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Abstract
PURPOSE: About 65% to 70% of melanomas harbor a mutation in v-rafmurine sarcoma viral oncogene homolog B1
(BRAF) that causes the steady-state activation of extracellular signal–regulated kinase (ERK). We sought to investigate
the efficacy of PLX4032 (BRAF inhibitor) to identify patterns/predictors of response/resistance and to study the effects
of BRAF in melanoma. EXPERIMENTAL DESIGN: Well-characterized melanoma cell lines, including several with ac-
quireddrug resistance,wereexposed toPLX4032.Growth inhibition, phosphosignaling, cell cycle, apoptosis, andgene
expression analyses were performed before and after exposure to drug. RESULTS: Using a growth-adjusted inhibitory
concentration of 50% cutoff of 1 μM, 13 of 35 cell lines were sensitive to PLX4032, 16 resistant, and 6 intermediate
(37%, 46%, and 17% respectively). PLX4032 caused growth inhibition, G0/G1 arrest, and restored apoptosis in the
sensitive cell lines. A BRAF mutation predicted for but did not guarantee a response, whereas a neuroblastoma RAS
viral oncogene homolog mutation or wild-type BRAF conferred resistance. Cells with concurrent BRAF mutations
and melanocortin 1 receptor germ line variants and/or a more differentiated melanocyte genotype had a preferential
response. Acquired PLX4032 resistance reestablishes ERK signaling, promotes a nonmelanocytic genotype, and
is associated with an increase in the gene expression of certain metallothioneins and mediators of angiogenesis.
CONCLUSIONS: PLX4032 has robust activity in BRAF mutated melanoma. The preclinical use of this molecule iden-
tifies criteria for its proper clinical application, describes patterns of and reasons for response/resistance, and affords
insight into the role of a BRAF mutation in melanoma.
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Introduction
Malignant melanoma (MM) has long been considered a single histo-
logic entity with heterogeneous clinical phenotypes. Evaluations of
sun damage, mutations (v-raf murine sarcoma viral oncogene homo-
log B1 [BRAF], neuroblastoma RAS viral (v-ras) oncogene homolog
[NRAS], and v-kitHardy-Zuckerman 4 feline sarcoma viral oncogene
homolog [CKIT]), and gene polymorphisms (melanocortin 1 receptor
[MC1R]) indicate that melanoma is actually composed of distinct
clinical and molecular entities driven by various oncogenic events
[1–3]. The identification of these molecular alterations permits the
development of targeted therapies tailored to the specific pathway le-
sions of individual tumors. The presence of these aberrations, how-
ever, has not necessarily predicted for or conferred expected clinical
responses [4,5]. This emphasizes the diverse nature of melanoma,
questions its dependence on single “oncogenic” events, demonstrates
the complexity inherent to and of targeting molecular pathways, and
highlights the need to identify the proper application of novel inhibi-
tors through preclinical models.

The mitogen-activated protein kinase (MAPK) pathway is impli-
cated in the pathogenesis and propagation of melanoma because of
mutations in transmembrane receptor tyrosine kinases (RTKs) (CKIT
3%-5%), membrane-associated guanine nucleotide binding proteins
(NRAS 15%-20%), and cytoplasmic serine/threonine kinases (BRAF
60%-75%). Collectively, the effect of these aberrant signaling media-
tors is the steady-state activation of extracellular signal–regulated kinase
(ERK) observed in 90% of melanomas [6,7]. Regardless of the causa-
tive upstream event, ERK overexpression promotes the differentiation,
malignant transformation, proliferation, and survival of MM [7]. Spe-
cific to ERK activation in BRAF mutated melanoma, as opposed to
RTK mediated ERK activation, is its resistance to negative feedback
inhibition from the dual specific phosphatases (DUSP) and sprouty
family (SPRY) of RAF binding proteins [8]. Also, the presence of a
BRAFmutation (BRAFm) seems to evoke downstream transcriptional ac-
tivity of ERK throughMYC, FOS-like antigen 1 (FOSL1), and the ETS
family of transcription factors [8]. Activation of the phosphoinositide-
3-kinase (PI3K) pathway is documented in more than 70% of MM
[9]. Synergistic activity of BRAF and v-akt murine thymoma viral on-
cogene homolog (AKT) has been implicated in the pathogenesis and
malignant transformation of melanoma [10,11].

In BRAF-mutated melanomas, a simple amino acid transversion
(exon 15, activation loop) confers a 500-fold increase in its kinase
activity [12]. This, along with its role in the pathogenesis and prop-
agation of MM, makes it an attractive clinical target. PLX4032
Figure 1. Functional activity of PLX4032. (A) Growth inhibition assay of
of drug in micromolars that achieves a growth adjusted inhibitory con
is depicted. Table outlines characteristics of the 35 MM cell lines. Ord
are color coordinated based on response (pink—clear sensitivity, oran
the cell line: *cellswere purchased fromATCCor^developed from tu
that were included in the complementary RNAmixed reference pool fo
inhibition. BRAF andNRAS statuswith specific amino acid substitution
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(>2 genes per chromosome 3 centromeres). (B) Phosphoprotein signa
exposure to PLX4032. Cell lines are listed in order of sensitivity. Com
ing lines. BRAFm cell lines are outlined in a red box; NRASm, blue; an
(Malme3MandWM2664) and twoNRASm (M202 andM207)MMcell l
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(RO5185426; Plexxikon/Roche, Berkeley, CA) inhibits oncogenic
BRAF mutated at residue 600 with high affinity (IC50 44 nM) [13].
Early reporting of a phase 1 clinical trial of PLX4032 has yielded prom-
ising results in MM [14,15]. Clinical responses seem to be restricted
to tumors with a BRAFm; however, the presence of a BRAFm did not
unconditionally confer a response. Stratifying patients in the context of
defined pathway lesions is a critical step in applying targeted therapies
and in determining predictors of response. It is feasible to scrutinize the
efficacy of PLX4032 in preclinical models to determine the effects of
BRAF inhibition in melanoma and the molecular role of a BRAFm in
melanogenesis and to gain an understanding as to which patient should
be treated withMAPK pathway inhibitors.We investigated these ques-
tions by evaluating the inhibitory/molecular effects of PLX4032 in a
well-characterized panel of MM cell lines.
Materials and Methods

Cell Lines, Culture, and Reagents
Cell lines are described in Figure 1A. SKMEL2, SKMEL28, and

WM2664 were cultured with Eagle minimal essential medium (Amer-
ican Type Culture Collection [ATCC], Manassas, VA). G361 and
SKMEL3 were cultured with McCoy’s-5A modified medium with
L-glutamine (ATCC). All others were cultured in RPMI-1640 (ATCC).
All media were supplemented with 10% heat-inactivated FBS (Omega
Scientific, Inc, Tarzana, CA) and 1% penicillin and streptomycin (Irvine
Scientific, Santa Ana, CA).
Polymerase Chain Reaction and Sequencing
DNA was extracted with DNeasy Blood & Tissue Kit (Qiagen,

Valencia, CA). Exons were amplified by polymerase chain reaction
(HotMaster Taq Polymerase; 5 Prime, Hamburg, Germany). Products
were purified (PCR Purification Kit; Qiagen) and sequenced (BigDye
Terminator Kit, 3730XL Instrument; Applied Biosystems, Inc, Foster
City, CA). Primer sets are shown in the Supplemental Material.
Proliferation Assays
Proliferation assays were performed as previously described [16].

Serial dilutions of PLX4032 started at 10 μM. Growth inhibition/
lethality was calculated as previously described [16] (RAD001
[Selleck Chemicals, Houston, TX] and LY294002 [Sigma-Aldrich,
St Louis, MO]).
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