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Abstract

In early 2011, we reviewed the initial success of the RAF inhibitor, vemurafenib, in mutant V600
BRAF melanoma patients. It was soon evident that the response to RAF inhibitor is heterogeneous
and that the short-term benefits are burdened by the development of resistance. The field has
progressed rapidly with the FDA-approval of vemurafenib and the development of other RAF and
MEK inhibitors. Despite these advances, the issue of RAF inhibitor resistance remains. Here, we
review recent clinical advances in the field, the growing number of resistance mechanisms,
preclinical evidence for combinatorial trials using RAF inhibitors as the building blocks, and the
new challenges that are arising.
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Introduction

The introduction of RAF inhibitors has dramatically changed the treatment options for the
~50% of melanoma patients that harbor V600 BRAF mutations. However, as with other
targeted therapies, mechanisms of primary/intrinsic and acquired resistance exist. We will
initially review the phase 2 and phase 3 trial results with vemurafenib and the findings with
the selective RAF inhibitor, dabrafenib, and new MEK inhibitors. Second, we will outline
resistance mechanisms and elaborate on our model of compensatory pathways being
important in the primary response and re-activation of the MEK-ERK1/2 pathway (Figure
1).

Clinical trials lead the way

The findings from the phase 1 vemurafenib trials in melanoma were a breakthrough for the
field (Flaherty et al., 2010) and were rapidly supported by the phase 2 and 3 findings. In the
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phase 2 trial of vemurafenib, 132 melanoma patients were enrolled who were confirmed for
BRAF V600 status but had not previously received other drug regimens (Sosman et al.,
2012). Patients were dosed with 960 mg of vemurafenib taken orally twice daily. The study
yielded promising results with a confirmed overall response rate of 53% and median
progression free survival (PFS) of 6.8 months. Notably, 25% of patients tested demonstrated
a PFS of greater than 12.9 months. The phase 3 trial comprised of 675 therapy-naive patients
and directly compared the efficacy of vemurafenib to the previous first line therapy,
dacarbazine (Chapman et al., 2011; Chapman et al., 2012b). Patients testing positive for a
stage IC or IV BRAF V600 melanoma were randomly assigned to the vemurafenib group
or the dacarbazine group. A dramatic difference between overall response rates was
observed: 48% for vemurafenib versus 5% for dacarbazine. Median overall survival rates
were calculated to be 13.2 months, and 9.6 months for vemurafenib and dacarbizine,
respectively (Chapman et al., 2012b). Additionally, vemurafenib provided a median PFS of
5.3 months compared to 1.6 months with dacarbazine.

Other selective RAF inhibitors including dabrafenib (GSK2118436) with preference for the
V600 mutant form of BRAF have also been developed. Initial clinical data with dabrafenib
was promising (Hauschild et al., 2012) and this RAF inhibitor was given FDA approval in
May 2013 for V600OE BRAF-driven melanoma. An open-labeled randomized phase 3 trial
was conducted with 250 patients randomly selected to receive either dabrafenib (150 mg
twice daily) or dacarbazine. A recent update of this trail showed that dabrafenib elicited a
median PFS of 6.9 months compared to 2.7 months with dacarbazine (Hauschild et al.,
2013). It was also found that dabrafinib provided an overall survival rate of 18.2 months
compared to 15.6 months with dacarbazine treatment. Importantly in a phase 2 trial of
dabrafenib, patients with previously untreated or treated brain metastases exhibited response
rates of 22% and 31%, respectively (Long et al., 2012). These findings are notable given the
frequency of brain metastasis in melanoma.

Next generation MEK inhibitors with improved pharmacokinetic properties have also shown
promise as a treatment option for mutant BRAF melanomas leading to the FDA approval of
trametinib (GSK1120212) in May 2013 for the treatment of V600E/K BRAF melanoma. In
a phase | trial, trametinib provided 5.7 months of PFS in V600 mutant BRAF metastatic
melanoma patients compared to 2.0 months in wild type BRAF patients (Falchook et al.,
2012). In a phase 3 study of V600E/K BRAF patients, median PFS was 4.8 months in the
trametinib-treated cohort compared to 1.5 months with standard chemotherapy (Flaherty et
al., 2012b). Trametinib has also been tested in a larger scale phase Il study comprising of 2
arms, a cohort of patients having mutant BRAF melanoma progressing under BRAF
inhibitor treatment and a cohort with mutant BRAF having had no previous BRAF targeted
treatments. Results demonstrate that trametinib is quite effective against BRAF inhibitor
naive patients exhibiting a PFS of 4.0 months. However, PFS was only 1.8 months in the
cohort of patients who have been treated previously with a selective BRAF inhibitor (Kim et
al., 2013). In the latter, BRAF inhibitor treatment was stopped prior to trametinib treatment
perhaps suggesting that MEK inhibitors alone are not able to sufficiently inhibit the ERK1/2
pathway in resistant patients.
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Although it might seem counterintuitive to target the same pathway at multiple points,
evidence from the vemurafenib alone trials indicated a need for >80% inhibition of phospho-
ERKZ1/2 for clinical effect (Bollag et al., 2010). Thus, combinational therapies of RAF and
MEK inhibitors are currently being evaluated. A phase I/11 trial of dabrafenib and trametinib
was conducted to address the safety and the possibility of an adverse drug interaction
(Flaherty et al., 2012a). Median PFS was improved by 3.6 months in patients receiving
dabrafenib concurrently with a 2 mg/day dose of trametinib when compared to patients only
being treated with dabrafenib. Additionally, a partial or complete response was observed in
76% of the dual-therapy patients, while a response rate of 54% was elicited in patients
receiving the dabrafenib monotherapy. The combined treatment regimen is well tolerated by
patients and even reduces the risk of cutaneous squamous cell carcinoma/keratoacanthoma
(cuSCC/KA) from 19% in a dabrafenib monotherapy to 2—7% (depending on the
concentration of MEK inhibitor used). In the studies with trametinib alone, there was no
induction of keratoacanthoma (Kim et al., 2013).

Immunological effects of RAF inhibitors

While BRAF inhibitors block MEK-ERK1/2 activation in cells possessing V600E BRAF, a
paradox exists in that RAF inhibitors cause induction of the pathway in wild-type BRAF
cells with high RAS activity (Kaplan et al., 2010). This paradoxical ERK1/2 activation can
induce cuSCC/KA, adenomas and in one case leukemia (Callahan et al., 2012; Chapman et
al., 2012a; Su et al., 2012b). However, the same paradoxical signaling has some positive
effects. One example is vemurafenib stimulation of the immune response. Koya et al.
describe that tumor-infiltrating lymphocytes possessed higher secretion of the potent
immunostimulant, interferon-vy, following vemurafenib treatment and this observation
correlated with an increased intrinsic cytotoxic ability (Koya et al., 2012). Furthermore, they
demonstrated an enhanced anti-tumor effect against a subcutaneously implanted, mouse-
derived V600E BRAF melanoma line using vemurafenib in combination with adoptively
transferred splenocytes designed to target the melanocyte marker gp100. Vemurafenib
paradoxically enhanced ERK1/2 signaling in these cells, and the authors believe this may be
the mechanism responsible for the enhanced immune response and contribute to the overall
anti-tumoral effect.

The effect of ERK1/2 pathway inhibitors on the immune system was also investigated by
Wargo and colleagues. This group demonstrated that both RAF and MEK inhibitors
increased the expression of melanocyte differentiation antigens (MDAS) on melanoma cells
and that these MDA are targets for T-lymphocytes (Boni et al., 2010). The group further
demonstrated that the pantropic effects of the MEK inhibitors depress the efficacy of the T-
lymphocytes themselves, but importantly, that selective RAF inhibitors are not suppressive.
These data raise important differences between RAF inhibitor alone versus MEK inhibitor-
containing treatments and suggest that selective RAF inhibitors combined with
immunotherapy may be an efficacious approach to melanoma therapy.

A phase | trial was conducted based on some of these data utilizing a dual treatment of
vemurafenib combined with the cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)
blocking antibody, ipilimumab. However, this study was ended with patients experiencing
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significant hepatotoxic effects, and trial organizers needed to curtail drug exposure (Ribas et
al., 2013). While these results were disappointing, there have been significant other
advances in the immunotherapy field utilizing antibodies against programmed death 1
(PD-1) (Hamid et al., 2013; Wolchok et al., 2013). Therefore, trials testing the combination
of RAF inhibitor and anti-PD-1 antibodies are likely.

Mechanisms of resistance to RAF inhibitors

As noted above, the durable benefit provided by RAF inhibitors is limited by resistance. The
mechanisms of resistance fall into two broad categories. Intrinsic/primary resistance is
displayed by approximately 50% of patients- ~15% of patients show no tumor shrinkage in
response to vemurafenib, while ~35% of patients achieve a degree of tumor shrinkage that is
not sufficient to meet the RECIST criteria for a partial response (Chapman et al., 2011,
Flaherty et al., 2010; Sosman et al., 2012). The other 50% of the patients initially respond
(>30% tumor shrinkage) to RAF inhibitor but subsequently develop progressive disease
associated with acquired/secondary resistance to RAF inhibitor. These two categories are
not mutually exclusive since nearly all responders have remaining disease and, thus, may
display intrinsic resistance. Here, we review the mechanisms associated with each category.

Reactivation of ERK1/2 pathway associated with acquired resistance

Multiple studies have treated mutant BRAF melanoma lines that are susceptible to BRAF
perturbation with vemurafenib for prolonged periods in vitro until drug resistant colonies
develop. From these studies, it is clear that numerous mechanisms of resistance can develop,
even from within a single cell line (Gowrishankar et al., 2012). A consistent theme among
these mechanisms is ERK1/2 pathway re-activation in the presence of RAF inhibitor.
Several of these mechanisms have been validated in patient samples.

In 2010, the initial studies on RAF inhibitor resistance from Nazarian and colleagues
elucidated two mutually exclusive mechanisms to negate the blockade of BRAF V600E
signaling. The first was up-regulation and activation of the receptor tyrosine kinase (RTK),
PDGFR-B, and the second was expression of mutant Q61 NRAS (Nazarian et al., 2010).
More recently, NRAS mutations were discovered in 4 of 19 patient samples (Poulikakos et
al., 2011), validating NRAS mutations coexisting with BRAF V600E as a frequent
mechanism of resistance. While NRAS is the most frequent form of RAS that is mutated in
melanoma, HRAS and KRAS mutations occur in 1% and 2% of patients, respectively. These
may also be important in the setting of acquired resistance to RAF inhibitors, since acquired
KRAS mutations have been reported in vemurafenib-treated A375 V600E melanoma cell
line (Su et al., 2012a).

A second mechanism of resistance that relies on ERK1/2 re-activation is alternative splicing
of V600OE BRAF. Poulikakos et al. detected a 61-kDa form of V600E BRAF, which lacked
exons 4-8 (encoding the RAS binding domain of BRAF) from in vitro resistant cell lines
(Poulikakos et al., 2011). This V600E BRAF variant possesses a markedly higher
dimerization property irrespective of RAS status and strongly activates MEK and ERK1/2 in
the presence of vemurafenib. Additionally, V600E BRAF copy number amplification has
also been implicated as a mechanism of resistance. Whole exome sequencing of twenty
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patients comparing base-line melanoma to that of a RAF inhibitor progressing tumor
revealed that 20% (4 out of 20) harbored increased V600E BRAF copy number, which
ranged from 2.2- to 12.8-fold. Further profiling of the patients with increased copy number
did not identify other known mechanisms of vemurafenib resistance, such as acquired
NRAS mutation or RTK amplification, raising the possibility that V600E BRAF
amplification alone is sufficient for BRAF inhibitor resistance (Shi et al., 2012b). In a small
percentage of cases, activating MEK1 mutations have also been implicated as a mechanism
of vemurafenib resistance. Targeted sequencing of a cancer gene panel revealed an
activating mutation in the RAF target, MEK1 (Wagle et al., 2011). A tumor biopsied from a
patient whom became resistant to vemurafenib treatment harbored a cysteine to serine
mutation at codon 121 (C121S) of MEKZ1. The phosphorylation of ERK1/2 in cells
expressing C121S MEK1 was elevated and this variant was permissive for growth in
vemurafenib-treated mutant BRAF cell lines. However, the significance of other MEK1
mutations has been called into question since P124S and 1111S alterations have been
detected in pre-treatment samples and do not provide resistance to RAF inhibitors (Shi et al.,
2012a). The frequency of acquired MEK mutations is likely to become an area of active
interest as RAF/MEK inhibitor combinations are more frequently utilized.

Up-regulated RTK signaling associated with acquired resistance

Up-regulation of RTKSs has been frequently linked to resistance to targeted inhibitors. As
previously reviewed (Aplin et al., 2011), up-regulation of PDGFRp and IGF-1R expression
is found in vemurafenib-resistant melanoma cell lines evolved in vitro and in patient tumor
samples following disease progression. Further studies are starting to shed light on the
mechanisms of resistance provided by RTKSs. In follow-up work on PDGFR, Lo and
colleagues showed that the inhibition of ERK1/2 phosphorylation by vemurafenib in
PDGFRp-resistant cells is transient with a robust rebound of phospho-ERK1/2 within 24
hours (Shi et al., 2011). The contribution of this ERK1/2 signal rebound to resistance and
whether PDGFRB is involved in regulating this rebound signal remain to be determined. In
addition to the ERK1/2 pathway, PDGFRp may also signal via phosphatidylinositide 3-
kinase (PI3K)/AKT. In support of this, Shi et al. reported increased phosphorylation of AKT
and its downstream effector, p70S6K, in PDGFRpB-mediated resistant melanoma cells (Shi et
al., 2011). Based on these findings, the authors have proposed to use a combination of MEK
inhibitor, AKT inhibitor, and mTORC inhibitor to overcome PDGFRf-mediated resistance.
Although this mechanism of resistance depends on PDGFR for growth, PDGFR}-
overexpressing cells are surprisingly resistant to the PDGFRp inhibitor, imatinib. This is not
due to a failure of the drug to inhibit PDGFRp kinase activity as the phosphorylation of
PDGFRp was successfully blocked by imatinib (Shi et al., 2011). These findings raise the
possibility that PDGFRp functions as a scaffold protein in addition to its kinase activity to
promote resistance.

Other studies have shed light on how vemurafenib-resistant cells that express high PDGFR}3
levels evade apoptosis downstream of re-activation of ERK1/2 signaling. Vemurafenib
induces apoptosis through up-regulation of two pro-apoptotic BH3-only proteins, Bim-EL
and Bmf (Shao and Aplin, 2010). Studies in a subset of vemurafenib-resistant cells which
display high levels of PDGFRp show that the up-regulation of Bim-EL and Bmf is silenced
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(Shao and Aplin, 2012). Importantly, the repression of these genes is largely ERK1/2-
independent. Although the mechanism for Bmf repression is not clear, Bim-EL is silenced
epigenetically. Treatment with the histone deacetylase (HDAC) inhibitor, vorinostat
(suberoylanilide hydroxamic acid), reversed the repression of Bim-EL and re-sensitized
resistant cells to vemurafenib (Shao and Aplin, 2012), suggesting that combinational
treatment of vemurafenib with HDAC inhibitors may prove useful in fighting resistance. In
vitro work done by Peter Hersey's group has demonstrated a strong synergism in the
induction of apoptosis when vemurafenib and HDAC inhibitors are administered to V600E
mutant BRAF melanoma cells (Lai et al., 2012). Given the importance of Bim-EL in
apoptosis, it may serve as a good maker for vemurafenib responsiveness and resistance.
Indeed, Faber et al., have shown that Bim expression predicts responsiveness to kinase
inhibitor in treatment-naive cancers (Faber et al., 2011).

Mechanisms of primary/intrinsic resistance

Approximately 15% of patients treated with vemurafenib exhibit disease progression. In
cell-based assays, loss or inactivation of key tumor suppressors contribute to this intrinsic
resistance to vemurafenib. Both the retinoblastoma susceptibility gene (pRB) and the lipid
phosphatase, phosphatase and tensin homolog (PTEN), have been implicated in intrinsic
mutant BRAF inhibitor resistance. V600E BRAF melanoma cell lines null for PTEN tend to
be more resistant to vemurafenib treatment compared wild type PTEN counterparts (Paraiso
et al., 2011; Xing et al., 2012). Similar findings have been observed in response to MEK
inhibitors (Gopal et al., 2010) and are consistent with findings that activated AKT3 is
sufficient to provide resistance to PLX4720-mediated apoptosis (Shao and Aplin, 2010).
This apparent decrease for BRAF oncogene addiction in mutant PTEN tumors was also
demonstrated in the clinic. Nathanson and colleagues have evidence that in V600E BRAF
melanoma patients with wild type PTEN, dabrafenib may elicit a longer progression free
survival when compared to patients harboring at least one mutated allele of PTEN (32.1
weeks compared to 18.3 weeks, respectively) (Nathanson et al., 2013). While this set of data
did not reach a statistically significant difference (p= 0.066), a larger sample size may
confirm their findings.

Alterations in RTK signaling have been implicated in the primary resistance setting as well
as in acquired resistance. Wilson and colleagues demonstrated that addition of hepatocyte
growth factor (HGF) to V600E BRAF melanoma cell lines was sufficient to confer
resistance to vemurafenib through c-MET receptor activation of ERK1/2 (Wilson et al.,
2012). This resistance mechanism was attenuated by the c-MET inhibitor, crizotinib, in vitro
and in a xenograft model. Furthermore, in patients, high serum HGF levels prior to a
vemurafenib treatment is predictive of a shorter PFS and reduced overall survival (Wilson et
al., 2012). A related study examined RAF inhibitor resistance as a result of co-culturing
mutant BRAF melanoma tumor cells with stromal cells. It was found that stromal cells
producing high levels of HGF conferred the strongest resistance to vemurafenib through
activation of c-MET and downstream ERK1/2 signaling (Straussman et al., 2012).

In addition to pre-existing primary resistance mechanisms, tumor cells may elicit an
adaptive response as an escape mechanism. Recently, our group has demonstrated adaptive
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up-regulation of the stemness factor, FOXD3, in response to vemurafenib treatment (Abel
and Aplin, 2010). This drug-induced increase in FOXD3 modifies the apoptotic response to
vemurafenib such that FOXD3 knockdown in intrinsically resistant cells dramatically
enhanced vemurafenib-induced apoptosis (Basile et al., 2012). Conversely FOXD3
expression in RAF inhibitor-sensitive cells provided protection (Basile et al., 2012). One
target of FOXD3 is the RTK, v-erb-b2 erythroblastic leukemia viral oncogene homolog 3
(ERBB3)/human epidermal growth factor receptor (HER) 3. Activation of ERBB3 and its
signaling to AKT were enhanced in vemurafenib-inhibited melanoma cells in vitro,
melanoma cell xenografts in mice, and in patients samples from RAF inhibitor clinical trials
(Abel et al., 2013). ERBBS3 signaling was dependent on its related family member, ERBB2,
and targeting ERBB3-ERBB2 signaling either molecularly or with lapatinib in combination
with the RAF inhibitor, PLX4720, reduced tumor burden and extended latency of tumor
regrowth in vivo versus PLX4720 alone. These results suggest that enhanced ERBB3
signaling may serve as a mechanism of adaptive resistance to RAF and MEK inhibitors in
melanoma and that co-targeting this pathway may enhance the clinical efficacy and extend
therapeutic duration of RAF inhibitors.

A separate study focused on RAF inhibitors causing a relief of feedback inhibition of RTK
signaling and re-setting of the ERK1/2 pathway in a subset of mutant BRAF melanoma cells
(Lito et al., 2012). Lito and colleagues demonstrated an ERK1/2 activation rebound in the
presence of RAF inhibitors associated with activated RTK, specifically ERBB/HER family
members. The level of reactivation is modest and/or cell line-dependent since other studies
have not detected reactivation in mutant BRAF melanoma cells (Corcoran et al., 2012;
Montero-Conde et al., 2013). They correlate this RTK-driven ERK rebound with an elevated
Ras-GTP bound state, which induces the formation of RAF inhibitor-resistant RAF dimers.
These RAF dimers can then stimulate MEK and ERK1/2, irrespective of RAF inhibitor. The
group also showed that blockade of the elevated RTK signaling allowed mutant BRAF
melanoma cells to become sensitized to RAF inhibitors; however, pathways in addition to
ERKZ1/2 are targeted in this scenario. Nevertheless, these findings add to the growing
evidence for up-regulated RTK signaling as an adaptive response to RAF inhibitors. Future
avenues will have to investigate what determines the range of adaptive response and
optimize co-targeting approaches.

Adaptive responses may also impact on additional pathways. Haq and colleagues described
an adaptive response to ERK1/2 pathway suppression that leads to the upregulation of
mitochondrial synthesis and oxidative metabolism (Haq et al., 2013). They found that when
RAF inhibitors are used to suppress mutated BRAF, the transcription factor,
microphthalmia-associated transcription factor (MITF), is upregulated, and controls
expression of the mitochondrial regulator peroxisome proliferator-activated receptor v,
coactivator 1la (PGCla). PCGla was sufficient for the observed increase in mitochondrial
number and output, and was associated with enhanced oxygen consumption. The group also
demonstrated that mutant BRAF cells treated with RAF inhibitors are susceptible to
mitochondrial uncouplers suggesting that ERK1/2 suppressed melanoma cells are addicted
to oxidative phosphorylation. Indeed, this idea was substantiated in xenograft models and
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ushers in a new possibility of treatment options by combining ERK1/2 pathway inhibitors
with mitochondrial uncouplers.

The notion of oxidative phosphorylation state as a marker for intrinsic resistance was also
recently explored by the Herlyn group. They demonstrated that a small subset of melanoma
cells contain a high level of the H3K4 demethylase, jumonji AT rich interactive domain 1B
(JARID1B), and these slow-cycling cells are inherently more resistant to chemotherapies, as
well as targeted therapies such as vemurafenib (Roesch et al., 2013). They correlated high
JARID1B expression with elevated levels of proteins associated with mitochondrial
respiration. Similar to Haq et al., the Herlyn group also found that inhibition of
mitochondrial function further sensitized cells to therapeutics. In fact, they demonstrated
that various mitochondrial blockers ablated the formation of the slow-cycling JARID1BMigh
sub population, suggesting that intrinsic drug resistance is associated with elevated oxidative
phosphorylation.

Pre-clinical basis for additional combinatorial strategies

The introduction of vemurafenib and dabrafenib has been a significant breakthrough in the
melanoma field; and these inhibitors now represent the building blocks for combined
targeted therapeutic strategies. Already clinical trials combining RAF inhibitors with other
targeted agents have been shown to significantly increase PFS over RAF inhibitor
monotherapy. As the clinical field quickly progresses, so do pre-clinical studies that form
the basis for future combinations. Clinically effective ERK1/2 inhibitors are being
developed and cell lines with an acquired MEK1 gate-keeper mutation are resistant to MEK
inhibitors but susceptible to ERK1/2 inhibitor treatment (Hatzivassiliou et al., 2012). These
data support the notion that multiple attacks on a linear pathway will be clinically
efficacious.

Building upon the idea that RTK amplification and hyperactivation is a major mechanism of
resistance, a study by Metzner et al. demonstrated that FGF ligands and receptors are
expressed in high levels in melanoma cells (Metzner et al., 2011). The group demonstrated a
synergistic effect in reduced proliferation and enhanced apoptosis when an FGF inhibitor,
either SU5402 or PD166866, was combined with RAF inhibitor. The authors postulated that
a greater level of clinical efficacy may be obtained if both the presumed tumor specific
oncogene is targeted as well as a “universally hyperactivated” upstream molecule.

Several studies have examined the synergism/additive nature of targeting the PISK/AKT
pathway in combination with either RAF or MEK inhibitors in preclinical models. While
many of these studies show promise in vitro (Table 1), their utility in patients is often
burdened by toxicity issues. Xing and colleagues were able to demonstrate a synergism
associated with melanoma apoptosis when combining a MEK inhibitor with a PI3K inhibitor
(Xing et al., 2012). Furthermore, a recent phase Il study of the MEK inhibitor, selumetinib,
found that a low patient response rate is associated with high basal levels of phosphoAKT
(Catalanotti et al., 2013). This further supports the rationale that stronger anti-tumoral
efficacy will be obtained when multiple pathways are targeted.

J Invest Dermatol. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hartsough et al. Page 9

Alternative treatment approaches

An alternative approach is to selective targeting of signaling pathways is to broadly attack
resistance nodes, which arise as a result of vemurafenib treatment. Based on the observation
that several of the aforementioned resistance mechanisms are mediated by client proteins
heat shock protein 90 (HSP90), the Smalley group utilized the selective HSP90 inhibitor,
X888 (Paraiso et al., 2012). Their data demonstrate that upon XL888 treatment, various
molecules known to have a role in RAF inhibitor resistance such as PDGFRf, IGF1R, and
CRAF are quickly degraded as a result of loss of HSP90 chaperone function. Ultimately,
this leads to an enhanced susceptibility to apoptosis compared to a combined treatment of
MEK and PI3K inhibition.

More recently, the McMahon and Stuart groups demonstrated efficacy when utilizing a
“drug holiday” regimen in a xeongraft model (Das Thakur et al., 2013). With an on-again,
off-again BRAF inhibitor treatment regimen, they were able to demonstrate tumor shrinkage
during the periods of drug removal after the initial tumor relapse, suggesting a drug
addiction. Over time, in the non-treated state, cells would adapt and begin to grow, however
a second treatment wave of BRAF inhibitor would shrink the tumor again. They
demonstrated a cyclical pattern of tumor growth/shrinkage, which was linked to BRAF
inhibitor addiction.

Conclusions

Vemurafenib is one of the first successful small molecule inhibitors for personalized,
targeted, cancer treatment; however, it will likely serve as a building block for further
improvements to treatment. New studies have highlighted the benefits of utilizing a
combined treatment regimen and it is likely that a dual or even a cocktail of selective
inhibitor agents will emerge as the standard of melanoma care in the near future. There is
now strong evidence to support combining inhibitors in the same linear pathway or attacking
multiple deregulated proteins that primarily act in distinct signaling pathways. It is hoped
that these combinatorial approaches will ultimately lead to a better patient outcome.
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Abbreviations

cusSCC cutaneous squamous cell carcinoma

ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene homolog 3
HDAC histone deacetylase

HSP90 heat shock protein 90

HER human epidermal growth factor receptor
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HGF hepatocyte growth factor
JARID1B jumoniji AT rich interactive domain 1B
KA keratoacanthoma
MDA melanocyte differentiation antigen
MITF microphthalmia-associated transcription factor
PFS progression free survival
PGCla peroxisome proliferator-activated receptor y coactivator 1a
PI3K phosphatidylinositide 3-kinase
PTEN phosphatase and tensin homolog
RTK receptor tyrosine kinase
RB retinoblastoma
References

Abel EV, Aplin AE. FOXD3 is a mutant B-RAF-regulated inhibitor of G1/S progression in melanoma
cells. Cancer Res. 2010; 70:2891-900. [PubMed: 20332228]

Abel EV, Basile KJ, Kugel CH l11, et al. Melanoma adapts to RAF/MEK inhibitors by FOXD3-
dependent upregulation of ERBB3 by FOXD3. J Clin Invest. 2013; 123:2155-68. [PubMed:
23543055]

Aplin AE, Kaplan FM, Shao Y. Mechanisms of resistance to RAF inhibitors in melanoma. J Invest
Dermatol. 2011; 131:1817-20. [PubMed: 21593776]

Atefi M, von Euw E, Attar N, et al. Reversing melanoma cross-resistance to BRAF and MEK
inhibitors by co-targeting the AKT/mTOR pathway. PLoS One. 2011; 6:€28973. [PubMed:
22194965]

Basile K, Abel E, Aplin A. Adaptive up-regulation of FOXD3 promotes resistance to PLX4032/4720-
induced cell death in mutant B-RAF melanoma cells. Oncogene. 2012; 10:2471-9. [PubMed:
21996740]

Bollag G, Hirth P, Tsai J, et al. Clinical efficacy of a RAF inhibitor needs broad target blockade in
BRAF-mutant melanoma. Nature. 2010; 467:596-9. [PubMed: 20823850]

Boni A, Cogdill AP, Dang P, et al. Selective BRAFV600E inhibition enhances T-cell recognition of
melanoma without affecting lymphocyte function. Cancer Res. 2010; 70:5213-9. [PubMed:
20551059]

Callahan MK, Rampal R, Harding JJ, et al. Progression of RAS-mutant leukemia during RAF inhibitor
treatment. N Engl J Med. 2012; 367:2316-21. [PubMed: 23134356]

Catalanotti F, Solit DB, Pulitzer MP, et al. Phase Il trial of MEK inhibitor selumetinib (AZD6244,
ARRY-142886) in patients with BRAFV600E/K-mutated melanoma. Clin Cancer Res. 2013;
19:2257-64. [PubMed: 23444215]

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. 20123;
25:847.

Chapman PB, Hauschild A, Robert C, et al. Improved survival with vemurafenib in melanoma with
BRAF V600E mutation. N Eng J Med. 2011; 364:2507-16.

Chapman PB, Hauschild A, Robert C, et al. Updated overall survival (OS) results for BRIM-3, a phase
111 randomized, open-label, multicenter trial comparing BRAF inhibitor vemurafenib (vem) with
dacarbazine (DTIC) in previously untreated patients with BRAFV600E-mutated melanoma. J Clin
Oncol. 2012b; 30 abstract 8502.

J Invest Dermatol. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hartsough et al.

Page 11

Choo EF, Ng CM, Berry L, et al. PK-PD modeling of combination efficacy effect from administration
of the MEK inhibitor GDC-0973 and PI3K inhibitor GDC-0941 in A2058 xenografts. Cancer
Chemother Pharmacol. 2013; 71:133-43. [PubMed: 23053270]

Corcoran RB, Ebi H, Turke AB, et al. EGFR-mediated re-activation of MAPK signaling contributes to
insensitivity of BRAF mutant colorectal cancers to RAF inhibition with vemurafenib. Cancer
Discov. 2012; 2:227-35. [PubMed: 22448344]

Das Thakur M, Salangsang F, Landman AS, et al. Modelling vemurafenib resistance in melanoma
reveals a strategy to forestall drug resistance. Nature. 2013; 494:251-5. [PubMed: 23302800]

Faber AC, Corcoran RB, Ebi H, et al. BIM expression in treatment-naive cancers predicts
responsiveness to kinase inhibitors. Cancer Discov. 2011; 1:352-65. [PubMed: 22145099]

Falchook GS, Lewis KD, Infante JR, et al. Activity of the oral MEK inhibitor trametinib in patients
with advanced melanoma: a phase 1 dose-escalation trial. The Lancet Oncology. 2012; 13:782-9.
[PubMed: 22805292]

Flaherty KT, Infante JR, Daud A, et al. Combined BRAF and MEK inhibition in melanoma with
BRAF V600 mutations. N Engl J Med. 2012a; 367:1694-703. [PubMed: 23020132]

Flaherty KT, Puzanov I, Kim KB, et al. Inhibition of mutated, activated BRAF in metastatic
melanoma. N Eng J Med. 2010; 363:809-19.

Flaherty KT, Robert C, Hersey P, et al. Improved survival with MEK inhibition in BRAF-mutated
melanoma. N Engl J Med. 2012b; 367:107-14. [PubMed: 22663011]

Gopal YN, Deng W, Woodman SE, et al. Basal and treatment-induced activation of AKT mediates
resistance to cell death by AZD6244 (ARRY-142886) in Braf-mutant human cutaneous melanoma
cells. Cancer Res. 2010; 70:8736-47. [PubMed: 20959481]

Gowrishankar K, Snoyman S, Pupo GM, et al. Acquired resistance to BRAF inhibition can confer
cross-resistance to combined BRAF/MEK inhibition. J Invest Dermatol. 2012; 132:1850-9.
[PubMed: 22437314]

Greger JG, Eastman SD, Zhang V, et al. Combinations of BRAF, MEK, and PI3K/mTOR inhibitors
overcome acquired resistance to the BRAF inhibitor GSK2118436 dabrafenib, mediated by NRAS
or MEK mutations. Mol Cancer Ther. 2012; 11:909-20. [PubMed: 22389471]

Hamid O, Robert C, Daud A, et al. Safety and tumor responses with lambrolizumab (anti-PD-1) in
melanoma. N Engl J Med. 2013; 369:134-44. [PubMed: 23724846]

Haq R, Shoag J, Andreu-Perez P, et al. Oncogenic BRAF regulates oxidative metabolism via
PGCl1lalpha and MITF. Cancer Cell. 2013; 23:302-15. [PubMed: 23477830]

Hatzivassiliou G, Liu B, O'Brien C, et al. ERK inhibition overcomes acquired resistance to MEK
inhibitors. Mol Cancer Ther. 2012; 11:1143-54. [PubMed: 22402123]

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. [PubMed:
22735384]

Hauschild A, Grob JJ, Demidov LV, et al. An update on BREAK-3, a phase |11, randomized trial:
Dabrafenib (DAB) versus dacarbazine (DTIC) in patients with BRAF V600E-positive mutation
metastatic melanoma (MM). J Clin Oncol. 2013; 31 abstract 9013.

Kaplan FM, Mastrangelo MJ, Aplin AE. The wrath of RAFs: rogue behavior of B-RAF kinase
inhibitors. J Invest Dermatol. 2010; 130:2669-71. [PubMed: 20574441]

Kim KB, Kefford R, Pavlick AC, et al. Phase Il study of the MEK1/MEK?2 inhibitor trametinib in
patients with metastatic BRAF-mutant cutaneous melanoma previously treated with or without a
BRAF inhibitor. J Clin Oncol. 2013; 31:482-9. [PubMed: 23248257]

Koya RC, Mok S, Otte N, et al. BRAF inhibitor vemurafenib improves the antitumor activity of
adoptive cell immunotherapy. Cancer Res. 2012; 72:3928-37. [PubMed: 22693252]

Lai F, Jin L, Gallagher S, et al. Histone deacetylases (HDACSs) as mediators of resistance to apoptosis
in melanoma and as targets for combination therapy with selective BRAF inhibitors. Adv
Pharmacol. 2012; 65:27-43. [PubMed: 22959022]

Lito P, Pratilas CA, Joseph EW, et al. Relief of profound feedback inhibition of mitogenic signaling by
RAF inhibitors attenuates their activity in BRAFV600E melanomas. Cancer Cell. 2012; 22:668—
82. [PubMed: 23153539]

J Invest Dermatol. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hartsough et al.

Page 12

Long GV, Trefzer U, Davies MA, et al. Dabrafenib in patients with Val600Glu or VVal600Lys BRAF-
mutant melanoma metastatic to the brain (BREAK-MB): a multicentre, open-label, phase 2 trial.
Lancet Oncol. 2012; 13:1087-95. [PubMed: 23051966]

Metzner T, Bedeir A, Held G, et al. Fibroblast growth factor receptors as therapeutic targets in human
melanoma: synergism with BRAF inhibition. J Invest Dermatol. 2011; 131:2087-95. [PubMed:
21753785]

Montero-Conde C, Ruiz-Llorente S, Dominguez JM, et al. Relief of feedback inhibition of HER3
transcription by RAF and MEK inhibitors attenuates their antitumor effects in BRAF-mutant
thyroid carcinomas. Cancer Discov. 2013; 3:520-33. [PubMed: 23365119]

Nathanson KL, Martin AM, Wubbenhorst B, et al. Tumor genetic analyses of patients with metastatic
melanoma treated with the BRAF inhibitor Dabrafenib (GSK2118436). Clin Cancer Res. Jul.2013
5 Epub ahead of print.

Nazarian R, Shi H, Wang Q, et al. Melanomas acquire resistance to B-RAF(V600E) inhibition by RTK
or N-RAS upregulation. Nature. 2010; 468:973-7. [PubMed: 21107323]

Paraiso KH, Haarberg HE, Wood E, et al. The HSP90 inhibitor XL888 overcomes BRAF inhibitor
resistance mediated through diverse mechanisms. Clin Cancer Res. 2012; 18:2502-14. [PubMed:
22351686]

Paraiso KHT, Xiang Y, Rebecca VW, et al. PTEN loss confers BRAF inhibitor resistance to
melanoma cells through the suppression of BIM expression. Cancer Res. 2011; 71:2750-60.
[PubMed: 21317224]

Poulikakos PI, Persaud Y, Janakiraman M, et al. RAF inhibitor resistance is mediated by dimerization
of aberrantly spliced BRAF(V600E). Nature. 2011; 480:387-90. [PubMed: 22113612]

Ribas A, Hodi FS, Callahan M, et al. Hepatotoxicity with combination of vemurafenib and
ipilimumab. N Engl J Med. 2013; 368:1365-6. [PubMed: 23550685]

Roesch A, Vultur A, Bogeski I, et al. Overcoming intrinsic multidrug resistance in melanoma by
blocking the mitochondrial respiratory chain of slow-cycling JARID1B(high) cells. Cancer Cell.
2013; 23:811-25. [PubMed: 23764003]

Shao Y, Aplin A. Akt3-mediated resistance to apoptosis in B-RAF targeted melanoma cells. Cancer
Res. 2010; 70:6670-81. [PubMed: 20647317]

Shao Y, Aplin AE. BH3-only protein silencing contributes to acquired resistance to PLX4720 in
human melanoma. Cell Death Diff. 2012; 19:2029-39.

Shi H, Kong X, Ribas A, et al. Combinatorial treatments that overcome PDGFRbeta-driven resistance
of melanoma cells to V600EB-RAF inhibition. Cancer Res. 2011; 71:5067-74. [PubMed:
21803746]

Shi H, Moriceau G, Kong X, et al. Preexisting MEK1 exon 3 mutations in V600E/KBRAF melanomas
do not confer resistance to BRAF inhibitors. Cancer Discov. 2012a; 2:414-24. [PubMed:
22588879]

Shi H, Moriceau G, Kong X, et al. Melanoma whole-exome sequencing identifies (V600E)B-RAF
amplification-mediated acquired B-RAF inhibitor resistance. Nat Commun. 2012b; 3:724.
[PubMed: 22395615]

Sosman JA, Kim KB, Schuchter L, et al. Survival in BRAF V600-mutant advanced melanoma treated
with vemurafenib. N Eng J Med. 2012; 366:707-14.

Straussman R, Morikawa T, Shee K, et al. Tumour micro-environment elicits innate resistance to RAF
inhibitors through HGF secretion. Nature. 2012; 487:500-4. [PubMed: 22763439]

Su F, Bradley WD, Wang Q, et al. Resistance to selective BRAF inhibition can be mediated by modest
upstream pathway activation. Cancer Res. 2012a; 72:969-78. [PubMed: 22205714]

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

Wagle N, Emery C, Berger MF, et al. Dissecting therapeutic resistance to RAF inhibition in melanoma
by tumor genomic profiling. J Clin Oncol. 2011; 29:3085-96. [PubMed: 21383288]

Wilson TR, Fridlyand J, Yan Y, et al. Widespread potential for growth-factor-driven resistance to
anticancer kinase inhibitors. Nature. 2012; 487:505-9. [PubMed: 22763448]

Wolchok JD, Kluger H, Callahan MK, et al. Nivolumab plus ipilimumab in advanced melanoma. N
Engl J Med. 2013; 369:122-33. [PubMed: 23724867]

J Invest Dermatol. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hartsough et al.

Page 13

Xing F, Persaud Y, Pratilas CA, et al. Concurrent loss of the PTEN and RB1 tumor suppressors
attenuates RAF dependence in melanomas harboring (V600E)BRAF. Oncogene. 2012; 31:446-57.
[PubMed: 21725359]

J Invest Dermatol. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hartsough et al.

ERBB2-ERBB3 PDGFR-B

i
Vemurafenib * VROOE

+ @

\
€D
'\
e -~ ERBB3

< mRNA Survwa| Cell cyc!e progression
e OXit?amlle’ ~—
osphorylation : .
Mitochondrial Output Acquired resistance

Adaptive response

Figure 1.

Overview of resistance mechanisms to RAF inhibitors in mutant BRAF melanoma.
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RAF/MEK and PI3K/AKT combination studies
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Combination

Significance

Citation

MEK inhibitor + PI3K/AKT
inhibitor

PD0325901 (MEKIi) + PI-103
(PI3Kalpha inhibitor)

Synergism was found in combination treatment which strongly induced
apoptosis in mutant BRAF/PTEN null melanoma cell lines

(Xing et al., 2012)

Trametinib + GSK2126458 (PI3K/
mTORI)

RAF inhibitor-resistant A375 and YUSIT1 cells were sensitive to MEK and
PI3K inhibition

(Greger et al., 2012)

AZD6244 (MEK) + VIII (AKTi)

Multiple in vitro-derived and patient-derived resistant lines were
synergistically affected by combination treatment.

(Atefi et al., 2011)

GDC-0973 (MEKi) + GDC-0941
(PI13Ki)

Comparisons were made between xenograft growth rates of single agent
compared to combination treatment. An additive effect on growth inhibition
was observed when combining the inhibitors.

(Choo et al., 2013)

RAF inhibitor + PI3K/AKT
inhibitor

Vemurafenib + MK-2206 (AKTi)

Dose escalation of MK-2206 with vemurafenib demonstrated a combinatorial
inhibitory effect on in vitro proliferation. The combination treatment reduced
cyclinD1 expression and upregulated p27Kipl and Bim-EL.

(Suetal., 2012a)

Vemurafenib + VIl (AKTi)

In vitro-derived and patient-derived resistant melanomas were found to be
synergistically affected by combination treatment.

(Atefi et al., 2011)

J Invest Dermatol. Author manuscript; available in PMC 2014 August 01.



