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Abstract

Purpose: The association of tumor gene expression profiles
with progression-free survival (PFS) outcomes in patients with
BRAF®°_mutated melanoma treated with vemurafenib or cobi-
metinib combined with vemurafenib was evaluated.

Experimental Design: Gene expression of archival tumor
samples from patients in four trials (BRIM-2, BRIM-3, BRIM-7,
and coBRIM) was evaluated. Genes significantly associated with
PFS (P < 0.05) were identified by univariate Cox proportional
hazards modeling, then subjected to unsupervised hierarchical
clustering, principal component analysis, and recursive partition-
ing to develop optimized gene signatures.

Results: Forty-six genes were identified as significantly asso-
ciated with PFS in both BRIM-2 (n = 63) and the vemurafenib
arm of BRIM-3 (n = 160). Two distinct signatures were iden-
tified: cell cycle and immune. Among vemurafenib-treated

Introduction

Monotherapy with a BRAF inhibitor, such as vemurafenib, has
resulted in high rates of tumor response and improved progres-
sion-free survival (PFS) and overall survival (OS) compared with
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patients, the cell-cycle signature was associated with shortened
PFS compared with the immune signature in the BRIM-2/
BRIM-3 training set [hazard ratio (HR) 1.8; 95% confidence
interval (CI), 1.3-2.6, P = 0.0001] and in the coBRIM valida-
tion set (n = 101; HR, 1.6; 95% CI, 1.0-2.5; P = 0.08). The
adverse impact of the cell-cycle signature on PFS was not
observed in patients treated with cobimetinib combined with
vemurafenib (n = 99; HR, 1.1; 95% CI, 0.7-1.8; P = 0.66).

Conclusions: In vemurafenib-treated patients, the cell-cycle
gene signature was associated with shorter PFS. However, in
cobimetinib combined with vemurafenib-treated patients, both
cell cycle and immune signature subgroups had comparable PES.
Cobimetinib combined with vemurafenib may abrogate the
adverse impact of the cell-cycle signature. Clin Cancer Res; 23(17);
5238-45. ©2017 AACR.

chemotherapy in patients with BRAF-mutated metastatic mela-
noma (1, 2). However, acquired resistance eventually develops in
most patients, most commonly as a result of MAPK reactivation
through MEK (3, 4). Compared with BRAF inhibitor monother-
apy, use of combined MEK and BRAF inhibition with cobimetinib
combined with vemurafenib has resulted in improved response
rates, PFS (5, 6), and OS (7).

Although prognostic and predictive gene signatures have pre-
viously been identified in patients with metastatic melanoma,
they have not been developed in the context of targeted therapy
(8-12). The success of targeted therapy in patients with metastatic
melanoma highlights the need for additional biomarkers to
identify subsets of patients who are likely to derive long-term
clinical benefit from BRAF inhibitor monotherapy or combined
BRAF and MEK inhibition. The objective of this analysis was to
identify gene expression profiles/signatures and assess their
potential impact on PFS in patients with BRAFY*°°-mutated
metastatic melanoma who were treated with vemurafenib or the
combination of cobimetinib and vemurafenib.

Methods

Study design

Detailed methods have previously been described for the
BRIM-2 (1), BRIM-3 (2), BRIM-7 (5), and coBRIM (6) studies.
Briefly, BRIM-2 was a multicenter, single-arm phase II study in
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Translational Relevance

The targeting of BRAF was a significant advance in the
treatment of patients with advanced melanoma harboring
the BRAF®°® mutation. Treatment outcomes were further
improved by combined inhibition of the BRAF and MEK
pathways. The impact of the gene expression profile of patient
tumors on treatment benefit with BRAF-/MEK-targeted ther-
apies can provide further insights into treatment choice and
future clinical development. The current study examined the
effect of gene signatures on the therapeutic benefit of targeting
BRAF and/or MEK. Consistent with the known prognostic
impact of cell proliferation and immune function in melano-
ma, the current report identified 2 patient subgroups, one
defined by high cell-cycle activity and the other characterized
by increased immune infiltration, with distinct PFS outcomes.
Additional analyses show that PFS outcomes were associated
with a cell-cycle signature in patients treated with BRAF inhib-
itor monotherapy but not in patients treated with a combi-
nation of BRAF and MEK inhibitors.

which patients with previously treated, BRAF'*°*-mutated met-
astatic melanoma were treated with vemurafenib (960 mg twice
daily; ref. 1); BRIM-3 was a multicenter, randomized, open-label
phase I1I study in which patients with treatment-naive BRAF'*°°-
mutated metastatic melanoma were randomly assigned to receive
vemurafenib (960 mg twice daily) or dacarbazine (1,000 mg/m?
every 3 weeks; ref. 2); BRIM-7 was a multicenter, single-arm phase
Ib dose-escalation study in which patients with BRAF'**°-mutat-
ed metastatic melanoma who were either BRAF inhibitor-naive or
had previously experienced disease progression with vemurafenib
monotherapy received cobimetinib (60, 80, or 100 mg once daily
given on a schedule of 14 days on/14 days off, 21 days on/7 days
off, or continuously) in combination with vemurafenib (720 or
960 mg twice daily; ref. 5); and coBRIM was a multicenter,
randomized, double-blind phase III study in which patients with
BRAF'®°°_mutated metastatic melanoma were randomly assigned
to receive cobimetinib (60 mg once daily for 21 days followed by
7 days off) or placebo in combination with vemurafenib (960 mg
twice daily; ref. 6). Each of the trials was conducted in accordance
with the Declaration of Helsinki and the principles of Good
Clinical and Laboratory Practice and with the approval of appro-
priate ethics committees. All patients provided written informed
consent.

Patient samples

In BRIM-2 and BRIM-7, tumor samples were obtained from
consenting patients before initiation of study treatment, on day
15 of cycle 1, and at disease progression. In BRIM-3 and coBRIM,
tumor samples were obtained from consenting patients before
initiation of study treatment and at disease progression.

We conducted a retrospective, exploratory analysis using archi-
val formalin-fixed, paraffin-embedded (FFPE) tumor samples
from two independent sets of patients with BRAFY**°-mutated
metastatic melanoma. The training set included samples from 63
patients who were treated with vemurafenib in the BRIM-2 study
and 160 patients who were treated with vemurafenib in the BRIM-
3 study (1, 2). The gene expression signature was then applied to
an independent validation set of 99 patients treated with vemur-
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afenib in the coBRIM trial to confirm its association with PFS. The
effect of validated gene signatures on PFS in patients treated with
combined cobimetinib and vemurafenib was subsequently eval-
uated using samples obtained from 101 patients in the coBRIM
trial (5, 6).

Gene expression profiling

Gene expression was measured by NanoString (NanoString
Technologies, Seattle, WA). Samples were run on two panels
consisting of 800 and 819 genes, respectively. Seven-hundred
twenty-seven genes that were contained on both panels were
considered for downstream analysis. A bridging study was per-
formed to normalize for lot effects. The effect of each gene on PFS
was estimated using univariate Cox proportional hazards model-
ing. Hierarchical clustering was then applied to genes that had a
significant effect on PFS (P < 0.05) to identify groups of patients
and genes. For the purpose of variable reduction for predictive
modeling, each gene cluster was subjected to principal compo-
nent analysis using JMP Genomics 8.0 (SAS). An optimal cutoff to
maximize the HR for PFS was identified through partitioning
using JMP Genomics; Buckley-James estimation was used for
censored values (13).

Characterization of gene signature subsets

Baseline expression of Ki67 (#790-4286; Ventana Medical
Systems, Inc.), and CD8 (IS623; Dako North America, Inc.) were
evaluated at a central laboratory (HistoGeneX) using IHC. Expres-
sion of immune checkpoint genes was measured using the
nCounter platform (NanoString).

Results

Patients

A total of 132 patients were enrolled and treated with vemur-
afenib in the BRIM-2 study, 63 of whom had tumor samples
available for the current analysis (Supplementary Fig. S1). The
BRIM-3 study enrolled a total of 675 patients, of whom 338 were
randomized to dacarbazine and 337 were randomized to vemur-
afenib. Tumor samples were available for 147 of 338 patients in
the dacarbazine arm and 160 of 337 patients in the vemurafenib
arm. The BRIM-7 study enrolled 131 patients, 129 of whom were
treated with cobimetinib combined with vemurafenib; tumor
samples were available for 51 patients. A total of 495 patients
were enrolled in the coBRIM study and were randomized to
receive cobimetinib combined with vemurafenib (n = 247) or
placebo plus vemurafenib (n = 248); tumor samples were avail-
able for 99 and 101 patients, respectively.

Patient demographics and disease characteristics at baseline are
shown in Table 1. Patient characteristics were generally consistent
between the biomarker-evaluable and intention-to-treat popula-
tions in each trial.

Gene expression profiling

Of 727 genes evaluated, 46 genes were identified as significantly
associated with PFS by Cox proportional hazards analysis in both
BRIM-2 (n = 63) and the vemurafenib arm of BRIM-3 (n = 160;
Supplementary Fig. S2). Hierarchical clustering identified three
distinct patient subgroups characterized by differential expression
of 2 clusters of genes. Of the 2 gene clusters, one consisted of genes
associated with immune regulation and the other consisted of
genes associated with cell-cycle progression (Fig. 1; Table 2). Of 3

Clin Cancer Res; 23(17) September 1, 2017
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LDH, n (%)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; LDH, lactate dehydrogenase; ND, not determined.

patient subgroups identified, one was characterized by high
expression of immune-regulatory genes and low expression of
cell-cycle genes (immune signature), and another had low expres-
sion of immune regulatory genes and high expression of cell-cycle
genes (cell-cycle signature). A third patient subgroup had a mixed
pattern of expression of immune- and cell-cycle-related genes.

In principal component analysis, each gene cluster aligned
heavily into a single principal component, indicating that these
two gene clusters account for a large amount of the variance in PFS
(Fig. 2A). The ratio of the two principal components (cell-cycle/
immune score, calculated for each signature using the genes and
coefficients defined in Table 2) distinctly separated the cell cycle
and immune clusters and facilitated classification of the mixed
cluster (Fig. 2B). Recursive partitioning analysis identified an
optimal cutoff to maximize the HR for PFS associated with the
cell-cycle signature (Fig. 2C). On the basis of the identified cutoff,
all patients were classified into either the cell cycle or the immune
subgroups.

Kaplan-Meier curves of the BRIM-2/BRIM-3 training set
showed distinct separation of PFS between the cell-cycle and
immune signatures (Fig. 2D). The HR for PFES for patients with
the cell-cycle signature, relative to the immune signature, was 1.8
[95% confidence interval (CI), 1.3-2.6; P = 0.0001). Median PFS
associated with the cell-cycle signature was 5.6 months (95% CI,
4.3-6.8). Median PFS associated with the immune signature was
7.8 months (95% CI, 6.8-9.6).

Orthogonal confirmation of the signatures

Consistent with our characterization, the cell-cycle signature
was associated with increased proliferation index measured by
Ki67 staining relative to the immune signature (median 26.3% vs.
18.2%, P = 0.0001; Fig. 3A). The immune signature was associ-
ated with higher increased infiltration of CD8™ T cells as deter-
mined by IHC relative to the cell-cycle signature (median 2.6% vs.
0.4%, P < 0.0001; Fig. 3B). There was also increased expression of
specific immune checkpoint genes (Fig. 3C).

Interaction with clinical characteristics

The association of cell-cycle/immune signature with known
prognostic factors was investigated. Cell-cycle/immune score was
elevated in patients with an Eastern Cooperative Oncology Group
performance status of 1 (Supplementary Fig. S3A) and in those
with elevated lactate dehydrogenase levels at baseline (Supple-
mentary Fig. S3B). Cell-cycle/immune score was elevated in
patients with lentigo meligna melanoma, but no association was
seen with any other subtype (Supplementary Fig. S3C). Cell-cycle/
immune score was not associated with biopsy site (primary,
lymph node, or other metastatic site; Supplementary Fig. S3D)
or metastatic disease stage (IIIC, M1a, M1b, or M1¢ Supplemen-
tary Fig. S3E).

Signature validation and the effects of combined MEK and
BRAF inhibition

Applying the predefined algorithm and cutoffs to an indepen-
dent validation set of vemurafenib-treated patients from the
coBRIM trial (n = 99) produced groups with significantly different
PFS (Fig. 4A). The HR for PFS for patients with the cell-cycle
signature, relative to the immune signature, was 1.6 (95% CI, 1.0-
2.5,P=0.08). Median PFS associated with the cell-cycle signature
was 5.6 months (95% CI, 3.6-7.6), and median PFS associated
with the immune signature was 7.8 months (95% CI, 6.8-9.6).

Clinical Cancer Research
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Hierarchical clustering of genes with a significant impact on PFS in the BRIM-2/BRIM-3 training set. Color represents the relative expression of each gene in each
sample, centered on the mean and scaled to the standard deviation. Blue represents low expression; red is high expression.

As combined MEK and BRAF inhibition has been shown to
improve outcomes compared with BRAF inhibitor monotherapy,
we tested whether the validated immune and cell-cycle signatures
remained prognostic for PFS in patients treated with combined
cobimetinib and vemurafenib using samples (n = 101) from
patients in the coBRIM trial (5, 6) The cell-cycle and immune

Table 2. List of genes in each signature and their scoring coefficients
Cell-cycle signature Immune signature

Scoring Scoring
Gene coefficient Gene coefficient
AURKA 0.369249 B2M 0.197838
BIRC5 0.244035 CARDIT 0.15407
BRCAT 0.335375 CCL5 0.155812
BRIPT 0.337584 CCND2 0.159391
CCNB1 0.270761 CCR5 0.195608
CCNE 0.275599 CD247 0.170354
FH 0.337149 CD3E 0.154857
KDM4A 0.355967 CDh4 0.228019
MAP2K2 0.468715 CD86 0.201979
MTCHI1 0.428431 CDSA 0.157078
MYC 0.192029 GZMA 0.171646
NF2 0.483201 HAVCR2 0.177537
PRKDC 0.358585 IKZF1 0.186966
PTK2 0.354779 KIR3DL1 0.160299
RPTOR 0.531901 KLRK1 0.178694
SMARCA4 0.425784 LAG3 0.151692
SNAI2 0.097661 LGALS9 0.212428
SOx4 0.178566 MYD88 0.241268
SRSF2 0.413183 PDCDILG2 0.198057
WDR5 0.411567 PIK3R5 0.224467
ZNF703 0.108003 PTGER4 0.237958
PTPRC 0.188562
BX21 0.192439
TIGIT 0.165996
TNFRSF9 0.198216

www.aacrjournals.org

signatures were not associated with differential PFS for patients
who were treated with cobimetinib and vemurafenib (Fig. 4B).
The HR for PFS in patients with the cell-cycle signature, relative to
the immune signature, was 1.1 (95% CI, 0.7-1.8; P = 0.66).
Median PFS was 10.5 months (95% CI, 7.5-12.9) in patients with
the cell-cycle signature and 10.6 months (95% CI, 7.4-15.2) in
patients with the immune signature.

To investigate why the effect of the signature on PFS was
different with combination therapy than with vemurafenib
monotherapy, we measured changes in the gene signature scores
atday 15 of cycle 1 during treatment and at disease progression. At
day 15 of cycle 1, vemurafenib monotherapy (BRIM-2; n = 19)
reduced expression of cell-cycle signature genes and increased
expression of immune signature genes. Compared with vemur-
afenib monotherapy, cobimetinib combined with vemurafenib
(BRIM-7; n = 4) led to greater inhibition of cell-cycle signature
genes (P = 0.03) but similar activation of immune signature genes
(P = 0.5; Fig. 4C). Expression levels at disease progression were
variable in both treatment groups, likely due to heterogeneity in
mechanisms of resistance (data not shown).

Discussion

Using gene expression profiling, we identified two subgroups
of patients within BRAF*°°-mutated metastatic melanoma that
had different PES outcomes. When treated with vemurafenib,
patients with higher baseline expression of immune regulatory
genes had better PFS than those who had higher baseline
expression of cell-cycle progression genes. The combination of
cobimetinib and vemurafenib seems to attenuate the negative
effect of the cell-cycle signature on PFS.

Gene signatures were identified in a training dataset of patients
treated with vemurafenib monotherapy in the BRIM-2 and BRIM-3
studies and validated in patients treated with vemurafenib

Clin Cancer Res; 23(17) September 1, 2017
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Principal component analysis (A), ratio of principal components in each signature (B), recursive partitioning analysis to identify optimal cutoff to
maximize the HR in the cell-cycle signature (C), and impact of gene signatures on PFS in the BRIM-2/BRIM-3 training set (D). For the ratio of principal

components in each signature, lines represent mean and 95% ClI.

monotherapy in the coBRIM study. In the training set, a statistically
significant difference in PFS was found for patients with the cell-
cycle signature relative to the immune signature (P = 0.0001). PFS
outcomes remained distinct for these subgroups in the validation
set (P = 0.08). Although the P value in the validation set did not
reach statistical significance, P values can be unreliable unless
statistical power is very high (14). Instead, it has been suggested
that more emphasis should be placed on the estimated effect size
and precision of the estimate, as indicated by the 95% CI (14, 15).
Given that this was a retrospective exploratory analysis that was
not designed or powered to test this hypothesis, it is reasonable to
infer that a HR of 1.6 and a 95% CI with a lower bound of 1.00
suggests distinct PFS outcomes between patients with the cell-cycle
and immune signatures.

The observation of better PFS associated with the immune
signature is consistent with previous observations. Pretreatment
immune context has previously been shown to be associated with
outcomes in patients with metastatic melanoma (9-12, 16) as
well as in other cancer types (17). However, these signatures were

5242 Clin Cancer Res; 23(17) September 1, 2017

not developed in the context of molecularly targeted therapy.
Consistent with our findings of both increased tumor immune
infiltration and expression of genes associated with immune
suppression in the immune subgroup, oncogenic BRAF mutations
have been shown to be associated with immunostimulatory
effects in addition to contributing to the immunosuppressive
microenvironment observed in melanoma by regulating expres-
sion of immunomodulatory factors (18, 19). Treatment with
selective BRAF inhibitors reduces the number of myeloid-derived
suppressor cells, decreases production of immunosuppressive
cytokines, and induces tumor infiltration of CD4" and CD8™"
lymphocytes, thereby allowing the patient's immune system to
overcome immune evasion and reestablish an immune response
to thetumor (15, 20, 21). These results suggest that the presence of
a preexisting immune response may be an important component
of the clinical activity of vemurafenib. Promotion of tumor cell
kill by vemurafenib may result in the generation of tumor antigen-
specific T-cell responses that further improve the durability of
response provided by this regimen.

Clinical Cancer Research
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Characterization of the cell-cycle and immune signatures. Ki67 staining by
IHC (A) and CD8™" T-cell infiltration by IHC (B). C, Expression of immune
checkpoints by NanoString.

The cell-cycle signature was associated with worse PFS on
vemurafenib monotherapy. The cell-cycle signature is character-
ized by increased activity of oncogenic pathways. Vemurafenib
induces Go-G; cell-cycle arrest (22); increased expression of genes
that regulate subsequent cell-cycle checkpoints might allow
continued proliferation of cells that escape this arrest. Alter-
natively, increased expression of cell-cycle-related genes may
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result in activation of multiple redundant pathways and greater
ERK activation, rendering BRAF inhibition with vemurafenib
alone insufficient. In contrast, mitigation of the impact of high
baseline expression of cell-cycle-related genes on PFS by
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A, Impact of gene signature on PFS in the coBRIM validation set
(vemurafenib monotherapy). Impact of gene signature on PFS in the coBRIM
validation set (cobimetinib combined with vemurafenib) (B) and change
from baseline in expression of genes in each signature at day 15 of cycle 1in
BRIM-2 (vemurafenib monotherapy) and BRIM-7 (cobimetinib combined
with vemurafenib; C).
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cobimetinib combined with vemurafenib might reflect more
complete inhibition of the MAPK pathway achieved with com-
bined MEK and BRAF inhibition, compared with BRAF inhib-
itor monotherapy.

Furthermore, analysis of on-treatment changes in gene
expression suggests that combined MEK and BRAF inhibition
with cobimetinib combined with vemurafenib provides greater
inhibition of cell-cycle gene expression than BRAF inhibitor
monotherapy, whereas combination therapy does not appre-
ciably increase activation of immune-related genes over that
observed with BRAF inhibitor monotherapy. Together, these
effects may account for the loss of separation between PFS
curves for the cell cycle and immune signatures in patients
treated with combination therapy. These results require vali-
dation in a separate study of cobimetinib combined with
vemurafenib.

Gene signatures associated with phenotypic switching from a
proliferative to invasive phenotype, irrespective of BRAF muta-
tional status, have been described in melanoma (23). We
observed greater expression of genes associated with a neural
crest (proliferative) phenotype in the cell-cycle signature sub-
group (Supplementary Fig. S4). However, there was no difference
between the cell cycle and immune subgroups in the expression of
genes associated with a TGFf-like (invasive) phenotype. Further-
more, expression of these genes is highly overlapping between the
cell cycle and immune subgroups, suggesting that our signature
captures additional biology. Similarly, expression of genes related
to the low MITF/AXL ratio phenotype, described by Miiller and
colleagues as being associated with resistance to targeted therapies
in BRAF-mutant melanoma, were also elevated in the cell-cycle
subgroup, but expression of these genes did not sufficiently
distinguish between the cell-cycle and immune subgroups (Sup-
plementary Fig. S4; ref. 24). In addition, CDKN2A mutations or
deletions have been associated with worse PFS and OS outcomes
in patients treated with trametinib combined with dabrafenib
(25). Although we found that CCND1 amplifications and
CDKN2A mutations or deletions were enriched in patients with
the cell-cycle signature, more extensive genetic analyses using
exome sequencing are required and will be the subject of a future
publication.

Genomic signatures seem to play a key role in patient outcomes
in BRAF*°°-mutated melanoma. Increased tumor immune gene
expression (both activating and suppressive genes) and low cell-
cycle gene expression are associated with longer PFS in vemur-
afenib-treated patients, consistent with what has been shown
previously with other treatments in melanoma (9-12, 16). In
contrast, increased expression of cell-cycle genes and low
immune-related gene expression was associated with shorter PFS
in patients treated with vemurafenib monotherapy, while com-
parable PFS outcomes for cell-cycle and immune signatures were
seen in patients treated with cobimetinib and vemurafenib. The
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