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Abstract: BRAF is one of the most commonly mutated proto-oncogenes and plays a
significant role in the development of numerous cancers of high clinical impact. Due to the
commonality of BRAF mutations, a number of BRAF inhibitors have been developed as tools
in the management of patients with cancers dependent on the action of mutant BRAF to drive
cellular proliferation. In this review, we examine the current state of clinical trials and
laboratory research concerning BRAF inhibitors in development and available for clinical
use. We contrast the effectiveness of type-1 and type-I11 BRAF inhibitors, the former typically

showing much more restricted inhibitory selectivity and greater patient response rates.
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1 Introduction

BRAF (v-raf murine sarcoma viral homolog B1) is a proto-oncogene which is a
member of rapidly accelerated fibrosarcoma (RAF) kinase family proteins. RAF proteins are
serine/threonine kinases which were originally identified as retroviral oncogenes in 1983 [1-
4]. So far, three RAF kinase proteins have been identified which are: ARAF, BRAF and
CRAF. CRAF was first discovered in 1985, ARAF in 1986 and BRAF in 1988. CRAF is
also known as Raf-1 [5-8]. ARAF (the smallest isoform) is 68 kDa, CRAF ranges from 72-
74 kDa and BRAF ranges from 75 to 100 kDa [9-11]. BRAF is the most potent activator of
MEK kinases (a downstream effector of RAF) when compared with ARAF and CRAF [1, 2,
4, 12].

The BRAF kinase domain adopts a bilobal structure (named as small lobe and large
lobe) which is separated by a catalytic cleft (Fig. 1). An aspartic acid residue in the N-region
of the BRAF protein stabilizes its small lobe [4, 12-14]. However, the conserved aspartate,
phenylalanine and glycine (DFG) motif of BRAF shows flipped orientation when it is in
inactive conformation (DFG-out). As a consequence, the glycine rich loop and activation
segment of the BRAF kinase domain come close to each other, which results hydrophobic
interaction between these two regions. Because of the hydrophobic interaction, the catalytic
cleft of BRAF becomes inaccessible for ATP (adenosine triphosphate) [15]. Disruption of
the hydrophobic interaction between the glycine rich loop and activation segment (due to
phosphorylation in the activation segment) results the DFG motif flipping to its active
orientation (DFG-in). As a consequence, the catalytic cleft becomes accessible again for
ATP [12, 15].

Most BRAF mutations happen in the glycine rich loop and activation segment [4, 12,
14, 15]. The main result is to destabilize the hydrophobic interaction between the glycine

rich loop and activation segment, changing the protein permanently to its active conformation
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and increasing kinase activity of BRAF [14]. More than 65 BRAF mutations have been
discovered at the time of writing [8, 12, 16] . Of these, the V600E mutation is the most
frequent (comprising more than 90%) among all BRAF mutations. This mutation happens
near the DFG motif in the activation segment of BRAF where valine (V) is substituted with
glutamic acid (E) [12, 15]. This BRAF mutation destabilizes the hydrophobic interaction
between the glycine rich loop and activation segment. As a result, the DFG motif of BRAF
flips to its active orientation (DFG-in), achieving a ~500 fold increase in kinase activity [12,
15]. In addition, because of this mutation, BRAF becomes self-sufficient in sending
signalling for cellular proliferation and survival without receiving any upstream or external
stimuli, which results in uncontrolled cellular proliferation and survival activities [12, 14, 15].
BRAF mutation is found to be around 8% of all cancers and most frequently occurs in
melanoma (40-80%), thyroid cancer (36-53%), colorectal cancers (5-22%), ovarian serous
cancer (~30%) and few other cancers like gliomas, hary cell leukaemia, non-small cell lung
carcinoma, hepatobiliary carcinoma [4, 16-18]. In addition, BRAF is found be associated
with poor outcomes in a few cancers. In metastatic melanoma with BRAF mutation, the
median survival was found to be only 5.7 months without any BRAF inhibitor treatment [19].
In thyroid, the most common type of malignancy is papillary thyroid carcinoma where BRAF
V600E mutation is considered as poor prognostic marker [20, 21]. Moreover, BRAF V600E
mutation is also associated with poor outcome in patients with colorectal cancer which is

found in independent studies [22, 23].

2 BRAF Kkinase inhibitors
Kinases play a very important role in all kinds of cellular physiology. 518 kinases are
found to be encoded in human genome. Dysfunctions as well as deregulations of kinase

activities are found to be responsible for causing a number of diseases in humans, including
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cancers [24, 25]. Therefore, kinases are very important targets for drug development. In fact,
more than a quarter of all pharmaceutical drugs are designed to target protein kinases. At
present, protein kinases are the second most important group of drug targets after G-protein

coupled receptors [26, 27].

All the BRAF kinase inhibitors so far developed are small molecules and are divided
into two types: Type-l1 and Type-II inhibitors [28]. Type-1 BRAF inhibitor binds with the
protein kinase in its active (DFG-in) conformation (Fig. 2). They interact with the hinge
region of BRAF by forming ~1-3 hydrogen bonds with the kinase hinge residues. They also
interact with the ATP binding site of the protein kinase by forming hydrophobic bonds in and
around of adenine regions where the adenine ring of ATP usually binds [27-30]. On the other
hand, type-ll BRAF inhibitor binds with the protein kinase in its inactive (DFG-out)
conformation (Fig. 3). They form hydrogen bonds with the residues in aC-helix and DFG
motif in the allosteric site [27, 28, 30]. Type-1I BRAF inhibitors create links with allosteric
sites via van der Waals interactions (a non-polar force occurring between any two molecules,
regardless of their charge). The allosteric site is made by DFG-out conformation of BRAF
and is adjacent to the ATP binding pocket. Type-II inhibitors can also form hydrogen bonds
with the kinase hinge residues by extending them into the adenine region of ATP binding

pocket [27, 28, 30-33]. A summarization of BRAF inhibitors is shown in Table 1.

3 Type-1 BRAF Inhibitors
3.1 Vemurafenib (PLX4032/RG7204/R0O5185426)
3.1.1 Preclinical study
Vemurafenib is found to be a potent inhibitor of BRAF V600E and other BRAF

(V600D, V600K, and V600R) mutants, but not wild-type BRAF in melanoma cell lines
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although it was found to inhibit wild-type BRAF in other cell lines at higher concentration. It
also showed potent activity in xenograft models of BRAF V600E mutated melanoma [28,
34]. In addition, robust inhibitory activity of vemurafenib was also found against BRAF
mutated melanoma cell lines in another study [35]. Vemurafenib inhibits V600OE mutant
BRAF (ICs0 = 31 nM), CRAF (I1Cso = 48 nM), wild-type BRAF (ICso= 100 nM) as well as

over 200 other kinases at higher concentration [36].

3.1.2 Clinical trials

The Phase-I clinical (BRIM1) trial of vemurafenib was divided into two phases: a
dose escalation phase and an extension phase. In the dose escalation phase, a total of 55
patients (including 49 melanoma patients) participated, whereas 32 metastatic melanoma
patients were enrolled in the extension phase study [36-39]. 960 mg/kg twice daily was
found to be the tolerable dose of Vemurafenib for humans in the dose escalation phase, where
partial or complete regression of melanoma bearing BRAF V600E mutation was observed in
most of the patients. In the extension phase, the response rate was 81% (26 patients out of 32
patients) where 2 patients showed complete response and 24 patients showed partial response
to the therapy. The median progression free survival was more than 7 months in that trial.

In the Phase-I1 clinical (BRIM2) trial of vemurafenib, a total of 132 BRAF V600E
mutated melanoma patients who received treatment previously participated [39-42]. In this
trial, the response rate was 53% (70 patients out of 132 patients) where 8 (6%) patients
showed complete response and 62 (47%) patients showed partial response to the therapy. In
addition, 38 (29%) patients had stable disease. The median survival and median progression
free survival were 15.9 and 6.7 months respectively in that trial.

The Phase-111 clinical (BRIM3) trial of vemurafenib was performed on 675 BRAF

V600E mutated metastatic melanoma patients who did not receive any previous treatment. In
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that trial (until October 3, 2011), the median overall survival was 13.2 months in vemurafenib
group, compared to 9.9 months in the dacarbazine group (a positive control group) [43, 44].
In addition (until December 30, 2010), 48.4% patients showed significant response (2
patients showed complete response and 104 patients showed partial response) in the
vemurafenib group, whereas only 5.5% response was seen in the dacarbazine group. The
median progression free survival (until February 1, 2012) was 6.9 months in the vemurafenib
group, whereas it was only 1.6 months in the dacarbazine group [42-44]. The drug was
approved for the treatment of metastatic melanoma bearing BRAF V600E mutation by the

U.S. Food and Drug Administration (FDA) in 2011 [28, 39].

3.1.3 Toxicities
3.1.3.1 General symptoms
General adverse symptoms associated with vemurafenib treatment were alopecia,

nausea, fatigue, lymphopenia, neutropenia, headache and diarrhoea [37, 40, 42, 43, 45, 46].

3.1.3.2 Skin toxicities

Common skin toxicities associated with vemurafenib treatment were squamous cell
carcinoma, basal cell carcinoma, keratoacanthoma, rash, photosensitivity, actinic keratosis,
verrucal keratosis, Grover’s disease, plantar hyperkeratosis, warts, milia, pruritus, skin

papilloma, arthralgia [37, 40, 42, 43, 45, 46].

3.2 Dabrafenib (GSK2118436)
3.2.1 Preclinical study
Dabrafenib is able to inhibit V600E mutated BRAF very efficiently where half

maximal inhibitory concentration (ICs) is 0.8 nM [47, 48]. It also inhibits wild-type BRAF
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(1ICs50= 3.2 nM), CRAF (ICso =5 nM) and few other kinases at higher concentration.
Dabrafenib has shown efficacy in growth inhibition both in BRAF V600E mutated cell lines
as well as xenograft models of melanoma and colorectal cancers [47, 48]. In addition, it is
also effective to inhibit proliferative activities in other BRAF (V600D and V600R) mutated

melanoma cell lines [49].

3.2.2 Clinical trials

In the dose escalation phase of Phase-I clinical trial of dabrafenib (BREAK-2), a total
of 184 patients participated where 156 patients had with metastatic melanoma and the
remaining patients had non-metastatic disease [50]. In this trial, BRAF V600E mutated as
well as other BRAFV600 mutated (like V600K, V600D) metastatic melanoma patients were
included. Some patients were also previously treated with other drugs. The maximum
tolerable dose for dabrafenib determined in the study was 150 mg twice daily. 25 patients
(69%) out of 36 BRAF V600 mutated melanoma patients showed partial or complete
response and 18 patients (50%) showed confirmed response in that study. In addition, 21
patients (78%) out of 27 BRAF V600E mutated melanoma patients showed partial or
complete response and 15 patients (56%) showed confirmed response. Among the 36
melanoma patients without cerebral metastases, the median duration of response was 6.2
months. The median progression free survival for BRAF V600E and BRAF V600K mutated
melanoma patients were 5.5 and 5.6 months respectively in that trial. In the previously
untreated 26 brain metastatic melanoma patients, the progression free survival was 4.2
months [39, 50, 51].

In the Phase-I1 clinical trial of Dabrafenib (BREAK-2), a total of 92 melanoma
patients participated where 76 patients had BRAF V600E mutation and 16 patients had

BRAF V600K mutation [51, 52]. The patients were treated with a dose of 150 mg
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Dabrafenib twice daily. In that study, 7% showed complete response and 53% showed partial
response in the BRAF V600E mutated patients. In addition, 13% patients with BRAF
V600K mutation showed partial response. The median progression free survivals were 6.75
months in the BRAF V600E mutated patients and 5 months in the BRAF V600K mutated
patients in that trial. A further Phase-1I clinical trial of dabrafenib (BREAK-MB) was
conducted on patients with BRAF V600E/V600K mutated melanoma (metastatic to the brain)
where a total of 172 patients were participated [53]. Of these patients, 39.2% of treatment
naive patients with V60OE mutations showed intra-cranial response while 30.8% of
previously treated patients showed intra-cranial results. In case of V600K mutated patients
that responses were 6.7 % and 22.2% respectively in that trial.

In the Phase-Il1 clinical trial of dabrafenib, a total of 250 patients (until December 19,
2011) with BRAF V600E mutated metastatic melanoma were enrolled where 187 patients
received 150 mg dabrafenib twice daily and 63 patients received dacarbazine treatment (a
positive control group) [54]. In that trial, 6 patients (3%) in the dabrafenib group and one
patient (2%) in dacarbazine group showed complete response, whereas 87 patients (47%) in
dabrafenib group and 3 patients (5%) in dacarbazine group showed partial response. In
addition, 78 patients (42%) in dabrafenib group and 30 patients (48%) in dacarbazine group
had a stable disease. The median progression free survival was 5.1 months in dabrafenib
group and 2.7 months in dacarbazine group in that trial. Later, the U. S. Food and Drug
Administration (FDA) approved dabrafenib for the treatment of patients with BRAF V600E

mutated unresectable or metastatic melanoma on May 29, 2013 [55].

3.2.3 Toxicities

3.2.3.1 General symptoms
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Common side effects associated with dabrafenib treatment were pyrexia, fatigue,
headache, neutropenia, thrombocytopenia, leukopenia, asthenia, hyponatraemia, arthralgia,

nausea, chills, myalgia, vomiting, diarrhoea and hair loss [28, 45, 46, 50-54, 56].

3.2.3.2 SKin toxicities

Skin toxicities associated with dabrafenib treatment were cutaneous squamous-cell
carcinoma, basal cell carcinoma, rash, skin papillomas, keratoacanthoma, plantar
hyperkeratosis, actinic keratosis, verrucal keratosis, seborrhoeic keratosis, verruca vulgaris,

Grover’s disease [28, 45, 46, 50-54, 56].

3.3L.GX818

3.3.1 Preclinical study

LGX818 is a highly potent and selective inhibitor of V600E mutated BRAF. It only
inhibits the proliferative activities of cell lines that express V600E mutated BRAF, but does
not inhibit proliferative activities of cell lines that express wild-type BRAF, which has been
tested on more than 400 cell lines expressing wild-type BRAF [57]. In an experiment,
LGX818 inhibited the proliferative activity of BRAF V600E mutated melanoma cell line
(A375) with an ECs of 4 nM. It was shown to induce tumor regression in multiple BRAF
mutated xenograft models on mice as well as rats at doses as low as 1 mg/kg, but it did not
induce tumor regression in wildtype BRAF tumor xenograft models even at doses up to 300
mg/kg twice daily [57]. Itis also effective on metastatic melanoma as well as melanoma with
brain metastasis. LGX818 has not shown any significant activities against other kinases even

in higher concentrations (ICso > 900nM), tested against a panel of 100 different kinases [57].
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3.3.2 Clinical trials
LGX818 is currently in Phase-1 clinical trials on patients with advanced or metastatic

BRAF mutated melanoma, currently registered (ID: NCT01436656) with ClinicalTrials.gov.

3.4 PLX4720
3.4.1 Preclinical study

PLX4720 is highly selective for BRAF and at lower concentrations, it only inhibits
V600E mutated BRAF, not the wild-type BRAF. The half maximal inhibitory concentration
(ICs0) of PLX4720 for V600E mutated BRAF protein is 13 nM. PLX4720 is also able to
inhibit CRAF (ICso = 6.7 nM), wide-type BRAF (ICs, = 160 nM) and other kinases at higher
concentration [58]. It inhibits ERK phosphorylation only in cell lines that express V600E
mutated BRAF, but not in the cell lines that express wild-type BRAF. The drug also
potentially induces cell cycle arrest and apoptosis in BRAF V600E mutated cell lines, but not
in BRAF wild-type cell lines. Moreover, treated animals showed delays in tumour growth as
well as tumour regression in a xenograft model of BRAF V600E mutated tumour without
showing any adverse effects [28, 58]. PLX4720 was also found to inhibit proliferation,
migration and invasion of BRAF V600E mutated anaplastic thyroid cancer (ATC) cell lines
as well as in an orthotopic mouse model of anaplastic thyroid cancer (ATC) harbouring
BRAF V600E mutation through downregulation of genes (like CCDN1, TSP-1 and ITGAG)

involved in proliferation, migration and invasion [59].

3.5 SB-590885
3.5.1 Preclinical study
SB-590885 is a potent and extremely selective BRAF inhibitor which is able to inhibit

ERK phosphorylation as well as proliferation of tumour cells that express V600E mutated
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BRAF [60]. Itis highly selective to BRAF and CRAF which were tested against a panel of
48 different kinases. It inhibits BRAF through stabilizing the kinase domain of BRAF to the
active conformation. It showed selectivity against BRAF with an inhibitory constant (K; app)
of 0.16 nM [28, 60]. In an experiment, SD-590885 inhibited V600E mutated BRAF in cell
lines where half maximal effective concentration (ECso) was 0.028-0.28 uM as well as wild-
type BRAF where ECsp was 1.1-6.1 pM. At higher concentration, it also inhibited the growth
of K-Ras or N-Ras mutated cell lines (ECso = 1.1 tol.5 uM). The drug was also able to
inhibit CRAF where its K app is 1.72 nM. In addition, SB-590885 is able to decrease cellular
transformation and tumorigenic properties of malignant cells expressing mutant BRAF [28,

60, 61].

3.6 GDC-0879
3.6.1 Preclinical study

GDC-0879 is a highly selective and potent inhibitor of BRAF. It showed its
inhibitory effects against BRAF in various in-vitro and cell based assay with half maximal
inhibitory concentration (ICsp) 0.13 nM. It also showed its efficacy against CRAF when it
was tested against a panel of 140 different kinases at a concentration of 1.0 uM [62, 63].
GDC-0879 was also found to be effective against V600E mutated BRAF which was tested in
both BRAF V600E mutated melanoma, colon and other cell lines as well as xenograft
models. It also showed significant and dose dependent tumor growth inhibition in xenograft
models of A375 (BRAFY* melanoma) and Col0205 (BRAF®F colorectal cancer) cell

lines where median effective doses (EDsp) were 28 and 32 mg/kg respectively [62].

4 Type-11 BRAF Inhibitors

4.1 Sorafenib (BAY 43-9006)
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4.1.1 Preclinical study

Sorafenib is a multi-kinase inhibitor, although it was initially designed as a CRAF
inhibitor. It is able to inhibit RAF kinsaes as well as receptor tyrosine kinases (RTKS) which
are responsible for carcinogenesis [15, 64, 65]. It is able to inhibit CRAF (IC50= 6 nM),
wild-type BRAF (ICso = 25 nM), VEGFR1 (ICso = 26 nM), FIt-3 (ICso = 33 nM), V600E
mutated BRAF (ICso = 38 nM), p38 (ICso = 38 nM), RET (ICs0= 47 nM), ¢-KIT (ICs0= 68

nM), VEGFR2 (ICso = 90 nM), FGFR1 (ICso = 580 nM) and other kinases [65-69].

4.1.2 Clinical trials

In the Phase-I clinical trials of Sorafenib, the maximum tolerable dose (MTD) was
found to be 400 mg twice daily. In four different Phase-I clinical trials of the drug, a total of
173 patients participated where 2 patients (one with renal cell carcinoma and one with
hepatocellular carcinoma) out of 137 evaluable patients showed partial response and 38
patients (28%) had stable disease [65, 70-73]. In addition, a few other Phase-I clinical trials
of Sorafenib were also conducted and still are being conducted on different cancers.

A number of Phase-I1 clinical trials of Sorafenib have been conducted and are still
underway on different cancers like melanoma, thyroid cancers, renal cell cancer, biliary tract
cancer, breast cancer, prostate cancer, hepatocellular cancer, non-small cell lung cancer and
others [74-83]. One of the Phase-1I clinical trials was performed in advanced melanoma
where a total of 37 patients were treated with Sorafenib with a dose of 400 mg twice daily
[74]. Inthe trial, 19% patients had stable disease (SD), 62% patients had progressive disease
(PD) and 19% patients were unevaluable. The overall median progression free survival was
2.75 months in that trial.

Additionally, a number of Phase-1l1 clinical trials of Sorafenib were conducted and

some are still being conducted on different cancers like hepatocellular carcinoma, renal cell
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carcinoma, thyroid carcinoma and others [84-88]. One of the Phase-I1lI clinical trials of
sorafenib (SHARP trial) was done on advanced hepatocellular carcinoma patients where a
total of 602 patients were randomised to treat with either 400 mg sorafenib twice daily (299
patients) or placebo (303 patients) [84, 89]. In that trial, 7 patients (2%) showed partial
response and 211 patients (71%) had a stable disease in sorafenib group whereas 2 patients
(1%) showed partial response and 204 patients (67%) had a stable disease in placebo group.
Median time to symptomatic progression was 4.1 months in sorafenib group and 4.9 months
in placebo group. In addition, median time to radiological progression was 5.5 months in
sorafenib group and 2.8 months in placebo group. Also, the median overall survival was 10.7
months in sorafenib group and 7.9 months in placebo group in that trial.

Another Phase-I11 clinical (DECISION) trial of sorafenib was completed on locally
advanced / metastatic patients with radioactive iodine (RAI) refractory differentiated thyroid
cancer which was registered (ID: NCT00984282) with ClinicalTrials.gov. In the trial, a total
of 417 patients were included where 207 patients were treated with 400 mg sorafenib twice
daily and 210 patients were treated with placebo [90]. The median overall survival was
found 10.8 months in sorafenib group as compared to 5.8 months in placebo group.
Sorafenib showed only partial response in the trial which was 12.2 % whereas it was 0.5 % in
placebo group. The full clinical trial report was not available during this manuscript
preparation.

Sorafenib showed some efficacy in the treatment of patients with hepatocellular
carcinoma (HCC) and renal cell carcinoma (RCC). The efficacy of sorafenib in this case is
hypothesised to be the inhibition of other kinases like VEGFR2, KIT and FIt-3, rather than
BRAF kinase. Finally, Sorafenib was approved for the treatment of advanced renal cell
carcinoma and unresectable hepatocellular carcinoma patients by U.S. Food and Drug

Administration (FDA) [66, 74, 91-95].
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4.1.3 Toxicities
4.1.3.1 General symptoms

The common toxicities associated with Sorafenib treatment fatigue, anorexia, voice
change, diarrhoea, headache, joint pain, pruritus, weight loss, hypertension, nausea, vomiting,
alopecia, flushing, constipation, haemorrhage (upper Gl), neuropathy, stomatitis,
hypophosphatemia, musculoskeletal pain and abdominal pain [46, 65, 74, 75, 84, 85, 88-90,

96].

4.1.3.2 Skin toxicities
Skin toxicities associated with Sorafenib treatment were squamous cell carcinoma,
actinic keratosis, rash/desquamation, dry skin and hand-foot skin reaction [46, 65, 74, 75, 84,

85, 88-90, 96].

4.2 Regorafenib (BAY 73-4506)
4.2.1 Preclinical study

Regorafenib is a multi-kinase inhibitor. It is able to inhibit both wild-type BRAF
(ICs0 = 28 nM) as well as V600E mutated BRAF (ICso = 19 nM). It is also able to inhibit
CRAF (ICso= 2.5 nM), RET (ICs = 1.5 nM), VEGFR2 (ICs0 = 4.2 nM), c-KIT (ICs0= 7 nM),
VEGFR1 (ICso = 13 nM), PDGFR-P (ICso = 22 M), VEGFR3 (ICs = 46 nM), FGRF1 (ICso

=202 nM), TIE2 (ICs0 = 311 nM) and other kinases [28, 97].

4.2.2 Clinical trials
A number of Phase-I clinical trials of regorafenib were conducted and are still being

conducted on colorectal cancer, solid tumors, renal cancer and others. The maximal tolerable
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dose was determined 160 mg once daily in a 21 days on and 7 days off schedule in that trial
[98-100]. One of the Phase-I clinical trials of regorafenib was done in patients with
metastatic colorectal cancer, where a total of 38 patients participated [98]. In that study, 27
patients were evaluable for response where 1 patient (4%) showed partial response and 19
patients (70%) had a stable disease. The median progression free survival observed in that
study was 3.8 months.

A number of Phase-I1 clinical trials of regorafenib are also either completed or
ongoing on GI stromal tumor, renal cell carcinoma, hepatocellular carcinoma, soft tissue
sarcoma and others [101-103]. In a Phase-II trial conducted on intermediate or advanced
hepatocellular carcinoma, a total of 36 patients were treated with 160 mg regorafenib once
daily [103]. In that trial, one patient (3%) showed partial response and 25 patients (69%) had
a stable disease. The median time to progression was 4.3 months and the median overall
survival was 13.8 months in that study.

Similarly, Phase-I11 clinical trials of regorafenib have also been conducted and more
are being undertaken on colorectal cancer, Gl stromal tumors, hepatocellular carcinoma and
others [104, 105]. A Phase-I11I clinical trial in metastatic colorectal cancer had a total of 760
patients, randomised to treat with either 160 mg regorafenib daily (505 patients) or placebo
(255 patients) [104]. In that trial (until July 21, 2011), 5 patients (1%) showed partial
response in regorafenib group whereas one patient (0.4%) showed partial response in placebo
group. The median overall survival was 6.4 months in regorafenib group and 5 months in
placebo group. In addition, the median progression free survival (PFS) was 1.9 months in
regorafenib group and 1.7 months in placebo group in that study. The US Food and Drug
Administration (FDA) has approved regorafenib for the treatment of patients with metastatic

colorectal cancer and unresectable metastatic GI stromal tumors [106, 107].
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4.2.3 Toxicities
4.2.3.1 General symptoms

The most common toxicities associated with regorafenib treatment were hypertension,
muscular pain, weight loss, thrombocytopenia, hyperuricemia, diarrhoea, voice change, taste
alteration, sensory neuropathy, nose bleed, dyspnoea, oral mucositis, alopecia, anorexia,
myalgia, hoarseness, nausea, constipation, vomiting, renal failure, hyponatraemia,
hypophosphataemia, hypothyroidism, hyperthyroidism, headache, proteinuria, anaemia,
abdominal pain, fever, dehydration, hyper-bilirubinaemia and fatigue [98, 99, 101-105, 108,

109].

4.2.3.2 Skin toxicities
Skin toxicities associated with regorafenib treatment were hand-foot skin reaction,

rash/desquamation and dry skin [98, 99, 101-105, 108, 109].

4.3 XL281 (BMS-908662)
4.3.1 Preclinical study

XL281 is a potent and selective RAF inhibitor. It is able to inhibit wild-type BRAF
(1Cs0 =5 nM), V600E mutated BRAF (ICso = 6 nM) as well as CRAF (ICso = 3 nM), these

concentration ranges being highly similar [28, 110].

4.3.2 Clinical trials

In the Phase-I clinical trial of XL281, a total of 30 patients including melanoma,
papillary thyroid carcinoma (PTC), colorectal carcinoma (CRC), non-small cell lung
carcinoma (NSCLC) and other solid tumor patients participated [28, 111]. Its oral maximum

tolerated dose (MTD) was determined to be150 mg in the dose escalation phase of the trial.
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One patient with ocular melanoma showed partial response and 12 patients had a stable
disease (including 2 patients with PTC harbouring BRAF V600E mutation) in that study. In
addition, 9 patients showed 5-29% decrease in target lesions. 4 patients (including 3
melanoma patients) showed 72% decrease in phosphorylated-MEK and 68% decrease in
phosphorylated-ERK in their biopsy samples which were taken after treatment with XL281.
Moreover, 13 patients (43%) demonstrated clinical benefit (partial response or stable disease)
in that study.

A Phase-I/11 clinical trial of XL281 (BMS-908662) alone or in combination with
cetuximab in subjects with K-RAS or BRAF mutated advanced or metastatic colorectal
cancer has been completed which was registered (ID: NCT01086267) with

ClinicalTrials.gov. The result of that clinical trial is not yet available.

4.3.3 Toxicities
The common adverse effects associated with the drug treatment were fatigue, nausea,

vomiting, diarrhoea, anorexia and hypokalaemia [111].

4.4 RAF265
4.4.1 Preclinical study

RAF265 is a multi-kinase inhibitor which is able to inhibit wild-type BRAF, V600E
mutated BRAF as well as CRAF (ICso = 3-60 nM). The ECs, for V600E mutated BRAF is
0.14 puM. It is also able to inhibit VEGFR2 (ICsp = 30 nM, ECso = 0.19 uM), c-Kit and
PDGFRp [28, 112]. In the preclinical study of RAF265 which was done by implanting
metastatic melanoma from patients to nude mice, 7 patient explants (41%) out of 17 explants
responded to RAF265 treatment by more than 50% reduction of melanoma growth where 5

explants bore wild-type BRAF and 2 patients bore BRAF V600E/K mutation. The
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responders showed reduced phosphorylated-MEKZ1, reduced proliferation as well as induction

of apoptosis, but response did not correlate with phosphorylated-ERK1/2 reduction [113].

4.4.2 Clinical trials

In the Phase-I clinical trial of RAF265 which was conducted on advanced cutaneous
melanoma patients, a total of 76 patients participated [112]. The maximum tolerable dose
determined in that trial was 48 mg daily. 10 patients (including 6 BRAF mutant and 3 BRAF
wild-type patients) showed overall response.

RAF265 is currently in Phase-I1 clinical trial on patients with advanced or metastatic

melanoma which is registered (ID: NCT00304525) with ClinicalTrials.gov.

4.4.3 Toxicities
Common toxicities associated with RAF265 treatment were diarrhoea, ataxia,

thrombocytopenia, hyperlipasemia, visual disturbance and pulmonary embolism [112].

5 Unclassified BRAF inhibitor

5.1 ARQ736

5.1.1 Preclinical study

ARQ736 is a potent ATP-competitive inhibitor of V600E mutant BRAF. It is able to
kill cancer cell lines that bear at least one allele of mutant BRAF. It is also able to inhibit
wild-type BRAF as well as CRAF which was tested in different cell lines like melanoma,
colorectal cancer and thyroid cancer cell lines [114, 115]. In addition, ARQ736 showed
significant growth inhibition both in melanoma (A375) cell line as well as xenograft model of

that cell line. It showed 54% growth inhibition in that melanoma xenograft model at a dose
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of 300 mg/kg. It also showed reduction of human angiogenesis and cytokine related proteins

in a separate experiment in a mouse model [114, 115].

5.1.2 Clinical trials

A Phase-I clinical trial of ARQ736 in patients with advanced solid tumors harbouring
BRAF and/or N-Ras mutations has been completed which was registered (ID:
NCT01225536) with ClinicalTrials.gov. The result of that clinical trial is not currently

available.

6 Conclusion

Type-1 BRAF inhibitors are more specific for inhibition of BRAF kinase when
compared with type-11 BRAF inhibitors. In addition, response rates of type-1 BRAF
inhibitors are also much higher as compared to type-11 BRAF inhibitors. Whether this is a
direct result of a superior inhibition capacity or a dilution of the effect of type-II inhibitor
effects due to their common inhibition of multiple kinases is an interesting area for future
study. Both types of BRAF inhibitors display toxicities that are a great concern, however,
especially the development of squamous cell carcinoma and basal cell carcinoma as well as
other severe toxicities. In addition, almost half of the patients do not respond to BRAF
inhibitor therapy, even for the most effective drugs, which is somewhat disappointing.
Moreover, median progression free survivals resulting from the use of the BRAF inhibitors

are not satisfactory.

Failure of BRAF inhibitor therapy to show the expected result is also attributed to the
development of resistant through reactivation of the same BRAF pathway or activation of

alternative pathways for proliferation and survival [17, 41, 116]. BRAF inhibitor resistance
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are found to happen due to any one or combine action of elevated CRAF expression, mutant
BRAF amplification, splice variant of mutant BRAF, NRAS mutation, CRAF mutation, MEK
mutation, Phosphatase and tensin homolog (PTEN) mutation, hepatocyte growth factor
(HGF) overexpression, Cyclin D1 overexpression, cancer Osaka thyroid (COT)
overexpression, epidermal growth factor receptor (EGFR) feedback activation, HER3 (v-erb-
b2 avian erythroblastic leukemia viral oncogene homolog 3) feedback activation, platelet-
derived growth factor receptor-p (PDGFRp) overexpression, insulin-like growth factor 1
receptor (IGF-1R) overexpression, activation of EGFR-SFK-STAT3 signalling pathway or

overexpression of ATP-binding cassette (ABC) transporters [17, 41, 116-124].

Therefore, there is a need for more new drugs to be developed as well as research into
the modification of existing BRAF inhibitors to improve target specificity and inhibition, to
increase the response rates as much as possible while reducing the toxicities as much as
possible. This in turn should help to extend the progression free survival times as much as
possible. Alternative strategies might include combining these inhibitors with other drugs to
cause synergistic effects and allow lower doses with less toxicity to be used while still
maintaining strong anti-cancer effects. Such combinations could be determined on an semi-
individualised basis through identification of molecular markers of drug resistance, which are
now becoming known through mutational studies. Such multi-drug treatments, combined
with serial improvements in inhibitor function and toxicity profiles should allow BRAF

inhibitors to become an ever more useful part of our anti-cancer armamentarium.
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Figure Legends

Figure 1: Structure of BRAF kinase domain. Different regions of BRAF kinase domain are
indicated with different color: small lobe (light pink), large lobe (light blue), glycine rich loop
(pale green), catalytic loop (magenta), DFG motif (red) and activation segment (blue). The
image is prepared with PyMOL by using X-ray crystal structure (PDB ID: 4MBJ) from

protein data bank.

Figure 2: Structure of BRAF V600E kinase domain in complex with BRAF inhibitor
PLX4032 (Vemurafenib). Different regions of BRAF kinase domain are indicated with
different color: small lobe (light pink), large lobe (light blue), glycine rich loop (pale green),
catalytic loop (magenta) and DFG motif (red). A. Binding pattern of PLX4032 with kinase
domain of V600E mutant BRAF. B. Close view of V600E mutant BRAF and PLX4032
complex. The images are prepared with PyMOL by using X-ray crystal structure (PDB ID:

30G7) from protein data bank.

Figure 3: Structure of BRAF V600E kinase domain in complex with BRAF inhibitor BAY
43-9006 (Sorafenib). Different regions of BRAF kinase domain are indicated with different
color: small lobe (light pink), large lobe (light blue), glycine rich loop (pale green), catalytic
loop (magenta), DFG motif (red) and activation segment (blue). A. Binding pattern of BAY
43-9006 with kinase domain of V600E mutant BRAF. B. Close view of V600E mutant
BRAF and BAY 43-9006 complex. The images are prepared with PyMOL by using X-ray

crystal structure (PDB ID: 1UWJ) from protein data bank.
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Table 1: Summary of BRAF inhibitors

Drug Type Drug Target _ Cancer Type Response Rate | _ Median References
g = (%) a S S _| Overal | &
F g 5| 2 ® 2 _| 88 ¢2<S| Survival | B
TS 82 33 = B O Te3¢c 2
SE ERlog | S = 22 2509 o
= Sa £ c g o = 9 38=2| (Months) | &
= zZ © [ o Q
O o 8 & or <
Vemurafenib I BRAFV®E BRAFVT CRAF | 1l Metastatic 675 960 4749 | 091 6.9 13.2 FDA? [43, 44]
Melanoma (b.i.d)
Dabrafenib I BRAFV®E BRAFWT CRAF | I Metastatic 250 150 47 3 42 5.1 FDA? [54]
Melanoma (b.i.d)
LGX818 I BRAFV600E I Metastatic [57]
Melanoma
PLX4720 I BRAF®® BRAF"T CRAF | Pre- [58]
SB-590885 I BRAFV®E BRAF"T CRAF | Pre- [60]
GDC-0879 I BRAFV®E BRAF"T CRAF | Pre- [62]
Sorafenib T BRAFV®E BRAFVT CRAF, | 1l Advanced 602 400 2 0 71 5.5° 10.7 FDA® [84]
RET, ¢-KIT, FlIt-3, VEGFR1, Hepatocellular (b.i.d.)
VEGFR2, FGFR1, p38 Carcinoma
Regorafenib T BRAFV®E BRAFVT CRAF, | I Metastatic 760 160 1 0 1.9 6.4 FDA [104]
RET, c-KIT, TIE2,VEGFR1, Colorectal
VEGFR2, VEGFR3, FGFR1, Cancer
PDGFRS,
XL281 T BRAFY®E BRAFYT CRAF | I/ Metastatic 150 [111]
Colorectal
Cancer (NCT01086267)°
RAF265 T BRAFV®E BRAFVT CRAF, | I Metastatic 48 [112]
¢c-KIT, VEGFR2, PDGFR-B Melanoma (NCT00304525)°
ARQ736 Unknown | BRAFV® BRAFVT, CRAF I Advanced [114]
Solid Tumor (NCT01225536)°

WT: Wild Type; FDA: Food and Drug Administration, USA; b.i.d.: Twice Daily.

® o0 o

Page 46 of 47

Approved by FDA for the treatment of patients with metastatic melanoma bearing BRAFY®F mutation.

Median time to radiologic progression.
Approved by FDA for the treatment of patients with unresectable hepatocellular carcinoma and advanced renal cell carcinoma.
Approved by FDA for the treatment of patients with metastatic colorectal cancer and unresectable metastatic GI stromal tumors.

ClinicalTrials.gov registration identification number.
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