harboured the BRAF oncogene (BOX 1).

Once vemurafenib was chosen as the clinical devel-
opment candidate because of its favourable potency, 
selectivity and pharmaceutical properties, a series of pre-
clinical studies were conducted to predict its safety and 
pharmacokinetics in humans. Based on these successful 
toxicology and safety pharmacology studies, an investi-
gational new drug application was filed with the US Food 
and Drug Administration (FDA) in the autumn of 2006. 
Almost concurrently, Plexxikon signed a collaboration 
agreement with Roche Pharmaceuticals to work together 
to guide vemurafenib through clinical trials.

Reformulation studies. The initial formulation of vemu-
rafenib consisted of a crystalline powder (that was stabi-
lized with several common pharmaceutical excipients to 
aid bioavailability) that was filled into capsules that could 
be delivered orally92. Although this was adequate to ini-
tiate clinical testing, it was challenging to manufacture 
and store, as the crystal form that demonstrated highest 
solubility was unstable. In order to improve solubility and 
stability, Roche reformulated vemurafenib into an amor-
phous material known as a microprecipitated bulk powder78. 
Based on a pharmacokinetic study in healthy volunteers, 
the microprecipitated bulk powder formulation was 
shown to result in a sixfold increase in bioavailability 
compared to the crystalline formulation92.

Figure 3 | Vemurafenib in xenograft models. The BRAFV600E-mutant human colorectal 
cancer cell line was grown on the flank of immunocompromised mice70. Mice that had  
a tumour volume of ~150 mm3 were treated with one of three doses of vemurafenib  
(or vehicle) given by oral gavage for 4 weeks. A dose-dependent reduction in tumour 
growth was evident, and pharmacokinetic evaluation was performed at each of the three 
doses; the day 7 area under the curve (AUC) is provided in the graph. Tumour regression 
occurred at exposures of vemurafenib of ~300 μM multiplied by hour (~300 μM•hour), 
and this result established a preclinical threshold of drug exposure to target in clinical 
trials. Graph reproduced, with permission, from REF. 70 © (2010) Macmillan Publishers 
Ltd. All rights reserved.
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Phase I dose escalation. A dose-escalation Phase I safety 
trial (ClinicalTrials.gov identifier: NCT00405587) using 
the crystalline powder formulation was initiated in 
patients with solid tumours at a number of academic 

hospitals. The first patient was enrolled in November 
2006 at a starting dose level of 200 mg per day. No dose-
limiting toxicities were observed in the first three patients 
so the next cohort was started at 400 mg per day. Notably, 
the elimination half-life observed in the clinic was much 
slower than predicted from preclinical scaling analyses.  
A once-daily dosing regimen was possible, but all cohorts 
of patients (after the first cohort) used a twice-daily 
regimen to reduce the capsule load per dosing admin-
istration. The dose escalations continued in doubling 
increments without any toxicity. Patients were dosed 
with increasing numbers of capsules up to the large drug 
burden of 1,600 mg twice each day, continually until dis-
ease progression or adverse events were noted. During 
the dose-escalation phase, patients were not required to 
have BRAF-mutation-positive tumours to be enrolled in 
the study. As shown in FIG. 5, the pharmacokinetic studies 
revealed that drug exposure with the initial formulation 
resulted in a plateau when patient blood levels reached 
~200 μM•hour, which was below the desired threshold of 
300 μM•hour that was associated with tumour regression 
in preclinical studies92.

However, the reformulation of vemurafenib enabled 
dose-escalation studies to restart, beginning at one-tenth 
of the dose level (that is, 160 mg twice per day) of the pre-
vious formulation (1,600 mg twice per day). Additional 
clinical study centres (a total of six) were recruited in order 
to expedite patient enrolment, especially of patients from 
whom paired biopsy samples (that is, before and during 
treatment) could be obtained. As we had confidence in the  
scalability of the new formulation, we predicted that  
the next dose level of 240 mg twice per day would cross the  
threshold of 300 μM•hour and lead to our first evidence of 
tumour shrinkage in patients in whom a BRAF mutation 
was driving tumour growth. And we turned out to be cor-
rect (FIG. 5), providing a beautiful example of translational 
science from biochemical inhibition via cell-based assays 
into xenograft models and into the clinic.

Consistent and more pronounced tumour regression, 
including at metastatic sites such as liver, lung and bone, 
became commonplace as we continued to escalate the 
dose of vemurafenib up to 720 mg twice per day. In addi-
tion to grade 1 or grade 2 adverse events such as fatigue 
or rash, the first occurrences of cutaneous squamous cell  
carcinoma also began to be observed during dose escala-
tion. A dermatology working group was established in 
order to fully investigate the skin toxicity of vemurafenib, 
particularly the growth of cutaneous squamous cell carci-
nomas, which were usually diagnosed as keratoacanthomas 
that could be easily treated with resection. A rigorous sur-
veillance monitoring plan was also enacted for all ongoing 
studies. As unacceptable toxicity was documented at the 
highest dose tested (1,120 mg twice per day), the slightly 
reduced dose of 960 mg twice per day was chosen for all 
subsequent clinical studies.

Clinical efficacy and safety
Clinical studies in patients with melanoma. Together with 
the clinical investigators, we determined that in this Phase I 
study we had the extraordinary opportunity to provide a 
clinical benefit for patients with metastatic melanoma,  

Figure 4 | Structural studies of vemurafenib.  a | The crystal structure of vemurafenib 
bound to the ATP-binding site of BRAFV600E reveals a dimer that has both protomers in the 
‘DFG‑in’ conformation70. The interface of the dimer features a key interaction between 
R509 of one protomer and the carboxyl terminus of the αC helix of the other protomer. 
Vemurafenib binds to only one protomer (shown in yellow), which causes a movement of 
the αC helix. This induced fit and conformational selection mechanism underlies the  
high selectivity of vemurafenib for mutant BRAF kinase. The apo protomer of BRAFV600E  
(shown in purple) also adopts the ‘DFG‑in’ conformation in part because the V600E 
mutation stabilizes this conformation through an ionic interaction with K507.  
By contrast, the apo protomer of wild-type BRAF is only observed in the ‘DFG-out’ 
conformation. This explains how a point mutation causes BRAFV600E to become constitutively 
active. The phenylalanine residue from the DFG loop (F595) is illustrated in sphere 
representation to highlight the DFG conformations. b | The figure shows an enlarged view 
of vemurafenib in the BRAFV600E active site. Vemurafenib (carbon atoms shown in green, 
nitrogen atoms shown in blue, oxygen atoms shown in red, fluorine atoms shown in cyan, 
sulphur atom shown in orange and chlorine atom shown in pink) is illustrated in the bound 
protomer (shown in yellow). Key hydrogen bond interactions between vemurafenib and 
active site residues are shown with red dotted lines. Images reproduced, with permission, 
from REF. 70 © (2010) Macmillan Publishers Ltd. All rights reserved.
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Elimination half-life
A pharmacokinetic parameter 
that measures the time it takes 
for half of a drug concentration 
to be eliminated from 
circulating plasma.

Preclinical scaling analyses
Methods for predicting the 
pharmacokinetic properties  
of a drug in humans by 
extrapolating from its 
pharmacokinetic properties  
in multiple animal species.

so we enrolled 32 patients in the so-called melanoma exten-
sion arm at a dose of 960 mg twice per day (ClinicalTrials.
gov identifier: NCT00405587). The 81% unconfirmed over-
all response rate in metastatic melanoma (as illustrated in 
FIG. 6a) was unprecedented92; furthermore, the duration 
of the tumour response and benefit of prolonged overall 
survival of patients receiving the 960 mg twice-daily dose 
was compelling when compared to patients with wild-type 
BRAF or those treated with subtherapeutic doses of vemu-
rafenib. Moreover, on the basis of data obtained from the 
cohort of patients in the melanoma extension arm of 
the trial, we and our colleagues at Roche felt confident 
enough to initiate a well-powered randomized Phase III 
study concurrent with a Phase II study and other Phase I 
studies that would be needed for the regulatory registra-
tion of the drug.

Studies in patients with colorectal cancer. Activating 
BRAF mutations are observed in approximately 10% of 
patients with metastatic colorectal cancer and are associ-
ated with a poor prognosis10. Therefore, a cohort of 21 
patients with BRAF-mutant colorectal cancer was treated 
at the recommended Phase II dose of 960 mg twice 
per day (ClinicalTrials.gov identifier: NCT00405587). 
Although there was unquestionable evidence of activity,  
including in one patient who had a partial response, 
it was evident that the biology of BRAF-mutant meta-
static colorectal cancer was different from that of BRAF-
mutant melanoma (as illustrated in FIG. 6b)93. Future 
studies in patients with BRAF-mutant colorectal cancer 
will most probably involve combining vemurafenib with 
other agents.

Responses in melanoma in a Phase II clinical trial
�The objective of the Phase II study was to evaluate the 
efficacy and safety of vemurafenib in a larger cohort 
of patients with melanoma who had an activating 
BRAF mutation and had been previously treated with 
one or more therapies (ClinicalTrials.gov identifier: 
NCT00949702)94. A total of 132 patients were enrolled, 
including 10 patients with BRAFV600K mutations (the 
remaining patients had BRAFV600E mutations; see BOX 1). 
The results of an independent review committee evalu-
ation showed that the confirmed overall response rate was 
53%, including 6% of patients with complete responses. 
The median duration of response was 6.7 months.

Interestingly, some clinical responses were first noted 
after patients had been taking vemurafenib for over 
6 months. Most importantly, as these patients had been 
followed for over a year, the median overall survival 
was 15.9 months, which compares favourably with the 
6–10 months previously observed in patients with meta-
static melanoma. The most common adverse events were 
grade 1 or grade 2 arthralgia (joint pain), rash, photosen-
sitivity, fatigue and alopecia. Cutaneous squamous cell 
carcinomas (the majority of which were of the kerato
acanthoma type) were diagnosed in 26% of patients. 
Subsequent work (described below) indicates that these 
cutaneous lesions probably resulted from paradoxical 
RAF–MEK–ERK pathway activation in predisposed 
sun-damaged skin.

Pivotal Phase III trials
The pivotal Phase III study was a large (675‑patient), 
randomized, controlled study designed to evaluate 
the efficacy and safety of vemurafenib as a monother-
apy compared to dacarbazine in previously untreated 
patients with unresectable stage IIIc or stage IV mela-
noma, who were positive for the BRAFV600 mutation 
(BOX 1) (ClinicalTrials.gov identifier: NCT01006980)95. 
The first patient was enrolled in January 2010, and 
enrolment was rapid. Beginning mid-year, emerging 
Phase I and Phase II data (as described above) showed 
substantial clinical activity of vemurafenib in previously 
treated patients with melanoma, as shown by a con-
firmed best overall response rate of >50% and median 
progression-free survival of approximately 7 months92,94. 
By contrast, historical response rates of approximately 

Box 1 | BRAF diagnostic development

Recognizing the importance of accurately determining which melanomas harbour  
the BRAF oncogene, we initiated collaboration with Roche Molecular Systems in 2005  
(a year before clinical development of vemurafenib (Zelboraf; Plexxikon/Roche) was 
initiated).

In order to achieve a robust, reproducible assay, multiple obstacles must be 
overcome. First, the formalin-fixed paraffin-embedded tissue (FFPET) samples can 
contain tissue of varying quality and age, and can also contain endogenous inhibitors 
of DNA polymerases, which can compromise results129,130. For melanoma samples in 
particular, the endogenous melanin can present a problem. Therefore, extraction of 
DNA from the FFPET samples required considerable optimization. Generation of the 
PCR reagents and configuration and optimization of the PCR assay also required 
substantial resources. Furthermore, the logistics to locate the FFPET samples at the 
clinical trial site (or at the clinic where the patient was initially diagnosed) and 
transport them to the analytical laboratory, followed by communication of the  
results to the clinical investigators, were highly time-sensitive considerations. 

Scientists from Roche Molecular Systems developed a real-time PCR assay to detect 
the BRAFV600 mutation129,130. The assay can detect BRAF mutations directly in FFPET 
samples, allowing the testing of archived samples. This technology involves a 
complementary primer pair to amplify the BRAF sequence surrounding the V600 codon 
and includes two fluorescently labelled probes. One probe recognizes wild-type DNA 
sequence (GTG) and the other recognizes mutant DNA sequence (GAG); each probe is 
labelled with a distinct fluorophore. The probes include both a fluorescent label and  
a quencher. If the probe properly hybridizes to the DNA sequence, then the nuclease 
activity of the PCR polymerase would sever the quencher, thereby enabling 
fluorescence of the hybridizing probe. As both wild-type and mutant probes are 
included in the same reaction, each detection reaction includes a full in‑process 
control.

The BRAF assay yielded exceptional analytical performance94,95,130. Input of 125 ng 
genomic DNA (obtainable from a 5 μm FFPET section) that contained 5% mutant alleles 
yielded a >96% hit rate130. This was a significantly higher specificity and sensitivity  
than conventional sequencing would provide. Interestingly, although the assay was 
designed to specifically detect the V600E mutation, it fortuitously also frequently 
detects V600K mutations as well as the more rare V600D mutations. 

The development of the companion diagnostic assay was synchronized closely to  
the clinical development of vemurafenib131.

Following development of the prototype diagnostic assay concurrent with the Phase I 
trial, the assay was used as an enrolment criterion for the Phase II and Phase III 
trials94,95,130. The clinical samples accessed through the Phase II and Phase III trials also 
provided validation for the diagnostic assay. Results from the proprietary BRAF assay 
were compared to conventional Sanger sequencing, and discrepant data were resolved 
using the more sensitive deep-sequencing method known as 454 sequencing130.  
The aggregate data were submitted to the US regulatory authorities in May 2011,  
and the diagnostic assay received marketing approval in August 2011, concurrent  
with the approval of vemurafenib.
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Adverse events
Adverse side effects graded, by 
the common toxicity criteria, 
from 0 (no adverse event) to 5 
(fatal adverse event). Grade 1 
adverse events are generally 
mild in severity.

Cutaneous squamous  
cell carcinoma
Neoplasm of the skin 
characterized by epithelial cells 
with a squamous histology.

Keratoacanthoma
A specific low-grade subtype  
of cutaneous squamous cell 
carcinoma with a characteristic 
morphology, believed to 
originate from the hair follicle.

Unconfirmed overall 
response rate
The percentage of patients 
with a partial or complete 
response recorded from the 
tumour-imaging scan that 
showed the highest tumour 
reduction.

Confirmed overall  
response rate
The percentage of patients 
with a partial or complete 
response who have shown 
maintenance of tumour 
reduction using a second 
tumour-imaging scan taken  
at least 4 weeks after the  
initial scan. 

Complete response
Determined using RECIST 
(response evaluation criteria  
in solid tumours); indicates  
a 100% reduction in the 
combined width and length 
(two-dimensional 
measurements) of the target 
lesions of a tumour and no  
new tumour growth.

Dacarbazine
A chemotherapeutic that kills 
dividing cells by alkylating DNA 
and has been approved to 
treat metastatic melanoma.

Progression-free survival
The duration of time that a 
patient with cancer survives,  
in which a tumour does  
not increase by more than 
20% in size.

10% and progression-free survival of approximately 
2 months had been observed in previous studies with 
dacarbazine. 

To minimize unnecessary exposure of patients to 
dacarbazine in the control arm, the FDA recommended 
that the Phase III statistical analysis plan be revised 
to assume a greater clinical benefit of vemurafenib. 
Accordingly, the interim analysis of overall survival 
rates was significantly moved forward. In mid-January 
2011, the data safety and monitoring board of the clini-
cal trials recommended the release of the results of this 
study owing to the compelling efficacy of vemurafenib. 
The board also recommended that dacarbazine-treated 
patients be permitted to receive vemurafenib. Analysis 
of data from the Phase III clinical trial showed that there 
was a clinically meaningful and statistically significant 
improvement in the duration of survival in patients who 
received vemurafenib compared to those who received 
dacarbazine (P <0.0001), with a 63% reduction in the 
risk of death (hazard ratio: 0.37)95. Longer follow-up of 
the patients from the Phase III trial will be necessary 
to provide reliable estimates of median overall survival.

Clinical development timeline and lessons learned
The time period of slightly less than 5 years between 
the filing of the investigational new drug application 
and its approval by the FDA (in August 2011) included 
a 6‑month suspension in dose escalation owing to the 
need to reformulate the drug product. Communications 
with European regulatory agencies were also efficient 
and approval in Europe was achieved in February 2012. 
For an oncology indication, this is a very rapid develop-
ment and approval timeline. Here, we summarize the 
take-home lessons that we learned from this rapid devel-
opment of vemurafenib.

Following the initiation of the collaboration between 
Plexxikon and Roche, Roche decided that Plexxikon 
should file the initial investigational new drug application 

and conduct the Phase I clinical trial in order to prevent 
any time delays resulting from hand-over of responsibili-
ties. This was a wise decision in retrospect, as the stability 
of the Plexxikon team has provided a solid institutional 
history for the compound.

Internally, information flow and decision making 
was efficiently coordinated among Plexxikon, Roche 
Molecular Systems (which was responsible for the BRAF 
diagnostic) and Roche Pharmaceuticals (which was also 
responsible for clinical development), as this was a very 
fast-moving programme. Starting with the six Phase I 
clinical sites, the investigators were always engaged and 
motivated; their enthusiasm spread through the com-
munity of investigators as Phase II and Phase III sites 
were selected. In addition, several teleconferences and 
face‑to‑face meetings were held with the FDA and the 
Committee for Medicinal Products for Human Use of 
the European Medicines Agency, enabling real-time 
adjustments (which were supported by the emerging 
data) to be made to the clinical strategy.

The ‘at‑risk’ initiation of the pivotal Phase III study 
on the basis of the Phase I extension cohort data required 
a leap of faith, but this was guided by the remarkable 
consistency of the cumulative evidence gained from pre-
clinical studies and the results of Phase I clinical trials.

Clinical pharmacodynamics
During Phase I clinical trials, a subset of patients with 
melanoma who had accessible tumours had a biopsy 
procedure twice (known as paired biopsy samples): once 
before receiving the first dose of vemurafenib and again 
after 14 days of dosing70,92. These biopsy samples were 
analysed for activation of the BRAF pathway by monitor-
ing ERK phosphorylation (pERK) and also stained for the 
proliferation marker Ki67. In addition, PET imaging of 
18F-deoxyglucose uptake was monitored before dosing and 
at day 14 for all patients in the Phase I extension study96. 
The responses of all evaluable patients were documented, 

Figure 5 | Pharmacokinetic analysis of vemurafenib exposure in human plasma.  a | The initial crystalline formulation 
led to saturation of exposure despite very high daily doses. This highlighted the need for a new formulation. The exposure 
of 300 μM multiplied by hour (300 μM•hour) calculated from preclinical studies (see FIG. 3), which was required to  
cause tumour regression, is indicated by the dotted line. b | Reformulation of vemurafenib as a microprecipitated bulk 
powder led to a sixfold improvement in plasma levels of the drug without causing apparent saturation78,92. AUC, area 
under the curve.
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Patients treated with vemurafenib

Patients treated with vemurafenib

Hazard ratio
A statistical analysis that 
measures the significance of a 
clinical end point by comparing 
the rate of events in two 
different cohorts: for example, 
patients who are not exposed 
and those who are exposed to 
a new agent. A hazard ratio of 
1 means that there is no effect; 
a hazard ratio of 0.6 implies 
that the treated cohort has 
60% of the hazard of the 
untreated cohort (that is,  
the agent reduces the hazard 
by 40%).

and examples of the remarkable responses are shown in 
FIG. 7. Regarding the pharmacodynamic end points of 
BRAF pathway activation, we initially anticipated that 
>50% inhibition of the BRAF pathway would produce 
clinically meaningful results. As discussed below, the 
results provided an important surprise: tumour regres-
sions were only noted following near-complete inhibition 
of the pathway.

The first trigger for taking paired biopsy samples was 
achievement of a measured pharmacokinetic exposure of 
100 μM•hour; as shown in FIG. 3, this exposure correlated 
with tumour stasis in xenograft studies. We were initially 
encouraged to find that most of the biopsy samples taken 
at day 14 revealed greater than 50% reduction in pERK 
and Ki67 staining. However, no tumour regressions were 
noted and progression-free survival was generally not 
different from historical controls.

Nonetheless, the reformulated version of vemurafenib 
led to much higher exposures. Paired biopsy samples 
taken from patients with these higher drug exposures 
were quite striking: there was a greater than 80% reduc-
tion in both pERK and Ki67 staining. FIGURE 8 compares 
tumour regression to the pharmacodynamic end point 
reductions in pERK and Ki67 staining. Corresponding 
with these higher exposures and substantial pathway 
inhibition, significant tumour regression was frequently 
observed in tumours exposed to these higher drug 
doses70,92 (FIG. 8).

New RAF biology revealed by BRAF inhibitors
As the promising clinical results were reported, the 
Plexxikon compounds were made available to academic 
investigators who then began to investigate the role of 
BRAF inhibition in great detail. These academic stud-
ies included exploring the mechanism of inhibition in 
BRAF-mutant tumours and describing the mechanisms 
of resistance to vemurafenib. They also investigated the 
effects of RAF inhibition in cells that lack BRAF muta-
tions. Within the past 2 years, well over 200 manuscripts 
describing the effects of vemurafenib have been pub-
lished. Below, we provide a necessarily brief synopsis of 
these manuscripts.

Many laboratories have confirmed that vemurafenib 
selectively inhibits the MAPK pathway in several 
BRAF-mutant cancer cell lines originating from mela-
noma, thyroid and colorectal tumours44,72–74,76–82,97,98. The 
inhibition of proliferation and occasional induction of 
apoptosis is quite variable from cell line to cell line. 
Mechanistic studies looking at markers of downstream 
pathway modulation, apoptosis markers, cell cycle analy-
sis, anchorage-independent growth and transcriptional 
profiling have revealed important similarities and dif-
ferences among the cell lines. A link between oncogenic 
BRAF and activation of metabolic pathways was also 
reported99, and studies to investigate combinations of 
vemurafenib with metabolic modulators are emerging100. 
Studies in zebrafish revealed that the drug interacts with 
enzymes that control developmental pathways in neural 
crest cells101.

Mechanisms of resistance. As melanoma lines have a 
broad range of differential sensitivity to vemurafenib, 
the causes of inherent resistance have been addressed 
in some of the studies. The role of concurrent activation  
of the phosphoinositide 3‑kinase (PI3K) pathway 
through loss of phosphatase and tensin homolog 
(PTEN) is clearly important but does not always predict 
poor sensitivity to vemurafenib42,72,84,102. It appears that 
additional factors besides MAPK and PI3K pathway 
activation are involved, and future work should reveal 
these factors. Indeed, one additional factor has been 
identified: cell cycle control through the retinoblastoma 
protein tumour suppressor86.

As discussed above, the therapeutic activity of vemu-
rafenib in patients with BRAFV600E colorectal cancer was 
less impressive than its activity in patients with BRAFV600E 

melanoma. Recently, an important cause of inherent 
resistance to BRAF inhibition was identified: activation 

Figure 6 | Vemurafenib-mediated tumour regression.  The plots show the degree  
of tumour growth (above 0) or regression (below 0) at the optimal measurement as 
determined by X‑ray computed tomography. The RECIST (response evaluation criteria in 
solid tumours) criteria stipulate that any regression greater than 30% is scored as a partial 
response, and this is indicated by the dotted lines. a | Vemurafenib produced substantial 
tumour regression in patients with BRAFV600E metastatic melanoma; the unconfirmed 
response rate in the melanoma cohort was 81%, and the confirmed response rate was 
56%92. b | Patients with BRAFV600E colorectal cancer had a much lower response rate than 
patients with BRAFV600E metastatic melanoma. 
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Pre-treatment

a  Patient 1 b  Patient 2

2 weeks vemurafenib Pre-treatment 2 weeks vemurafenib

Neural crest cells
Immature cells found at the 
crest of the neural plate  
that give rise to various 
differentiated cells, including 
melanocytes.

RECIST
Response evaluation criteria  
in solid tumours; a set of 
standardized criteria that 
define whether patients with 
cancer have a partial or 
complete response and stable 
or progressive disease during 
treatments.

Partial response
Determined using RECIST 
(response evaluation criteria  
in solid tumours); indicates at 
least 30% reduction in the 
combined width and length 
(two-dimensional 
measurements) of the target 
lesions of a tumour and no  
new tumour growth.

On-target genetic alteration
In the context of resistance to a 
kinase inhibitor, this term refers 
to a mutation or other genetic 
alteration in the intended 
target of the inhibitor that 
makes the kinase insensitive  
to the inhibitor. 

of the epidermal growth factor receptor (EGFR)103,104. 
Thus, combinations of vemurafenib with EGFR antago-
nists would provide an attractive therapeutic avenue for 
patients with BRAF-mutant colorectal cancer. Perhaps 
alternative growth factor receptor pathways will have 
a key role in inherent resistance to BRAF inhibition in 
other BRAF-mutant cancers.

Most patients with melanoma show some degree of 
tumour regression in response to treatment with vemu-
rafenib, yet relapse often occurs within a year. This sug-
gests that BRAF inhibition can be circumvented with 
acquired resistance, and many different mechanisms for 
this resistance have been proposed to date. Perhaps the 
first mechanism to be proposed involved upregulation 
of CRAF expression105. As elaborated below, this makes 
considerable sense given the propensity of RAF inhibitors 
to induce paradoxical activation of the MAPK pathway. 
However, this has not been extensively documented in 
clinical specimens from patients who become resistant 
to vemurafenib.

A second mechanism that has been documented in  
a number of preclinical and clinical samples involves  
oncogenic activation of NRAS, an isoform of the RAS onco
gene that is found in a subset of primary melanomas106. 
Furthermore, upregulation of growth factor receptor 
pathways such as platelet-derived growth factor recep-
tor (PDGFR)106 and insulin-like growth factor 1 receptor 
(IGF1R)107 pathways has been documented in preclinical 
and clinical studies. It appears that amplification of the 
BRAF oncogene can also occur108, and this mechanism 
has also been suggested for overcoming the effects of 
MEK inhibitors109,110. Recent evidence has also implicated 
hepatocyte growth factor and its receptor MET as deter-
minants of resistance to vemurafenib111,112.

Interestingly, in contrast to the most common events 
mediating resistance against other kinase inhibitors, no 
second-site mutations in the BRAFV600E locus have been 
found113. However, an on‑target genetic alteration has been 
identified in the BRAFV600E locus, namely the truncation 
of the RAS-binding domain of BRAF that results in a 
constitutively dimerized BRAFV600E protein. This dis-
covery is consistent with the idea that RAF inhibitors 
are considerably less effective inhibitors of the dimeric 
enzyme, as described below114.

Mechanisms of MAPK activation. Paradoxical activation of 
the MAPK pathway by RAF inhibitors has been referenced 
many times in this article, so it merits more careful descrip-
tion and consideration. This effect was first reported in 
1999 (REF. 115), but it was initially under-appreciated  
as the available RAF inhibitors did not demonstrate thera-
peutic utility. Feedback phosphorylation was initially 
proposed as a key mediator of this effect, and relevant 
phosphorylation sites were identified116,117. However, this 
feedback is probably only a part of the story75,118.

Given the clinical success of vemurafenib, the mech-
anism of paradoxical MAPK pathway activation was 
revisited in a series of manuscripts published in 2010 
(REFS 72,73,76–78,81,88,91,119). These studies show that 
activation of the MAPK pathway requires activation of 
upstream growth factor pathways or oncogenic mutation 
of RAS. It is now generally believed that dimerization of  
the RAF enzyme has a key role in the activation of up
stream pathways. Indeed, this had been foreshadowed by 
important work describing the events involved in RAF 
dimerization during normal cellular signalling90. As 
mentioned above, RAF dimers are less sensitive to RAF 
inhibitors, but why does the pathway actually get activated 

Figure 7 | PET scans of patients treated with vemurafenib.  Positron emission tomography (PET) scanning was used to 
visualize uptake of 18F-deoxyglucose, as shown in two patients (panel a and panel b) from the Phase I extension cohort96.  
In both panels a and b, the left image is taken before initiating therapy and the right image is taken after 2 weeks of 
vemurafenib treatment. All evaluable patients from this cohort experienced reduction of PET signal within 2 weeks. 
Results from the PET scans showed remarkable blockade of tumour metabolism by vemurafenib. Images courtesy of 
G. McArthur and R. Hicks, Peter MacCallum Cancer Centre, Melbourne, Australia.
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by RAF inhibitors such as vemurafenib? Several related 
mechanisms have been proposed, including one in 
which the binding of a RAF inhibitor to one protomer 
of the RAF dimer allosterically activates the second 
protomer91. It is still unclear whether homodimers or 
heterodimers of CRAF, BRAF or ARAF kinases are 
involved, and whether perhaps all dimeric forms can 
enable paradoxical MAPK activation. Several important 
studies have also implicated KSR (a protein identified 
in flies as a kinase suppressor of RAS) in the formation 
of dimers90 and in mediating the ability of BRAF to phos-
phorylate MEK120. A role for KSR in mediating paradoxical 
MAPK activation induced by RAF inhibitors has also been 
proposed121,122.

It has been speculated that this RAF inhibitor para-
dox is responsible for some of the clinical toxicities 
observed in patients who received vemurafenib; perhaps 
the most documented example is the development of 
cutaneous squamous cell carcinomas. Genomic analyses 

of cutaneous squamous cell carcinoma samples from 
patients treated with vemurafenib reveal that HRAS 
mutations (another isoform of the RAS oncogene) are 
frequent events in the aetiology of cutaneous squamous 
cell carcinoma123,124. As cutaneous squamous cell carci-
nomas can appear very quickly after treatment initiation, 
sometimes within a few weeks of starting vemurafenib, 
it appears to be likely that there are pre-existing lesions 
with neoplastic potential in these patients and that vemu-
rafenib (or any conventional RAF inhibitor) accelerates 
the growth of cutaneous squamous cell carcinomas. 
Support for this idea comes from preclinical studies in 
mice, which show that RAF inhibitors do not initiate or 
promote skin carcinogenesis but substantially enhance 
proliferation of lesions that have both HRAS mutations 
and are exposed to tumour promoters123. 

Future directions
The case history of vemurafenib is filled with accounts of 
revelations, successes and hope. However, despite remark-
able tumour regressions and unmistakable improvements 
in progression-free survival and overall survival, currently 
very few —if any — patients with metastatic melanoma 
are cured with vemurafenib. BRAF inhibition, and inhibi-
tion of BRAF with vemurafenib in particular, provides an 
important therapeutic option for patients with metastatic 
melanoma. One idea that should be explored is the test-
ing of vemurafenib in patients with melanoma that is less 
advanced, perhaps in the adjuvant setting. Furthermore, 
studies in other tumours with BRAF mutations and com-
bination studies with other therapies are expected. Early 
studies showed preliminary evidence of vemurafenib 
activity in patients with thyroid cancer92. Recently, anec-
dotal evidence of efficacy has been reported in a patient 
with hairy cell leukaemia125 and in a patient with BRAF-
mutant lung cancer126.

As discussed, the activity of vemurafenib as a single 
agent in BRAF-mutant colorectal carcinomas is much 
less robust than in metastatic melanoma, so combina-
tion studies (perhaps with an EGFR inhibitor) could 
provide a path to improved therapy. Less is known about 
the activity of vemurafenib in other indications such as 
papillary thyroid cancer and many of the other cancers 
mentioned in this article. The coming years should show 
whether single-agent activity in these other tumours is as 
remarkable as that seen in metastatic melanoma.

Based on the studies investigating resistance mecha-
nisms and the basic biology of BRAF-mutant tumours, 
many different combinatorial therapies have been pro-
posed. As the MAPK pathway is frequently re‑ignited in 
relapsed tumours, a combination of vemurafenib with a 
MEK inhibitor is warranted and such studies are under-
way. Also, the co‑dependence of melanomas and other 
tumours on the PI3K pathway suggests that vemurafenib 
could be combined with PI3K, AKT or mammalian target 
of rapamycin (mTOR) inhibitors. There is a rich litera-
ture on immunotherapy for melanoma, and one immune-
enhancing agent, the cytotoxic T lymphocyte antigen 4 
(CTLA4) antibody ipilimumab (Yervoy; Bristol-Myers 
Squibb), was approved for the treatment of metastatic 
melanoma in 2011. Studies combining vemurafenib and 

Figure 8 | Paired biopsy data from a Phase I clinical trial.  Paired biopsy samples from a 
subset of patients in the Phase I clinical trial were analysed: one biopsy sample was taken 
before treatment initiation and the second after 2 weeks of vemurafenib treatment70,92. 
Immunohistochemical staining of these biopsy samples was conducted for the presence 
of two pharmacodynamic parameters, namely extracellular signal-regulated kinase (ERK) 
phosphorylation (pERK) and the proliferation marker Ki67. The percentage inhibition of  
these two markers is displayed on the y‑axis, and the x‑axis shows plasma levels  
of vemurafenib. The graph illustrates that even patients with levels of exposure to 
vemurafenib below 300 μM multiplied by hour (300 μM•hour) have reductions of >50%  
in the pharmacodynamic parameters. Data circled in blue show patients who did not 
experience tumour regression. Conversely, data circled in orange indicate patients who 
did experience tumour regressions. The inset shows representative images of immuno-
histochemical staining from a patient with 54% tumour regression after 14 days, which 
was the best response achieved. Overall, these data demonstrate that substantial 
inhibition of the pathway mediated by BRAF, mitogen-activated protein kinase (MAPK)/
ERK kinase (MEK) and ERK is required for tumour regression to occur. AUC, area under 
the curve. Images reproduced, with permission, from REF. 70 © (2010) Macmillan 
Publishers Ltd. All rights reserved.
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ipilimumab are underway (ClinicalTrials.gov identifier: 
NCT01400451), and future combinations with other 
immunotherapies or vaccines are likely. In this respect, 
supportive studies have shown that BRAF inhibitors do 
not blunt the T cell response that is critical for the success 
of many immunotherapies127,128.

In parallel with additional clinical trials, knowledge 
gleaned from the development of vemurafenib has iden-
tified areas for improvement in the development of a 
next-generation BRAF inhibitor. Most notably, the para-
doxical activation of MAPK in susceptible cells has been 
shown to mediate toxicities and may also hamper the 
durability of the response of a tumour to vemurafenib. 

Therefore, RAF inhibitors without the propensity to 
allosterically activate dimeric RAF enzymes are among 
the next-generation agents under development.

In summary, we believe the case history of the dis-
covery and development of vemurafenib provides a 
recipe for future personalized medicines. The ingredi-
ents include: a driving oncogene; a diagnostic that allows 
the identification of patients with that oncogene; and a 
drug that selectively and effectively blocks the function 
of the oncogene. A future is envisioned in which cancers 
are first annotated by genetic driving events, and then 
cocktails of therapeutics that target the key drivers are 
developed that will be able to cure the patient.
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