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Abstract Increasing knowledge of the underlying signal-
ing pathways and molecular defects involved in colorectal
cancer growth or progression enabled the discovery of
several prognostic and predictive biomarkers, leading to
the development of novel molecularly targeted therapies.
The mitogen-activated protein kinase (MAPK) signaling
pathway plays a critical role in colorectal cancer progres-
sion. Mutations in BRAF, a principal effector of Ras in
this signaling cascade, are found in 10 % of colorectal
cancer and play a clear pathogenic role, particularly in
patients with metastatic disease. Intense efforts have
therefore focused on targeting BRAF as an oncogenic
driver, with mixed early results. This article summarizes
the molecular and clinical features of BRAF mutant colo-
rectal cancer, the prognostic and predictive role of
BRAFV600E mutation in colorectal cancer, initial clinical
trial results in targeting BRAFV600E, and the more recent
preclinical insights into potential mechanisms of resis-
tance to BRAF inhibition that have now led to a number
of rationale-driven combination therapeutic strategies.
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Introduction

Colorectal cancer is a major cause of cancer death in devel-
oped countries. Increasing knowledge of the underlying sig-
naling pathways and molecular defects involved in carcino-
genesis has led to the development of several novel target-
based therapeutics, resulting in encouraging improvements in
patient outcome. In parallel with these therapeutic advances, a
wide range of prognostic and predictive biomarkers of anti-
cancer treatment have been investigated, most of which have
failed to translate into clinical utility. A search of PubMed for
“colorectal cancer biomarker” yields over 16,400 entries as of
December 2013. The majority of these publications report
positive results. Yet despite so many potential candidates,
RAS is the only predictive biomarker to achieve significant
clinical utility, albeit as a negative predictive marker to agents
targeting the epidermal growth factor receptor (EGFR).

A major challenge in colorectal cancer research is the
identification of other prognostic and predictive biomarkers
which will allow clinicians to better tailor treatment for indi-
vidual patients. The Ras/Raf/MEK/ERK mitogen-activated
protein kinase (MAPK) signaling pathway plays a critical role
in colorectal cancer progression and has therefore been a high
priority for the development of molecularly targeted agents.
BRAF, a principal effector of Ras in this signaling cascade,
was found to be mutated in a variety of cancers, including a
small percentage (~10 %) of colorectal cancers [1–4].
Antiproliferative and antitumor activity of BRAF inhibitors
has been observed in most of the BRAFV600E-bearing colo-
rectal cancer cell lines tested and in the HT29 BRAFV600E-
expressing colorectal cancer xenograft model, suggesting that
BRAFV600E is a viable therapeutic target in colorectal cancer
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[5]. Efficacy results from randomized trials and initial results
from an early-phase trial of the specific BRAFV600E inhibitor
in melanoma and colorectal cancer, respectively, confirmed
the validity of BRAFV600E as a therapeutic target as well as a
predictive molecular biomarker for response to BRAF inhibi-
tion. This article will review the role of BRAFV600E in
colorectal cancer, with emphasis on molecular and clinico-
pathological associations, prognostic and predictive implica-
tions of BRAFV600E, and finally some emerging therapeutic
targeting strategies for BRAF mutant metastatic colorectal
cancers.

BRAF oncogenic signaling pathway

The first mammalian effector of RAS to be characterized, and
the most intensively studied, is the protein serine/threonine
kinase v-raf murine sarcoma viral oncogene homolog (RAF).
The Raf family of genes were first identified as potent retro-
virus oncogenes in 1984 [6, 7]. RAF protein contains three
conserved regions: CR1, CR2, and CR3 [8]. CR1 and CR2 in
the N terminus are largely regulatory, whereas CR3 at the C
terminus encompasses the catalytic kinase domain. RAF reg-
ulation is a complex process involving many steps. Upon
activation, GTP-bound RAS recruits RAF protein to the cell
membrane and binds it directly to activate RAF kinase, with
one of the essential steps being the phosphorylation of two
amino acids (T599 and S602 of BRAF) within the activation
segment of the kinase domain. RAF then phosphorylates and
activates its downstream effectors, including mitogen-
activated protein kinase kinase (MAPKK or MEK)-1, MEK-
2, ERK1, and ERK2, eventually leading to cell growth and
proliferation.

The BRAF serine/threonine kinase is a member of the Raf
kinase family consisting of A-RAF, B-RAF, and C-RAF or
RAF-1 [9]. Although all three Raf isoforms share considerable
sequence homology and exhibit the same substrate specificity
(MEK1 and MEK2), they do differ in their biological func-
tions and regulations, which have not been fully elucidated
[10]. Raf remains the best characterized activator of MEK,
with BRAF being the most potent MEK activator of the Raf
isoforms. In BRAF, S446 is constitutively phosphorylated,
priming the N-region for activation with a constitutive nega-
tive charge, and this occurs when BRAF is recruited to the
plasma membrane for activation segment phosphorylation. In
contrast, A-RAF and C-RAF activation require N-region
phosphorylation in addition to activation segment
phosphorylation.

Among the Raf kinase family members, high-throughput
genomic sequencing has identified activating mutations in
BRAF as the predominant genetic alterations in human cancers
[8, 11]. Our work and that of others have found thatKRAS and
BRAF mutations almost never occur in the same tumor,

suggesting not only that BRAF is the principal effector of
KRAS in theMAPK pathway but also that theymay be equally
important in their tumorigenic effects [1, 2, 12, 13].

The discovery of BRAF mutations in various human can-
cers has stimulated intensive research of this gene. In solid
tumors, the highest incidence of BRAF mutations is in malig-
nant melanoma (27–70 %), papillary thyroid cancer (36–
53 %), colorectal cancer (5–22 %), and serous ovarian cancer
(~30%), but they also occur at a lower frequency (1–3 %) in a
wide variety of other cancers including NSCLC [14–16]. Over
40 missense mutations in BRAF have been reported, but most
of these are extremely rare. The most common mutation in
BRAF, accounting for up to 90 % of all BRAF mutations in
human cancers, is a thymidine-to-adenine transversion at
nucleotide 1799 in the kinase domain of the protein
resulting in a V600E amino acid (valine to glutamate)
exchange [17, 18]. This mutation leads to constitutive
activation of the MAPK-signaling cascade with the mutat-
ed protein demonstrating greatly elevated kinase activity
and potently transforms rodent fibroblasts and other cell
types [11, 19]. Furthermore, while mutant BRAFV600E
cells were shown to be dependent on continued BRAF
activity for their tumorigenic growth [20–22], they do not
require Ras function for proliferation [11].

Molecular and clinico-pathological characteristics

Molecular

BRAF mutations have been shown to be an early event in
colorectal tumorigenesis and are associated with a specific
pattern of tumor growth known as the serrated pathway [23,
24]. Consistent with the theory that BRAF mutation occurs
early in the adenoma–carcinoma sequence, our work and a
recent systematic review of published data demonstrated a
very high concordance rate (97 %) of BRAF mutations in
matched primary tumor and metastatic tissue [2, 25].

It has been consistently demonstrated that BRAFmutations
are strongly associated with the microsatellite instability
(MSI) and CpG island methylator phenotypes (CIMP). In
sporadic colorectal cancers, BRAF mutation is found in about
40 to 60 % of MSI tumors, while only approximately 5 to
10 % of microsatellite stable (MSS) tumors harbor this muta-
tion [2, 11–13, 26–28]. When tumors’ methylation status was
measured at specific promoter loci, BRAFmutant tumors were
more commonly found to be highly methylated (CIMP-high)
compared to BRAF wild-type tumors [29–34]. Analysis of a
recent series of 649 colon cancers demonstrated that 70 % of
BRAF mutant tumors exhibited CIMP-high, and 18 % of
BRAF wild-type tumors exhibited CIMP-low profile [35].

It is well established that sporadic MSI tumors are related
to the loss of MLH1 expression through hypermethylation of
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the MLH1 gene promoter, which is strongly associated with
BRAFV600E mutation [26, 36]. Conversely, germline MMR
gene mutation (or Lynch syndrome) is almost never present
when a BRAFV600E mutation is identified. As such, various
groups have suggested adding BRAFV600Emutation analysis
as further step to characterize colorectal cancer found to have
loss of MLH1 expression [37, 38]. The finding of a
BRAFV600Emutation, consistent with sporadic MSI colorec-
tal cancer rather than a germline defect, then reduces the
number of patients with an abnormal MMR IHC requiring
follow-up with genetic counseling and MLH1 sequencing.

Clinico-pathological

The clinical development of BRAF inhibitors in colorectal
cancer carrying the BRAFV600E mutation, the enriched pop-
ulation, will be challenging due to the low BRAFV600E
mutation rate in this tumor type. Previous studies have report-
ed an association between BRAF mutation and older age,
female gender, and right-sided tumor location. Our group
investigated a strategy to enrich the colorectal cancer popula-
tion with BRAFV600E mutation by selecting patients with
clinical features associated with this mutation [2]. In addition
to potentially reducing the cost of screening, understanding
this clinico-molecular correlation will also allow for more
informed clinical development of BRAF inhibitors.

Our study demonstrated that subsets of colorectal patients
with a higher prevalence of BRAFV600E can, in principle, be
identified using a combination of basic clinical features in-
cluding female gender, age>70 years and right-sided tumor
location, all of which were found to be independent predictors
ofBRAFV600E. BRAFmutation was rarely found in left-sided
colon (4 %) and rectal cancers (2 %) when compared to right-
sided cancers (22 %, P<0.0001). Enrichment could further be
improved by inclusion of KRASmutation status; for example,
the prevalence of BRAFV600E increased from 10 % in unse-
lected patients to 37% in females over the age of 70 years with
right-sided cancer and to 50 % when KRAS wild-type status
was included. Importantly, we have identified a subpopulation
of patients (male patients under 70 years with left-sided or
rectal cancers), where BRAFV600E was rarely found. While
this knowledge is unlikely to replace mutation testing in the
setting of clinical trials using BRAF inhibitors, it can help
improve the efficiency of prescreening for BRAFV600E by
defining a subpopulation of patient, where the yield from
mutation testing will be very low.

A higher frequency of BRAF mutation has also been re-
ported in poorly differentiated and mucinous tumor [1, 2, 31].
BRAF mutant tumors were reported to be poorly differentiat-
ed in 40 to 50% of cases and well to moderately differentiated
only in 6 to 16 % of cases. Mucinous cancers have a BRAF
mutation rate of approximately 22 to 67% compared to only 6
to 21 % in non-mucinous tumors [2, 31, 32, 39, 40].

As has been well described in some other cancer subtypes,
specific oncogenic drivers may result in differences in pheno-
typic behavior of that subtype. For example, HER-2/neu over-
expressing breast cancer is further defined by an increased
incidence of central nervous system (CNS) metastases [41].
BRAFmutant metastatic colorectal cancer also appears to be a
discrete disease subtype with a distinct patient population and
significantly poorer survival. Tran et al. [42] investigated
whether BRAF mutant colorectal cancer has a distinct pattern
of metastatic spread, further defining this discrete disease
subtype. This study of 524 metastatic colorectal cancer pa-
tients from both the Royal Melbourne Hospital and The
University of Texas MD Anderson Cancer Center reported,
for the first time, a significantly increased rate of peritoneal
and distant lymph node metastases and a significantly de-
creased rate of lung metastases in BRAF mutant tumors com-
pared with BRAF wild-type tumors. Although this study does
not confirm peritoneal metastases as a poor prognostic factor,
this may be because of small numbers and should not detract
from existing reports that identify peritoneal metastases as an
independent and significant poor prognostic factor in colorec-
tal cancer [43, 44]. The strong association between BRAF
mutant tumors and peritoneal metastases observed in this
study may partially explain the poorer outcomes in BRAF
mutant tumors.

Prognostic and predictive implications of BRAFV600E
mutation

Prognostic Role

To date, the BRAFV600E mutation is the only oncogenic
mutation that has been consistently shown to be associated
with a poor prognosis in metastatic colorectal cancer, in-
cluding data from several retrospective population-based
studies and clinical trials [1, 2, 4, 35, 45–47]. Samowitz
et al. [1] examined a large (n=911) population-based sam-
ple of individuals with stage I to IV colon cancer and found
BRAFV600E mutation to be associated with a poor 5-year
overall survival (5-year overall survival: BRAF mutant vs.
wild-type, 47.5 vs. 60.7 %, log-rank P<0.01). Importantly,
this study noted that BRAFV600E mutation was associated
with a poor prognosis in microsatellite-stable tumors only
(5-year overall survival: BRAF mutant versus wild-type,
16.7 vs. 60.0 %, log-rank P<0.01). This was true in a
multivariate analysis after adjustment for age, stage, and
tumor site, in stage-stratified analyses for AJCC stages II
to IV cancers, and in a Kaplan–Meier analysis for stages II
to IV cancers. The V600E mutation did not have the same
effect on survival in tumors with MSI, as microsatellite-
unstable tumors with or without the BRAFV600E mutation
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were associated with an excellent percent 5-year survival
(76.2 and 75.0 %, respectively).

As observed in the CAIRO-2 study, a phase III ran-
domized trial in which capecitabine, oxaliplatin, and
bevacizumab (CB group) was compared with the same
combination plus cetuximab (CBC group) as first-line
treatment, BRAF mutation seems to confer a bad progno-
sis independent of anti-EGFR therapy [4]. Patients with
BRAF-mutated tumors had a significantly shorter median
progression-free survival (PFS) and median overall sur-
vival (OS) than patients with BRAF wild-type tumors,
both in the CB group and in the CBC group. Similarly,
in the recent pooled analysis of the CRYSTAL (cetuximab
combined with irinotecan in first-line therapy for metasta-
tic colorectal cancer) and OPUS (oxaliplatin and
cetuximab in first-line treatment of metastatic colorectal
cancer) studies, 800 of 845 KRAS wild-type tumor sam-
ples were assessable for BRAF mutation [48]. BRAF mu-
tation was detected in 9 % (70/800) of the KRAS wild-
type patient population in this pooled analysis. BRAF
mutation is associated with a poor prognosis in both the
chemotherapy and the chemotherapy in combination with
cetuximab arms, with median overall survivals of 9.9 and
14.1 months, respectively, as compared to median overall
survivals of 21.1 and 24.8 months in the BRAF wild-type
patients (Table 1).

Several studies have examined the prognostic significance
of BRAFmutation in stage II and III colon cancers [3, 28, 49].
In the first of these studies, French et al. examined the prog-
nostic significance of tumor MSI status and the presence of
mutation in BRAFV600E mutation in a group of patients (n=
533) who participated in a randomized prospective clinical
trial through the North Central Cancer Treatment Group.
BRAFV600E mutation did not impart any significant impact
on disease-free or overall survival in this group of patients
with curatively resected colon cancer. In contrast to Samowitz
et al.’s finding, within the subgroup of patients with MSI
tumors, the 23 patients with BRAF wild-type tumors had
significantly better OS than the 35 BRAF mutant patients
(100 % versus 77 %, P=0.001); no difference was observed
by BRAF status in the 432 MSS patients for DFS or OS (P≥
0.57). The observed discrepancies between these two studies
may be due to the differences in the two study populations.
The Samowitz et al. study included patients with all stages of
disease (stage I to IV) while the French et al. study included
only high-risk stage II and stage III disease. Subjects included
in the former study were derived from a routine care popula-
tion rather than a controlled clinical trial setting as in the latter
study.

Other subsequent studies including patients with stages II
and III colon cancer have however failed to reproduce French
et al.’s findings. The biomarker sub-study of the PETACC-3
trial reported on the prognostic value of KRAS and BRAF

mutations in 1,404 patients with stages II and III colon cancers
[3]. In both univariate and multivariate analysis, BRAF muta-
tion was not prognostic for recurrence-free survival, but was
for overall survival, particularly in patients with MSS tumors
(hazard ratio 2.2, 95 % CI 1.4 to 3.4, P=0.0003). Farina-
Sarasqueta et al. [49] examined the impact on clinical outcome
of KRAS, BRAFmutations, and MSI status in 106 stage II and
258 stage III curatively resected colon cancers. In both groups,
there was a trend toward a longer OS for BRAF wild-type
patients (P=0.194 stage II and 0.069 stage III) compared to
BRAF mutant. DFS was not significantly different between
BRAF mutants and wild-type tumors. Consistent with
Samowitz et al.’s finding, when stratifying for MSI status,
BRAFmutation resulted in shorter survival in MSS patients in
both stage II and stage III disease but not in the MSI group. In
a multivariate analysis by the Cox proportional hazards model
including differentiation grade, age as a continuous variable,
sex, tumor location, T stage, N stage, KRAS status, BRAF
status and MSI status, BRAF mutation was an independent
factor for a shorter OS [hazards ratio (HR)=0.45, 95 % con-
fidence interval (CI) 0.25–0.8].

Predictive role

A predictive molecular biomarker defines a subpopulation of
patients who are more or less likely to gain benefit from a
specific therapeutic intervention, using underlying genetic or
epigenetic changes in colorectal cancer to guide personalized
treatment decisions. Other than KRAS, there are a couple of
strong rationales to explore BRAFV600Emutation as a candi-
date additional biomarker of anti-EGFR mAb resistance:
BRAF is the immediate downstream effector of KRAS in the
Ras/Raf/MAPK-signaling pathway (Fig. 1); KRAS and
BRAFV600Emutations are almost always mutually exclusive,
suggesting that activation of only one of these genetic alter-
ations is sufficient for tumorigenesis and cancer progression.

Indeed, several studies have suggested that the presence of
the BRAFV600Emutation is associated with resistance to anti-
EGFR mAb therapy in chemo-refractory metastatic colorectal
cancer [50–52]. Di Nicolantonio et al. [50] in their retrospec-
tive analysis of 113 colorectal tumors from patients who
received anti-EGFR mAbs in second or subsequent lines of
treatment showed that 0/11 (0 %) tumors with BRAFmutation
responded to anti-EGFR treatment compared to 22/68 (32 %)
of BRAF wild-type/KRAS wild-type tumors. Patients with
BRAFV600E mutations also had statistically significant
shorter progression-free survival (P=0.001) and overall sur-
vival (P<0.001) than patients whose tumors harbored BRAF
wild-type. Similar results were seen for patients treated with a
combination of cetuximab and irinotecan. None of the patients
with BRAF mutant tumors (0/13) responded compared to 24/
74 (32 %) patients with BRAF wild-type/KRAS wild-type
tumors [51].
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De Roock et al. [52] examined the effect of down-
stream mutations of KRAS on the efficacy of cetuximab
in the largest cohort to date of patients with chemothera-
py–refractory metastatic colorectal cancer treated with
cetuximab plus chemotherapy (n=773). They found that
in KRAS wild-type patients, carriers of BRAF mutation
had a significantly lower response rate than did patients
with BRAF wild-type tumors, with a response rate of
8.3 % (2/24) in BRAF mutant versus 38 % (124/326) in
BRAF wild-types (OR 0.15, 95 % CI 0.02–0.51; P=
0.0012).

Nonetheless, not all studies have found a negative
relationship between BRAF mutation status and anti-
EGFR mAb response, particularly in the first-line setting.

In an analysis of 231 tumors from patients treated with
first-line cetuximab plus capecitabine, oxaliplatin, and
bevacizumab in the CAIRO-2 study, there was no signif-
icant difference in response rate between the BRAF mu-
tant and wild-type subgroups (39 vs. 48 %; P=0.43) [4].
In the recent pooled analysis of the CRYSTAL and OPUS
studies [48], there was a nonsignificant trend toward a
survival benefit from adding cetuximab to first-line che-
motherapy in BRAF mutant/KRAS wild-type patients
(9.9 months versus 14.1 months, P=0.0764). It would
appear that BRAF mutations does not have a strong pre-
dictive role for cetuximab in combination with a standard
cytotoxic treatment in the first-line setting, but these data
need to be interpreted with caution due to the strong

Table 1 BRAF mutation and outcome in metastatic colorectal cancer treated with first-line systemic chemotherapy±anti-epidermal growth factor
receptor monoclonal antibodies

Study Study details Median OS (months) Median first-line PFS (months)

Clinical trial Anti-EGFR MoAb Sample size, N BRAF WT BRAF mutant P values BRAF WT BRAF mutant P values

Tie et al. No No 74 22.2 11 0.006 NA NA NA

Tol et al. Yes No 260 24.6 15 0.002 12.2 5.9 0.003

Yes 259 21.5 15.2 0.001 10.4 6.6 0.01

Souglakos et al.a No Yesb 168 40.5 10.9 <0.0001 12.5 4.3 <0.0001

Bokemeyer et al.c Yes No 419 21.1 9.9 NA 7.7 3.7 NA

Yes 381 24.8 14.1 10.9 7.1

NA not available, OS overall survival, PFS progression-free survival
a 18 % of patients in this study underwent metastatectomy
b 60 % of patients in this study were treated with cetuximab; 5 % of patients received first-line cetuximab
cData presented are for patients with KRAS wild-type tumors

Fig. 1 Oncogenic signaling of
the MAPK and PI3K/mTOR
pathways in colorectal cancer.
EGFR over-expression and
mutation in KRAS and BRAF
result in constitutive activation of
this signaling cascade in
colorectal cancer, ultimately
affecting nuclear targets involved
in regulating cell proliferation,
differentiation, survival,
migration, and angiogenesis.
KRAS and BRAFV600Emutation
rarely co-exist in the same tumor
suggesting that Raf is the
principal effector of Ras in
tumorigenesis
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prognostic impact of BRAF mutations, the potential inter-
actions with chemotherapy, and the small number of pa-
tients with BRAF mutations.

BRAF as a therapeutic target in colorectal cancer

The “oncogenic addiction” of the MAPK pathway in colorec-
tal cancer is reflected by the frequent perturbation of this
pathway in this malignancy, with EGFR amplification and
expression reported in up to 18 % [53, 54] and 62 % of cases
[54–56], respectively, and activating mutations in KRAS and
BRAF reported in 30–50 and 10 % of cases, respectively [2,
12, 13, 57].

The challenges of directly targeting KRAS in cancer has
shifted the focus of therapeutic development to its down-
stream effector, BRAF. Moreover, KRAS is central to a
complex network of signal transduction pathways, includ-
ing the phosphatidylinositol 3-kinase (PI3K) pathway,
characterized by cross-talk and feedback loops [18].
BRAF, on the other hand, would appear to be a “purer”
target with a relatively unidirectional MEK–ERK effector
pathway. The finding that tumor cells and xenografts har-
boring the BRAFV600E mutation were extremely sensitive
to MEK inhibition compared with those without this mu-
tation or those bearing the Ras mutation further highlights
the dependency of BRAFV600E mutant cancer cells on
MEK–ERK signaling [58]. Consistent with this is the
preclinical work with vemurafenib (RG7204; PLX4032;
RO5185426), a first-in-class, specific small molecule in-
hibitor of BRAFV600E, which demonstrated the selective
sensitivity of colorectal cancer cell lines and xenografts
harboring BRAFV600E mutation to BRAFV600E inhibition
compared with BRAF wild-type cells or xenografts [5, 59].
As a single agent, vemurafenib shows dose-dependent
inhibition of ERK and MEK phosphorylation, thereby
arresting cell proliferation in BRAFV600E-expressing cell
lines and inhibiting tumor growth in BRAFV600E-bearing
xenograft models.

The first “proof-of-concept” clinical data validating
BRAFV600E mutation as a therapeutic target came from
the preliminary result of the phase I study of PLX4032 in
advanced melanoma that was first presented at the 45th
American Society of Clinical Oncology (ASCO) annual
meeting [60, 61]. Notably, patients in the initial cohorts
were not stratified by BRAFV600E mutational status; of the
21 melanoma patients treated at the ≥240 mg twice daily
dose level (minimum target dose for tumor regression), 16
carried the BRAFV600E mutation and five did not. The
efficacy data were extremely promising with nine partial
responses, all seen in tumors carrying the BRAFV600E
mutation. The interim progression-free survival (PFS) for

patients with BRAF-mutated melanoma was 6 months,
with many patients still on treatment, while all five patients
with BRAF wild-type melanomas had progressive disease.
The safety data were encouraging, with the majority of
adverse events being mild and transient. The most common
side effects were rash, fatigue, and photosensitivity.
Cutaneous squamous cell carcinoma following chronic
dosing was also observed. Initial data suggesting a favor-
able therapeutic index and selectivity of this BRAFV600E
inhibitor therefore provide an appealing therapeutic strate-
gy for BRAFV600E-mutated cancers.

A subsequent randomized open-label trial that involved
675 patients with unresectable or metastatic melanoma
carrying the BRAFV600E mutation showed a superior
overall survival and progression-free survival benefit in
patients treated with vemurafenib than patients treated with
dacarbazine (control group) [61]. The confirmed,
investigator-assessed best overall response rate was 48 %
for patients receiving vemurafenib (including 2 patients
with complete responses) compared to 5 % for patients
receiving dacarbazine. On the basis of its treatment effects,
vemurafenib received FDA approval in August 2011 for
the treatment of patients with unresectable or metastatic
melanoma with the BRAFV600E mutation, establishing a
new treatment standard for patients with metastatic
melanoma.

Disappointingly, the clinical activity with BRAFV600E
inhibition seen in metastatic colorectal cancer is more
modest than had been observed in melanoma. Results from
a phase I extension study, where 21 patients with
BRAFV600E mutant metastatic colorectal cancer were
treated with PLX 4032, demonstrated one confirmed par-
tial response and four minor responses among 19 evaluable
patients. 5 patients showed a mixed response pattern (i.e.,
with both regressing and progressing lesions), and 2 of the
3 patients who underwent repeat FDG-PET imaging
achieved a metabolic response [62]. Nonetheless, this
modest activity does confirm mutant BRAF as a potential
therapeutic target in colorectal cancer, assuming the mech-
anisms underlying the variations in patient activity could
be identified. Additionally, it would be reasonable to as-
sume that the functional biology of BRAF activation in
these two tumor types is quite different, based on the
marked differences in responses to BRAF inhibition.
Efforts have since focused on better understanding what
additional mechanisms of dependence on BRAFV600E as
well as potential causes of early resistance in colorectal
cancer. Much of the preclinical work to date has focused on
genetic (e.g., other mutated kinases), epigenetic (e.g.,
methylation), and functional (e.g., activation of other path-
ways in response to BRAF inhibition) mechanisms that are
both shared with those seen in melanoma as well as those
that might be unique to colorectal cancer.
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Mechanisms of resistance to BRAF inhibitors

Recently, a number of groups of investigators independently
reported their preclinical findings on the potential mechanisms
responsible for the de novo resistance of BRAFV600E colo-
rectal cancer to BRAF inhibition [59, 63]. Prahallad et al. [59]
confirmed, as seen clinically, that BRAFV600E mutant mela-
noma cells are more sensitive to BRAF inhibition than
BRAFV600E mutant colorectal cancer cells. Notably, they
found that treatment of several BRAF mutant colorectal cell
lines with PLX4032 resulted in significant increase in EGFR
phosphorylation, reflecting activation of the EGFR receptor.
This strong feedback activation of EGFR incited by BRAF
inhibition was shown to be ligand-dependent. Critically, they
were able to demonstrate how this feedback loop was activat-
ed. They showed that ERK, which is normally activated
(pERK) in BRAF mutant tumors, regulates production of a
phosphatase (CD25c) that, in turn, negatively regulates EGFR
signaling. Inhibition of pERK with vemurafenib stops that
negative regulatory process, leading to rapid activation of
EGFR, and therefore continued cell proliferation via multiple
other downstream pathways. Interestingly, EGFR activation
was not seen in melanoma cell lines treated with vemurafenib,
using the same experimental approach, providing further ev-
idence that BRAF mutant CRC is functionally different to
melanoma. The use of an EGFR inhibitor with vemurafenib
effectively abrogated this resistance mechanism. In these stud-
ies, both EGFR antibodies (cetuximab) and small molecules
(erlotinib) proved effective as combinations indicating that the
activation of the EGFR pathway was ligand-dependent.

Further supportive experimental work was published at a
similar time. Corcoran et al. [63] similarly observed an EGFR-
mediated rapid reactivation of the MAPK pathway in BRAF
mutant colorectal cancer cells to BRAF inhibition with
PLX4032. However, this resistance mechanism appears to
involve the activation of RAS by EGFR and induction of
phospho-CRAF rather than an increased EGFR phosphoryla-
tion per se as seen in Prahallad et al.’s study. Previous studies
have shown that in the face of BRAF inhibition, RAS activa-
tion can lead to MAPK pathway activation via direct activa-
tion of CRAF or by the transactivation of BRAF-CRAF
heterodimers [64–66]. Once again, it was observed that
BRAF mutant colorectal cancer cells expressed higher levels
of EGFR and phospho-EGFR compared to BRAF mutant
melanoma cells, suggesting that colorectal cancer may be
more susceptible to EGFR-mediated resistance than melano-
ma. This is not altogether surprising, given the importance of
signaling through EGFR in colorectal cancer, not just BRAF
mutant colorectal cancer.

Two other studies have recently suggested that PI3K/AKT
pathway activation is an alternative resistance mechanism to
BRAF inhibition in BRAF mutant colorectal cancer [67, 68].
PI3K signaling is activated in human cancers via several

different mechanisms: direct mutational activation or amplifi-
cation of PIK3CA and AKT1, or loss of PTEN. PI3K can also
be activated by genetic mutation and/or amplification of up-
stream RTKs and possibly by mutationally activated Ras [69].
Nearly 40 % of colorectal cancer have been shown to have
alterations in one of eight PI3K pathway genes and these
mutations are almost always mutually exclusive of one anoth-
er [70]. Additionally, BRAF mutation co-exists with PIK3CA
and PTEN mutations in 13 % and 22 % of colorectal cancers
[71, 72], suggesting perhaps activation of the PI3K/AKT axis
may partly account for resistance to BRAF inhibition in
BRAF mutant colorectal cancer.

Mao et al. [67] recently reported that BRAF mutant colo-
rectal cancer cell lines showed a higher levels of PI3K/AKT
pathway activation compared to BRAF mutant melanoma cell
lines. Importantly, BRAF mutant CRC cell lines with muta-
tion in PTEN and PIK3CA were less sensitive to growth
inhibition by a potent BRAF inhibitor, PLX4720. Using mul-
tiple novel genetically engineered mouse models for sporadic
colorectal cancer, Corcoran et al. demonstrated sustained
PI3K/mTOR activity inBRAFV600Emutant colorectal cancer
upon BRAF inhibition.

Combination therapeutic strategies

Elucidating the resistance mechanisms to BRAF inhibition
has provided strong rationale for using combination therapeu-
tic strategies in treating patients with BRAFmutant colorectal,
for whom survival outcome is poor with no current effective
targeted treatment. It has been shown that both in vivo and
in vitro inhibition of EGFR with either anti-EGFR monoclo-
nal antibody cetuximab or tyrosine kinase inhibitor gefitinib
or erlotinib are strongly synergistic with BRAF inhibition,
resulting in sustained MAPK pathway suppression and mark-
edly increased therapeutic efficacy [59, 63]. Based on these
compelling series of studies, clinical trials with BRAF and
EGFR inhibitors (both small molecules and antibodies), as
well as trials targeting the “ tr iple combination”
(BRAF/EGFR/PIK3CA inhibition) in BRAF mutant colorec-
tal cancer are now in early stage of clinical development.
Results from these trials are eagerly awaited.

Yang et al. [5] also explored a range of combination ther-
apies with both standard agents and targeted inhibitors in
preclinical xenograft models. Increased antitumor activity
and improved survival in xenograft models has been demon-
strated with the administration of vemurafenib in combination
with an AKT inhibitor (MK-2206), capecitabine and/or
bevacizumab, cetuximab and/or irinotecan, or erlotinib.
Collectively, these findings suggest that the administration of
vemurafenib in combination with standard cytotoxics or novel
targeted therapies may result in more promising clinical
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efficacy than vemurafenib monotherapy in patients with
BRAF mutant colorectal cancer.

Conclusions

Individualizing patient treatment based on their tumors’ mo-
lecular profile, i.e., biomarker-guided personalized cancer
treatment, remains one of the most important aims in cancer
management. One of the earliest, and arguably most success-
ful examples of such personalized cancer therapy comes from
the discovery of estrogen and/or progesterone receptor status
as a biomarker for predicting benefit from the estrogen recep-
tor α antagonist, tamoxifen, in breast cancer [73]. In 1998, a
decade later, FDA approved the use of trastuzumab for the
treatment of HER2-amplified metastatic breast cancer and,
subsequently, in the adjuvant setting. This is based on numer-
ous studies demonstrating that HER2 over-expression and
amplification, which occurs in 15 to 30 % of breast cancers,
is a strong predictor of benefit from treatment with
trastuzumab, an antibody that targets the receptor tyrosine
kinase HER2 [74]. Today, breast cancers are routinely
screened for estrogen receptor status and HER2 over-expres-
sion/amplification, and treatment is tailored to tumors’molec-
ular changes accordingly. Other predictive biomarkers which
have a significant impact on current clinical practice are the
presence of an EGFR-activating mutation in metastatic non-
small-cell lung cancer and KRAS mutations in metastatic
colorectal cancer, which has been shown to correlate with
responses to treatment with EGFR tyrosine kinase inhibitors
[75] and resistance to anti-EGFR monoclonal antibodies
[76–78], respectively.

Over the past decade, BRAF has emerged as an important
molecular target in cancer treatment in view of its oncogenic
potential in various tumor types and the impressive clinical
efficacy seen in BRAF mutant melanoma treated with the
BRAFV600E inhibitor, vemurafenib. Nevertheless, the potent
antitumor activity observed in melanoma with single-agent
BRAF inhibition has not been reproduced in metastatic colo-
rectal cancer, despite the fact that this molecular alteration is a
robust biomarker of poor prognosis in colorectal cancer. Using
various preclinical models, researchers have recently reported
convincing evidence on the underlying mechanisms of resis-
tance to BRAF inhibition, thereby providing rationale for
combination therapeutic strategies. Additionally, the consis-
tent finding of BRAFV600Emutation as a negative prognostic
biomarker for survival outcome in patients treated with con-
ventional cytotoxic chemotherapy with or without anti-EGFR
MoAb may justify the development of novel targeted agents
in the first- or second-line setting in these patients.

Many challenges lie ahead in the development of agents
targeting BRAFV600E mutant cancers. Robust preclinical
analyses with well-validated models will be required to better

inform clinical trial design. The tremendous pace of advance-
ment in molecular technology and cancer genome biology is
capable of transforming many aspects of oncology diagnosis,
clinical trial design, and treatment. However, the major chal-
lenge in the future is how best to take advantage of these new
insights and to apply it clinically. The most efficient and
promising way to move the biomarker field forward is to
continue to improve our understanding of the inter-related
network of cell signaling pathways by using well-annotated
human tissue, correlating molecular changes with patient
treatment and outcome data, ideally in the context of clinical
trials. This, in turn, could be aided substantially by the devel-
opment of targeted therapeutics. To this end, exploration of
in vivo biology with pharmacodynamic markers (such as pre-
and post-treatment biopsies) in patients treated with these
agents could be highly informative and should be strongly
encouraged when possible.
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