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The clinical development of selective BRAF inhibitors for metastatic BRAF
V600 mutant melanoma patients has been a major breakthrough in targeted
therapeutics. Objective response rates of approximately 50% have been
observed in the Phase Il studies of the BRAF inhibitors vemurafenib and dabra-
fenib. The side effects can be relatively common, including proliferative skin
toxicities. The latter range from hyperkeratosis and keratoacanthomas (KAs)
to squamous cell carcinomas (SCCs) and new primary melanomas. In addition,
case reports on the emergence of gastric/colonic polyps and RAS mutant malig-
nancies have been described during BRAF inhibitor therapy. These events have
been attributed to paradoxical activation of the MAPK pathway in BRAF wild-
type cells exposed to selective BRAF inhibitors in addition to increased RAS
activity. Combined BRAF and MEK inhibition appears to improve clinical out-
comes and reduce cutaneous proliferation events as fewer KAs and SCCs have
been observed with combination therapy. Next-generation pan-RAF inhibitors
("paradox breakers’) and ERK inhibitors may further enhance clinical activity in
metastatic BRAF-mutant melanoma patients and mitigate this paradoxical
oncogenesis. Further investigation into the potential long-term effects of
selective BRAF inhibitors is warranted as expanded use of these agents is
expected in patients with BRAF-mutant melanoma and other malignancies.
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1. BRAF in melanoma

Although NRAS mutations were first described in melanoma in 1984, the develop-
ment of targeted therapy for metastatic melanoma truly gained its footing with the
identification of activating mutations in BRAF in 2002 [1]. Mutations in exon 15 of
the BRAF gene occur in 40 — 60% of cutaneous melanomas, with the most common
being the V60OE mutation [2]. This gain-of-function change leads to constitutive
activation of the MAPK pathway (Figure 1A), resulting in increased cell growth, pro-
liferation and invasiveness. Metastatic melanoma harboring BRAF mutations have
been associated with worse overall survival prior to the development of targeted
agents [2. We have now seen the rapid development of selective BRAF and MEK
inhibitors (BRAFi and MEKi, respectively) as targeted therapy for BRAF V600
mutant melanoma.

In the last 3 years, the US FDA has approved three targeted agents for metastatic
BRAF-mutant melanoma patients (Figure 1B). Vemurafenib, a selective BRAF
V600 mutant kinase inhibitor, was FDA approved in August 2011 based on the
BRIM3 Phase III study showing improved clinical outcomes compared to dacarba-
zine (3. The objective response rate for vemurafenib was 48%, with a median
progression-free survival (mPES) of 5.3 months and an overall survival of 84% after
6 months. A second BRAFi dabrafenib was FDA approved in May 2013 after the
randomized Phase III trial (BREAK3) also confirmed superiority over dacarbazine.
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Figure 1. Activation of the MAPK pathway. A. During normal signaling conditions, the MAPK cascade is initiated through
ligand-mediated activation of receptor tyrosine kinases. In this model, the binding of ligand to its cognate receptor leads to
recruitment of RAS to the plasma membrane, the formation of RAF dimers, and ultimately downstream activation of MEK and
ERK. B. Acquisition of mutations in BRAF at codon position 600 (V600E) leads to constitutive activation of the MAPK pathway
that is not dependent on upstream RTK or RAS activity. The kinase inhibitors vemurafenib and dabrafenib target the mutant
form of BRAF, and trametinib targets MEK. C. In cells with a wild-type BRAF and either upstream growth-factor-activated or
mutated RAS, the inhibitor binds BRAF and promotes BRAF-CRAF dimer formation leading to paradoxical activation of MAPK

through transactivation of the uninhibited CRAF protomer.

Dabrafenib yielded a response rate of 50%, with an mPFS of
5.1 months and an overall survival of 74% at 6 months [4].
Long-term follow-up for both studies have demonstrated
mPES over 6 months. More importantly, 26% of the patients
are still alive 3 years after initiating treatment with BRAFi
(vemurafenib), indicating that durable benefit is achieved in
a subset of patients [5]. The third FDA-approved targeted
agent is trametinib, an MEKi. However, a lower objective
response rate (22%) and shorter mPFS were demonstrated
with trametinib in the Phase III METRIC trial as compared
to data for vemurafenib and dabrafenib, making a BRAFi
the preferred single-agent BRAF V600 mutant melanoma
targeted therapy [6].

While vemurafenib and dabrafenib both have demon-
strated clinical benefit, treatment-related adverse events are
relatively common. In patients treated with vemurafenib on
BRIM3, 38% required a dose reduction because of short-
term side effects; 28% of patients treated with dabrafenib on
BREAKS3 required a dose reduction [3,4]. Most of these toxic-
ities are tolerable and reversible. However, concern has arisen
over an increase in proliferation events, most notably squa-
mous cell carcinomas (SCCs), keratoacanthomas (KAs) and
melanomas de novo 7.

2. Paradoxical toxicities of selective BRAF
inhibitors

Most targeted agents would be expected to have a suppressive
effect (or null effect) on pathway signaling in cellular processes

regardless of the genetic composition. A paradoxical effect has
been observed with selective BRAF V600E mutant kinase
inhibitors, where exposure to these drugs can lead to MAPK
pathway activation in BRAF wild-type and low-activity
BRAF-mutant cells (7). The underlying mechanisms of paradox-
ical MAPK activation have been attributed to promotion of
wild-type BRAF and CRAF dimerization and transactivation
of the noninhibited RAF protein leading to subsequent
MAPK pathway activation (Figure 1C). This process also
appears to be dependent on upstream RAS signaling, such as
through receptor tyrosine kinase activation and oncogenic
RAS mutations. The paradoxical MAPK activation with selec-
tive BRAFi is believed to be involved in the proliferative events
(paradoxical oncogenesis) seen during vemurafenib and
dabrafenib treatment.

2.1 Cutaneous

In the BRIM3 study of vemurafenib, 199 grade 2 - 3 cutane-
ous adverse events were reported in 336 patients [3]. Similarly,
a high number of cutaneous side effects were reported in the
BREAK3 study of dabrafenib (52 grade 2 - 3 cutaneous
events in 187 patients) [4]. While many of these toxicities
included rash, alopecia, pruritus and hyperkeratosis, other
more concerning proliferative toxicities were seen. With
vemurafenib, SCCs and KAs occurred in 12 and 8% of
patients, respectively (3,8, With dabrafenib, SCCs or KAs
occurred in 6% of patients (4. Moreover, verrucal keratoses
have been reported in up to 49% of patients on dabrafenib
in an Australian series [9]. The vast majority of SCCs occur
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in chronically sun-damaged skin. Histologically, the SCCs
tend to be well-differentiated lesions [9].

The mean time to diagnosis of the first cutaneous SCC/KA
is 8 = 10 weeks, although lesions appear as early as 3 weeks [9].
This short time lapse suggests that selective BRAFi may not
have direct carcinogenic effects, but instead may potentiate
preexisting initiating oncogenic events. In approximately
60% of cases, RAS mutations have been identified (predomi-
nately HRAS) (8]. Both SCCs and KAs can be treated by sim-
ple excision or cryotherapy. Occasionally, the distribution of
these lesions can be quite extensive, but so far, no cases of
metastases have been reported. Although less common,
another proliferative skin disorder reported in patients on
BRAFi is the occurrence of new melanocytic nevi and mela-
noma, commonly having a wild-type BRAF status [9]. The
long-term consequences of these proliferative events remain
unclear. The time to development of cutaneous lesions can
be delayed as late as 25 weeks and tends to continue during
the course of therapy [10].

2.2 Gastrointestinal

Apart from diarrhea, nausea and vomiting, which are the most
frequently reported side effects after cutaneous toxicities,
the development of colonic and gastric polyps has been
reported in patients receiving vemurafenib. In the Phase I
trial of vemurafenib, four out of eight long-term responders
(> 2 years) underwent endoscopic analysis; three of these
patients harbored multiple colonic adenomas and/or gastric
polyps, an uncommonly high ratio [11]. One of these patients
presented with a gastrointestinal bleed and was found to have
11 colonic and gastric polyps and a bleeding duodenal ulcer;
he had an unrevealing endoscopy just 5 months before start-
ing vemurafenib. The majority of the lesions sequenced
harbored mutations in the APC tumor suppressor gene, which
is known to be associated with sporadic and hereditary colo-
rectal cancer. This is an unsettling finding since some
evidence suggests that APC loss and MAPK signaling are
required for the development of colorectal carcinoma in
mouse models [7].

Furthermore, a case of recurrent KRAS mutant colon
cancer has been reported in a patient during treatment with
dabrafenib plus trametinib therapy for metastatic BRAF-
mutant melanoma [12]. Prior to his melanoma diagnosis, he
underwent resection of localized colon cancer. His melanoma
responded to BRAFI/MEKIi therapy; however, after 12 weeks,
an isolated brain lesion developed. After resection of this brain
metastasis, pathology confirmed that it was a recurrence of his
prior colon cancer. Cell lines derived from this KRAS mutant
adenocarcinoma brain metastasis showed sensitivity to trame-
tinib, whereas dabrafenib increased cell proliferation. After a
temporary hold of drugs in this patient, single agent dabrafe-
nib was restarted. Despite showing response in his melanoma
disease, he experienced a rise in CEA levels, new pleural
disease and a second brain metastasis confirmed to be colon
adenocarcinoma.

2.3 Other proliferative disorders

The proliferative effects of paradoxical MAPK activation are
not restricted to skin and gastrointestinal tract. The emer-
gence of other types of malignancies has been described,
such as RAS mutant leukemia, where vemurafenib was
stimulating the growth of preexisting NRAS mutant chronic
myelomonocytic leukemia cells by causing hyperactivation
of ERK, after a mere 11 days of treatment [7].

3. Expert opinion

The field of BRAF targeted therapy is rapidly evolving. While
the main goal is to increase clinical efficacy and duration of
response, we will hopefully also see a reduction in paradoxical
MAPK activation and secondary malignancies. One such
strategy is the combination of BRAF and MEK inhibitors.
The rationale is based on the reactivation of the MAPK
pathway that occurs at time of BRAFi resistance. Indeed,
the Phase 1/II study of dabrafenib plus trametinib in meta-
static BRAF V600 mutant melanoma demonstrated a higher
objective response rate and longer mPFS with the combina-
tion; a Phase IIT study of dabrafenib plus trametinib versus
dabrafenib plus placebo is ongoing [13]. The addition of
MEKi also appears to reduce paradoxical MAPK activation,
as the incidence of SCCs was 19% in the dabrafenib only
cohort and 7% in the dabrafenib plus trametinib cohorts.
However, the addition of MEKi can increase the risk of other
side effects. MEKis are associated with peripheral edema,
hypertension, decreased cardiac ejection fraction, and ocular
events. Combination therapy does not fully prevent the devel-
opment of secondary malignancies, but it does dramatically
lower the prevalence of SCCs from 19% for dabrafenib alone
to 2 = 7% in combination with trametinib [q].

Perhaps the new generation of MAPK pathway inhibitors
will overcome the paradoxical MAPK activation seen with
selective BRAFi. These include RAF kinase inhibitors with
more potent inhibition of all RAF isoforms, called paradox
breakers. An example is the development of TAK-632, which
suppresses RAF activity in BRAF wild-type cell with minimal
paradoxical MAPK activation and has potent activity in
BRAF-mutant melanoma cell lines [14]. ERK inhibitors are
also being developed as single agents and in combination
with BRAFi, which may also increase antitumor activity and
eliminate paradoxical oncogenesis [15].

As of yet, no trials have been conducted to specifically
investigate the consequences of long-term BRAFi therapy.
With emerging data on secondary cancers and more wide-
spread use of BRAFi in patients with BRAF-mutant mela-
noma and other malignancies, this will be an important
concept to address. While no firm guidelines exist, we
recommend close follow-up by a dermatologist after com-
mencing BRAF targeted therapy. Since BRAFi treatment
seems to provoke previous existing or dormant RAS mutant
cancers, caution is warranted in the treatment of patients
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with a history of such malignancies. Once more data on the
emergence of colonic and gastric polyps is available, the role
of endoscopic screening can be better addressed. Identifica-
tion of these paradoxical effects and toxicities will be neces-
sary for the clinician to recognize and for future research

development.

Bibliography
Papers of special note have been highlighted as
either of interest (@) or of considerable interest

(e®) to readers.

1. Davies H, Bignell GR, Cox C, et al.
Mutations of the BRAF gene in human
cancer. Nature 2002;417:949-54

2. Long GV, Menzies AM, Nagrial AM,
et al. Prognostic and clinicopathologic
associations of oncogenic BRAF in

metastatic melanoma. J Clin Oncol

2011;29:1239-46
3. Chapman PB, Hauschild A, Robert C,

et al. Improved survival with
vemurafenib in melanoma with BRAF
VG600E mutation. N Engl ] Med
2011;364:2507-16

4. Hauschild A, Grob JJ, Demidov LV,
et al. Dabrafenib in BRAF-mutated
metastatic melanoma: a multicentre,
open-label, phase 3 randomised
controlled trial. Lancet 2012;380:358-65

5. Kim K, Ribas A, Chmielowski B, et al.
Long term safety and efficacy of
vemurafenib in the treatment of
BRAFV600-mutant advanced melanoma
(BRIM-2 study update). Pigment Cell
Melanoma Res 2012;25:866

6. Flaherty KT, Robert C, Hersey P, et al.
Improved survival with MEK inhibition
in BRAF-mutated melanoma. N Engl
J Med 2012;367:107-14

7. Gibney GT, Messina JL, Fedorenko IV,

et al. Paradoxical oncogenesis-the long-
term effects of BRAF inhibition in

10.

11.

Declaration of interest

S Sloot received a grant from the Groningen Melanoma and
Sarcoma Foundation. GT Gibney has served as a Consul-
tant/Steering Advisory Committee Member for Genentech/

Roche. Remaining authors state no conflict of interest.

melanoma. Nat Rev Clin Oncol
2013;10:390-9

Review article that provides a more in
depth look at paradoxical oncogenesis
events in patients treated with

BRAF inhibitors.

Su F, Viros A, Milagre C, et al. RAS
mutations in cutaneous squamous-cell
carcinomas in patients treated with
BRAF inhibitors. N Engl ] Med
2012;366:207-15

Key publication on the high
prevalence of RAS mutations in SCCs
developing during BRAF

inhibitor therapy.

Anforth R, Fernandez-Penas P,

Long GV. Cutancous toxicities of RAF
inhibitors. Lancet Oncol 2013;14:¢11-18
Review article that provides more in
depth look at the secondary cutaneous
events in patients treated with

BRAF inhibitors.

Filitis DC, Mahalingam M. Cutaneous
adverse events to type I BRAF inhibitors:
an analysis of effects associated with each
inhibitor and therapeutic time interval to
onset. Am ] Clin Dermatol
2013;14:461-71

Chapman P, Metz D, Sepulveda A, et al.
Development of colonic adenomas and
gastric polyps in BRAF mutant
melanoma patients treated with
vemurafenib. Pigment Cell

Melanoma Res 2012;25:847

12.  Andrews MC, Behren A, Chionh F,
et al. BRAF inhibitor-driven tumor
proliferation in a KRAS-mutated colon
carcinoma is not overcome by MEK1/
2 inhibition. J Clin Oncol
2013;31(35):e448-51

13.  Flaherty KT, Infante JR, Daud A, et al.
Combined BRAF and MEK inhibition in
melanoma with BRAF V600 mutations.
N Engl ] Med 2012;367:1694-703

14.  Nakamura A, Arita T, Tsuchiya S, et al.
Antitumor activity of the selective
Pan-RAF inhibitor TAK-632 in BRAF
inhibitor-resistant melanoma. Cancer Res

2013;73:7043-55

15.  Morris EJ, Jha S, Restaino CR, et al.
Discovery of a novel ERK inhibitor with
activity in models of acquired resistance
to BRAF and MEK inhibitors.

Cancer Discov 2013;3:742-50

Affiliation

Sarah Sloot™? MD, Inna V Fedorenko',
Keiran SM Smalley'? & Geoffrey T Gibney"?
FAuthor for correspondence

"Moffitt Cancer Center, Department of
Cutaneous Oncology, 12902 Magnolia Drive,
SRB4, Tampa, FL 33612, USA

E-mail: sarahsloot@gmail.com

2UMCG Groningen, Department of General
Surgery, Groningen, The Netherlands
3Universiry of South Florida,

Department of Oncologic Sciences,

Tampa, Florida

592

Expert Opin. Pharmacother. (2014) 15(5)

RIGHTS LI N Ky


www.ncbi.nlm.nih.gov/pubmed/12068308?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/12068308?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/21343559?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/21343559?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/21343559?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/21639808?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/21639808?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/21639808?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22735384?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22735384?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22735384?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22735384?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22663011?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22663011?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23712190?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23712190?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23712190?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23712190?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22256804?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22256804?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22256804?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/22256804?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23276366?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23276366?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24048637?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24048637?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24048637?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24048637?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24048637?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24190114?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24190114?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24190114?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24190114?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23020132?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23020132?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24121489?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24121489?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/24121489?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23614898?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23614898?dopt=Abstract
www.ncbi.nlm.nih.gov/pubmed/23614898?dopt=Abstract
mailto:sarahsloot@gmail.com
http://informahealthcare.com/journal/EOP

	Abstract
	BRAF in melanoma
	Paradoxical toxicities of selective BRAF inhibitors
	Cutaneous
	Gastrointestinal
	Other proliferative disorders

	Expert opinion
	Declaration of interest
	Bibliography

