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Abstract

Metastatic melanoma is characterized by complex genomic
alterations, including a high rate of mutations in driver genes
and widespread deletions and amplifications encompassing
various chromosome regions. Among them, chromosome 7 is
frequently gained in BRAF-mutant melanoma, inducing a
mutant allele–specific imbalance. Although BRAF amplification
is a known mechanism of acquired resistance to therapy with
MAPK inhibitors, it is still unclear if BRAF copy-number var-
iation and BRAF mutant allele imbalance at baseline can be
associated with response to treatment. In this study, we used a
multimodal approach to assess BRAF copy number and mutant
allele frequency in pretreatment melanoma samples from 46
patients who received MAPK inhibitor–based therapy, and we
analyzed the association with progression-free survival. We

found that 65% patients displayed BRAF gains, often supported
by chromosome 7 polysomy. In addition, we observed that
64% patients had a balanced BRAF-mutant/wild-type allele
ratio, whereas 14% and 23% patients had low and high BRAF
mutant allele frequency, respectively. Notably, a significantly
higher risk of progression was observed in patients with a
diploid BRAF status versus those with BRAF gains [HR, 2.86;
95% confidence interval (CI), 1.29–6.35; P ¼ 0.01] and in
patients with low percentage versus those with a balanced BRAF
mutant allele percentage (HR, 4.54; 95% CI, 1.33–15.53; P ¼
0.016). Our data suggest that quantitative analysis of the BRAF
gene could be useful to select the melanoma patients who are
most likely to benefit from therapy with MAPK inhibitors.
Mol Cancer Ther; 17(6); 1332–40. �2018 AACR.

Introduction
Approximately 50% of cutaneous melanomas carry a B-Raf

proto-oncogene, serine/threonine kinase (BRAF) mutation
that leads to constitutive activation of the MAPK pathway (1,
2). In more than 80% of cases, the mutation causes a valine to
glutamic acid, less frequently, a valine to lysine, substitution at
codon 600 (p.V600E and p.V600K, respectively). Rarer muta-
tions, including BRAF p.V600D, p.V600R, and p.V600_K601E,

have also been reported (COSMIC, http://www.sanger.ac.uk/
cosmic; refs. 3, 4). In recent years, the advent of selective
inhibitors of the MAPK pathway (i.e., BRAF and MEK inhibi-
tors) has improved both the overall survival and the progres-
sion-free survival (PFS) of BRAF V600–mutated (BRAFmut)
metastatic melanoma patients. After initial response, however,
the majority of patients invariably experience the onset
of resistance, which limits long-term treatment effectiveness
(5–9). In some cases, disease progression is immediate, occur-
ring within 3 months (10). Therefore, the identification of
biomarkers that predict response to therapy is a prerequisite
for patient stratification and treatment selection.

BRAF gene amplification is described as one of the main
mechanisms of acquired resistance on BRAF inhibitor–based
therapy (with or withoutMEK inhibitors) supporting reactivation
of the MAPK pathway (hence tumor cell proliferation) that leads
to relapse. Ahighernumber ofBRAF gene copies has beendetected
in specimens from patients at disease progression compared with
baseline biopsies (11–14). An increased BRAF gene copy number
has also been reported both in pretreatment specimens from
metastatic melanoma patients who did not respond to therapy
and in MAPK inhibitor (MAPKi)–resistant cell lines (15, 16).
Thus, it is still debated if BRAF amplification is an acquired
mechanism of resistance, which develops de novo in the tumor
cells to overcome BRAF inhibition, or if it can also play a role
as an intrinsic mechanism when detected in the tumor prior to
MAPKi exposure.
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A high rate of chromosome instability is a hallmark of
melanoma. It is also known that copy-number variation (CNV)
becomes more pronounced with progression from in situ to
metastatic melanoma. Cutaneous melanoma is characterized
by a pattern of copy-number alterations that typically include
chromosome 1, 6, and 7 gains and chromosome 9 and 10 losses
(17, 18). The BRAF gene maps to chromosome 7, which is
frequently gained, as a whole or in part, especially in BRAFmut
melanoma, contributing to variation of the amount of the
mutant allele. Indeed, the percentage of the BRAFmut allele,
although expected to be 50% as mutations in oncogenes are
usually heterozygous, reportedly spans across a wide range of
values in melanoma samples (19–22). Because the BRAF V600
mutation is the target of BRAF inhibitors, the percentage of the
BRAFmut allele was suggested to influence the clinical efficacy
of the treatment, but its association with patients' response is
still controversial (19, 23–25).

The aim of our study was to assess BRAF copy number and
mutant allele frequency in pretherapy specimens frommetastatic
melanoma patients who received MAPKi and to investigate the
correlation with patients' response to treatment. The identifica-
tion of predictive biomarkers would allow the selection of
patients who are most likely to benefit from MAPK-targeted
therapy, thus improving clinical management.

Materials and Methods
Patient cohort

Fifty-one specimens (9 from primary tumors and 42 from
metastases) were collected, prior to MAPK-targeted therapy ini-
tiation, from 46 patients diagnosed with BRAFmut unresectable
stage III or stage IV cutaneous melanoma, who were treated at the
Veneto Institute of Oncology IOV – IRCCS in Padua. Multiple
biopsies were available for 5 patients.

All patients received MAPK-targeted therapy: 34 (74%) were
treated withmonotherapy [vemurafenib (22) or dabrafenib (12)]
and 12 (26%) with a combination of BRAF and MEK inhibitors
(Combo: dabrafenib and trametinib, respectively). We used
PFS—calculated from the date of MAPKi treatment initiation to
the date of the documented progression—as clinical outcome
measure. Overall tumor burden was measured by total body CT
scan, including brain, with contrast at baseline and then every 3
cycles. Clinical responsewas assessed according to RECIST version
1.1. Information about age, gender, clinical history including
stage, histopathologic features, therapy, Eastern Cooperative
Oncology Group performance status (ECOG PS) at baseline, and
best response to treatment (i.e., complete response, partial
response, stable disease, or progressive disease) was collected.
Written informed consent was obtained from all patients before
enrollment in the study, which was approved by the local insti-
tutional ethics committee and performed in accordance with the
principles of the Declaration of Helsinki.

Tumor samples and DNA extraction
All samples were formalin-fixed paraffin-embedded (FFPE). A

pathologist contoured and estimated the tumor area on hema-
toxylin and eosin (H&E)–stained slides. For five samples, tumor
cell percentage was also evaluated by the Aperio ScanScope CS
system and ImageScope software (Leica Biosystems) on digital
images of H&E slides; the results confirmed the accuracy of the
pathology evaluation. Samples with tumor content �70% were

macrodissected to enrich the tumor cell population. DNA was
extracted using the QIAmp DNA micro/mini Kit (Qiagen) or the
MagNA Pure Compact Instrument (RocheDiagnostics) according
to the manufacturer's instructions.

Real-time PCR reactions
BRAF gene copy number was assessed by real-time qPCR using

the TaqMan technology on a Light-Cycler 480 instrument (Roche
Diagnostics). A 149 bp regionwas amplifiedwith primers encom-
passing the 600 codon in a multiplex reaction that also included
primers for albumin (ALB) as a reference gene, which appeared
neither focally amplified nor deleted across a dataset of 3,131
tumors that included 111 melanoma cases (data from http://
www.broadinstitute.org/tumorscape; ref. 26). We used the rela-
tive quantification measured using the delta-Ct method with a
BRAF reference standard (Horizon Diagnostics) in each experi-
ment and adjusted it according to the estimated tumor cell
percentage. To validate our approach, we analyzed control DNA
from FFPE normal skin samples that showed a BRAF/ALB ratio
ranging from 0.93 to 1.1 and denoting an equal copy number of
the BRAF and ALB genes (range, 1.9–2.2 copies). The adenocar-
cinoma cell line HT-29, for which chromosome 7 trisomy has
been reported (27), was used as an additional control. HT-29 cells
were generously provided by Professor A. Rosato (University
of Padua) after authentication by analyzing the short tandem
repeats profile by the GenePrint 10 System (Promega) and after
negativeMycoplasma test by aMycoAlert kit (Lonza). Aliquotes of
DNA extracted from these cells were used for this work. qPCR
analysis on HT-29 DNA showed a BRAF/ALB ratio of 1.5, as
expected. We therefore set a copy number of 2.3 as a cut-off to
discriminate between a diploid BRAF status and BRAF gain.

The quantification of the BRAFmut allele in each sample was
obtained by ad hoc real-time PCR reactions set up to amplify the
V600E/K-mutated and wild-type (wt) alleles. The forward primer
was mutation-specific, with a 30 terminus matching the V600E,
V600K, or thewt codon, whereas the reverse primer and the probe
were identical in each reaction. To increase allele specificity, an
additional nucleotide mismatch was incorporated 2 nucleotides
upstream the 30 end of each forward primer. Both mut- and wt-
specific PCRs were performed using the ALB gene as a control to
normalize for DNA content. Standard curves with serial dilutions
of the commercially available BRAF V600E or V600K 50% allele
standards (Horizon Diagnostics) in BRAFwt sample were used to
evaluate the reaction efficiency and to calculate the fraction of
BRAF V600mut allele as in Kristensen and colleagues (28). The
BRAFmut allele % was calculated as a ratio of BRAFmut/BRAF-
mutþBRAFwt adjusted by tumor cell percentage. To validate the
method, we compared the BRAFmut allele % as measured by
allele-specific real-time qPCR with that evaluated by pyrosequen-
cing forfive representative samples and for theBRAFV600EHT-29
cell line (22, 23, 28). The twomethods yielded comparable results
with an average difference of 10.7%.

Sequences of primers and probes are provided in Supplemen-
tary Table S1.All PCR reactionswere carriedout induplicate (cycle
conditions are available upon request).

CNV analysis
For CNV assessment, 80 ng of dsDNA was analyzed using the

OncoScan CNV Assay (Affymetrix) on an Affymetrix SNP-array
platform according to the manufacturer's protocol. This assay is
based on a molecular inversion probe technology specifically
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designed to handle limited amounts of highly degraded, FFPE-
extracted DNA. The raw probe signal intensities (CEL files)
obtained were processed using the OncoScan Console software
(Affymetrix). Normal controls from the OncoScan assay Kit
were used to calculate log2 ratio and B-allele frequencies. Copy-
number aberrations were identified by OncoScan Nexus
Express (Biodiscovery) using the TuScan segmentation
algorithm.

FISH analysis
A total of 18 FFPE samples (2 primary melanomas and 16

metastases) from 15 patients were analyzed by FISH using the
Vysis BRAF SpectrumGold FISH Probe Kit, which covers a
region encompassing the entire BRAF gene, and the Vysis CEP7
SpectrumGreen Probe, which hybridizes to the alpha satellite
DNA at the chromosome 7 centromere (Abbott Molecular).
Four-micrometer sections were pretreated with the Paraffin
Pretreatment Kit I (Abbott Molecular), denatured, and hybrid-
ized with 10 mL of probe mixture. After washing, the slides were
counterstained with 10 mL of DAPI I (Abbott Molecular) and
analyzed at high-power magnification (�100) using a Leica
DM4000 B LED epifluorescence microscope (Leica Biosystems).
The Leica Application Suite software was used for image acqui-
sition. For each sample, the numbers of copies of the BRAF gene
and of the chromosome 7 were estimated by calculating the
mean number of signals for each probe in 100 nuclei.

Statistical analysis
Quantitative variables were summarized as median and range;

categorical variables were reported as counts and percentages. PFS
rates were estimated by the Kaplan–Meier method and compared
with the log-rank test. Patients who did not develop an event
during the study interval were censored at the date of the last
follow-up. HRs and 95% confidence interval (CI) for each group
of interest were estimated using the Cox proportional hazards
model with low-risk group being used as the reference. The
independent role of each covariate in predicting the PFS was
verified in a multivariate model considering all characteristics
significantly associated to the outcome in the univariate analysis,
as well as the interaction between BRAF copy number andmutant
allele frequency. We used the Harrell's c index to estimate the
predictive accuracy of the Cox model. No deviation from the
proportional hazards assumption was found by the numerical
methods of Lin and colleagues (29). The Fisher exact test was used
to assess the association of BRAF copy number and mutant allele
frequency with one another and with best response. All tests were
two-sided, and a P value < 0.05 was considered statistically
significant. Statistical analyses were performed using the SAS
version 9.4 (SAS Institute).

Results
We retrospectively studied 51 samples from 46 patients treated

for BRAFmut metastatic melanoma at the Veneto Institute of
Oncology IOV – IRCCS in Padua. Routine diagnostic mutation
analysis detected the BRAF V600E (c.1799T>A) mutation in 42
samples (82%), the V600K (c.1798_1799delGTinsAA) in 7
(14%), and the V600R (c.1798_1799delGTinsAG) and
V600_K601E (c.1799_1801delTGA) each in 1 sample (2%).
Patients' demographics and clinical/pathological characteristics
are summarized in Table 1 and detailed in Table 2.

Patients received either BRAF inhibitors monotherapy (vemur-
afenib or dabrafenib) or a combination of BRAF and MEK
inhibitors (Combo). Six patients were still on therapy at the time
of the analysis; one (O-199) suspended the treatment due to
toxicity. Themedian time toprogressionwas5.6months (95%CI,
4.4–7.5) for patients treated with monotherapy, 15.7 months
(95% CI, 8.2–) for those treated with Combo, and 7.5 months
(95% CI, 5.5–12.8) overall.

Assessment of BRAF gene copy number
BRAF gene copy number was first assessed by qPCR. After

setting a cut-off of 2.3 copies to discriminate between diploid
BRAF status and BRAF gain, we identified gains (median of 3
copies; range, 2.4-4) in 26 samples from 23 patients (50%) and a
diploid status (median of 2.2 copies; range, 1.9-2.3) in the
remainder (Fig. 1A; Supplementary Table S2). Different speci-
mens from the same patient showed concordant copy-number
results in all cases but one, O-0557 (Supplementary Table S2).

To confirm the results obtained by qPCR and investigate the
possible mechanisms underlying the detected BRAF gains, we
derived data relating to 39 patients (43 specimens) in this study
from a genome-wide CNV analysis, whichwe carried out for other
purposes. Most samples displayed widespread genome aneuploi-
dy. BRAF-focused CNV analysis identified more than two BRAF
copies (median of 3 copies; range, 2.4–7) in 29 samples from 25
patients (64%). As exemplified in Fig. 1B, these detected BRAF
gains were often coupled with polysomy of chromosome 7 (i.e.,

Table 1. Demographics and clinicopathologic characteristics of the melanoma
patient cohort

N (%)

Patients 46 (100%)
Gender
Male 24 (52%)
Female 22 (48%)

Median age years (range) 55 (28–80)
Therapy
Vemurafenib 22 (48%)
Dabrafenib 12 (26%)
Combo (dabrafenibþtrametinib) 12 (26%)

Stage
IIIB 4 (9%)
IIIC 6 (13%)
IV 36 (78%)

ECOG PS
0 34 (74%)
1 10 (22%)
>1 2 (4%)

Median PFS months (95% CI) 7.5 (5.5–12.8)
Best response on RECIST
CR 9 (19%)
PR 26 (57%)
SD 3 (7%)
PD 8 (17%)

Tumor specimens
Tissue 51 (100%)
Primary 9 (18%)
Metastasis 42 (82%)

BRAF mutation
V600E 42 (82%)
V600K 7 (14%)
V600R 1 (2%)
V600_K601E 1 (2%)

Abbreviations: CR, complete response; PD, progressive disease; PR, partial
response; SD, stable disease.
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more than 2.3 copies of the 7p11–q21 region encompassing the
centromere andof almost the entire chromosome), thus assigning
18 patients to the "gain/polysomy" category (Supplementary
Table S2). Also 2 patients (O-4519 and O-4769) with 7 BRAF
gene copies, which could be considered as gene amplification,
were included in this group owing to the associated whole
chromosome 7 polysomy. On the other hand, the 7 patients who
showed 2.7 to 6 BRAF copy gains but chromosome 7 disomywere
assigned to the category "gain/disomy." In the remaining 14
patients (36%), BRAF CNV analysis showed diploid BRAF gene
(median of 2 copies; range, 2–2.3) and chromosome 7 disomy,

and they were assigned to the category "diploid/disomy" (Sup-
plementary Table S2).

Comparing the results obtained by qPCR with those obtained
by CNV analysis, we observed that all gains identified with the
former approach were confirmed by the latter one. Instead, 8 of
the 22qPCR-assessedpatientswithdiploidBRAF status displayed,
in fact, BRAF gains by CNV analysis (italicized in Supplementary
Table S2). For 4 of them (O-0477,O-0550,O-2386, andO-3854),
CNV analysis uncovered polysomy of chromosome 4, where the
ALB reference genemaps. Thus, theBRAF status for these caseswas
reclassified as "BRAF gain." To resolve the discrepancy related to

Table 2. BRAF copy-number status in melanoma samples according to tumor and patient characteristics

Patient
Tumor tissue
analyzed

% Tumor
cells

BRAF
mutation Therapy

PFS
(months)

Best
response

BRAF copy-number
status

O-0433 Primary 90 V600E Vemurafenib 6.4 SD Diploid
O-0477 Metastasis 85 V600E Vemurafenib 5.4 PR Gain
O-0480 Metastasis 80 V600E Vemurafenib 1.5 PD Diploid
O-0481 Metastasis 100 V600E Vemurafenib 5.6 PR Diploid
O-0482 Primary 95 V600E Vemurafenib 5.5 PR Gain
O-0483_aa Metastasis 95 V600E Dabrafenib 3.4 PR Gain
O-0483_ba Metastasis 70 V600E Gain
O-0550_a Metastasis 95 V600E Combo 15.8 PR Gain
O-0550_b Metastasis 100 V600E Gain
O-0557_a Metastasis 95 V600E Combo 22.2 CR Gain
O-0557_b Metastasis 85 V600E Gain
O-0559 Metastasis 80 V600E Vemurafenib 12.9 PR Gain
O-0592 Metastasis 95 V600E Vemurafenib 1.7 PD NAb

O-0864 Primary 70 V600E Combo 2.5 PD Diploid
O-1230 Metastasis 88 V600E Vemurafenib 4.4 PR Diploid
O-1361 Metastasis 95 V600E Combo 18.8 CR Gain
O-1570 Metastasis 90 V600E Dabrafenib 7 PR Gain
O-1614 Metastasis 95 V600E Dabrafenib 36.7 CR Gain
O-1681 Primary 88 V600E Vemurafenib 11.2 SD NA
O-1684 Metastasis 70 V600E Combo 10.5 CR Gain
O-1716 Metastasis 95 V600R Dabrafenib 11.5 PR Gain
O-1787 Primary 100 V600E Dabrafenib 15.2 PR Gain
O-1977 Metastasis 95 V600E Vemurafenib 5.5 CR Gain
O-199 Metastasis 80 V600E Vemurafenib 3.6 PR Gain
O-2087 Metastasis 95 V600E Dabrafenib 43.2 CR Gain
O-2259_a Primary 80 V600K Vemurafenib 5.4 PR Gain
O-2259_b Metastasis 100 V600K Gain
O-2287 Metastasis 100 V600E Combo 43.2 PR Gain
O-2386 Metastasis 90 V600E Vemurafenib 2.1 PD Gain
O-2513 Metastasis 95 V600_K601E Dabrafenib 2 PD Gain
O-2792 Metastasis 85 V600E Dabrafenib 1.4 PD Diploid
O-2977 Metastasis 88 V600E Vemurafenib 5.6 PR Gain
O-3020 Metastasis 88 V600E Vemurafenib 16.6 PR Diploid
O-3321 Primary 90 V600E Combo 12.8 PR Gain
O-3848 Metastasis 70 V600K Vemurafenib 3.2 PD Gain
O-3854 Metastasis 88 V600E Combo 15.7 PR Gain
O-4229 Metastasis 88 V600E Dabrafenib 5.1 PR Diploid
O-4246 Metastasis 80 V600E Vemurafenib 4.2 PR Diploid
O-4337 Metastasis 100 V600E Combo 8.2 PR Diploid
O-4519 Metastasis 90 V600K Combo 12.1 PR Gain
O-4568 Primary 95 V600K Vemurafenib 7.5 SD Gain
O-4758 Metastasis 90 V600K Vemurafenib 24.2 PR Gain
O-4769 Metastasis 88 V600E Vemurafenib 33.6 CR Gain
O-4871 Metastasis 88 V600E Combo 26 CR Diploid
O-5158 Metastasis 88 V600E Dabrafenib 4 PR Diploid
O-5213 Metastasis 100 V600E Dabrafenib 7.5 PR Gain
O-5554 Metastasis 90 V600E Combo 33.6 PR Diploid
O-5646_a Metastasis 75 V600E Vemurafenib 17.5 PR Gain
O-5646_b Metastasis 70 V600E Gain
O-6576 Primary 88 V600K Dabrafenib 21.7 CR Gain
O-6635 Metastasis 90 V600E Vemurafenib 2.8 PD Diploid
aa/b: specimens from the same patient.
bNot assigned.
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the other 4 patients (O-0482, O-0557, O-0559, and O-1977), we
carried out FISH analysis, which we extended to a total number of
18 samples from 17 patients. FISH confirmed all BRAF gains
detected by CNV analysis. The above-mentioned 4 cases were,
therefore, reclassified as gains. Notably, FISH analysis disclosed a
previously undetected chromosome 7 polysomy in one case (O-
0482; Supplementary Table S2), showing intratumor heteroge-
neity with few cells that harbored more than two BRAF copies.
Both CNV and FISH analysis displayed the same BRAF copy
number when multiple biopsies from 1 patient were evaluated.

Our results indicate that although the qPCR-assessed BRAF
gains are a robust result, the qPCR-assessed diploid BRAF
status needs validation by another approach. Because samples
O-0592 and O-1681 were analyzed only by qPCR, we could not
define their BRAF copy number (thus making 5% NA, not
assigned; Table 2). Overall, based on these criteria, we found that
BRAF gains were present in melanoma samples from 30 patients

(65%), whereas 14 patients (30%) displayed a diploid BRAF
status (Table 2). Notably, the increased amount of BRAF gene
copies was frequently due to whole or partial chromosome 7
polysomy, whereas BRAF gene amplification (namely >6 gene
copies and chromosome disomy) was never detected in our
pretreatment cohort.

Assessment of BRAF mutant allele percentage
To determine if BRAF CNV was associated with changes in the

percentage of the BRAF V600E/V600K allele in the tumor, we
evaluated the BRAFmut allele frequency and integrated the infor-
mation with the copy-number data.

Analyzing 48 samples from 44 patients (patients with V600R
and V600_K601E mutations were excluded), we observed a wide
spectrum of BRAFmut allele % values, ranging from 20% to 98%
(median 54%; Supplementary Table S2), and noticed that more
than a half of them (56%) had a 40% to 60% BRAFmut allele

Figure 1.

Quantitative analysis of the BRAF gene.A,Boxplot of qPCR-derived BRAF copy-number values. A cut-off of 2.3 copieswas used to discriminate between diploid and
gain status. B, Representative cases of chromosome 7 and BRAF gene copy-number aberrations as assessed by OncoScan assay (left plots) and FISH
analysis (right plots).
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frequency (Fig. 2A). Taking into account that, upon validation
of this analysis, we observed a 10% mean difference when
comparing the results by allele-specific qPCR with those by
pyrosequencing, we set a range of 35% to 65% to distinguish
the balanced heterozygous BRAF status and the cases with a low
(<35%) or high (>65%) BRAFmut allele % (Fig. 2B). As a result,
64.5% of the analyzed samples (63.6% of patients) were
classified as heterozygous, whereas 12.5% and 23% of them
(13.6% and 22.7% of patients) showed a low (average 24.3%)
and high (average 88.6%) BRAFmut allele %, respectively
(Supplementary Table S2).

Upon integration of BRAFmut allele frequency and BRAF gene
copy number data (Fig. 2C), balanced heterozygosity remained
the most represented category, both in BRAF diploid samples
(79%) and in those with gains (60%). Notably, however, 34% of
samples with BRAF gains were supported by high BRAFmut allele
%, which was never detected in diploid BRAF samples. The latter
ones showed, instead, a low BRAFmut allele% in almost one fifth
of the cases (21.4%). A significant association between BRAF copy
number andmutant allele frequency was confirmed by the Fisher
exact test (P ¼ 0.015).

Association of baseline BRAF copy number and mutant allele
frequency with PFS and best response

We then investigated, by a nonparametric Kaplan–Meier
analysis, the relationship between BRAF copy number and
BRAFmut allele % at baseline and patients' response to MAPKi
treatment. In univariate analysis (Table 3), patients with BRAF
gain showed a trend toward longer PFS (median, 12.1 months;
95% CI, 5.6–15.8) compared with patients with diploid BRAF
status (median, 4.7 months; 95% CI, 2.5–8.2; P log rank ¼
0.056; Fig. 3A). A significantly longer PFS was also observed in
patients with balanced heterozygous BRAFmut status (median,
12.0 months; 95% CI, 5.6–15.8) and high BRAFmut allele %
(median, 7.5 months; 95% CI, 2.1–21.7) compared with those
with low BRAFmut allele % (median, 3.0 months; 95% CI, 1.4–
5.5; P log rank < 0.001; Fig. 3B). Notably, patients with low
BRAFmut allele % presented a more than 7- and 5-fold
increased HR for disease progression when compared with the
heterozygous and high BRAFmut allele % groups, respectively.
As expected, in univariate analysis also age, ECOG PS, disease
stage, type of therapy, and best response were correlated to PFS
(Table 3).

In the multivariable model, which included all the above-
mentioned variables, as well as the interaction between BRAF
copy number and mutant allele frequency, both BRAF copy
number and BRAFmut allele frequency remained as independent
predictors of PFS, in addition to stage and type of therapy (Table
3). The estimated accuracy of theCoxmodel byHarrell c indexwas
76.7% (95%CI, 65.8–87.6). Patients with tumor characterized by
diploid BRAF status had a significantly higher risk of progression
than those with BRAF gains (HR, 2.86; 95% CI, 1.29–6.35; P ¼
0.01). Patients with low BRAFmut allele % still showed a signif-
icantly higher risk of progression compared with those with
balanced heterozygous BRAF status (HR, 4.54; 95% CI, 1.33–
15.53; P ¼ 0.016).

Our data suggest that patients whose tumors display BRAF
gains or heterozygousBRAFmut allele%have a longer response to
MAPKi, independently of type of therapy and tumor stage. BRAF
copy number and mutant allele frequency were not associated
with best response (Supplementary Table S3).

Discussion
The onset of resistance represents a major hindrance to the

long-term effectiveness of MAPKi therapy in metastatic melano-
ma patients. Predictive biomarkers of resistance are urgently
needed. For this purpose, we have quantitatively studied theBRAF
gene—the direct target of the MAPKi-based therapy—and

Figure 2.

Quantitative analysis of BRAF mutant allele frequency. A, Histogram
representationof the percentage ofmut allele in 48melanoma samples obtained
by allele-specific qPCR. B, Boxplot of the percentage of mut allele in
48 samples divided into three categories: low (<35%), heterozygous (35%–65%),
and high (>65%). C, Histogram representation of the above-mentioned
BRAFmut allele % categories according to diploid/gain status.
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investigated the correlation between gene copy number ormutant
allele frequency at baseline and PFS. Our findings show that
patients with melanoma displaying gains of the BRAF gene or
BRAFmut allele % similar to or higher than that of the wt allele
seem to benefit the most from MAPKi therapy.

Given the complexity of the molecular alterations that charac-
terize metastatic melanoma (30, 31), we integrated data from
three independent methods to achieve a confident assessment of
BRAF copy number: qPCR, which is commonly used for gene
quantification; CNV analysis, which provides a comprehensive
picture of whole genome alterations; FISH, which has the poten-
tial to uncover tumor heterogeneity by analyzing single nuclei.
Using the three techniques, we found BRAF gains in 65% of our
patient cohort. Notably, our results failed to show the presence of
BRAF amplification and indicate that, instead, BRAF gains are a
common event that is often supported by total or partial chro-
mosome 7 polysomy. Our data are consistent with previous
findings showing that gains of chromosome 7 are frequently
associated with the presence of BRAF mutations in metastatic
melanoma (18, 32).

Upon investigation of the impact of BRAF CNV on allele
frequency, even thoughmost cases (64.5%) displayed a balanced
BRAF mut/wt allele ratio, low and high frequencies of BRAFmut
allele were detected in 12.5% and 23% of samples, respectively.
The unbalanced ratio favoring the mutated allele of an oncogene
is a frequent event during tumorigenesis. Moreover, mutant
allele–specific imbalance is often coupled with copy-number

gains (20–22). Indeed, we found that all samples with a high
percentage of BRAFmut allele were also characterized by BRAF
gains. On the other hand, 21% of the samples with a diploid
BRAF status showed an unbalanced allelic ratio favoring the wt
allele (i.e., low BRAFmut allele %). We excluded the possibility of
a contamination by normal cells (e.g., stromal and inflammatory
cells) because our results took into account (and were adjusted
based on) tumor cell percentage. Conceivably, intratumor het-
erogeneity contributes to the spectrum of BRAFmut allele %,
whereby heterozygous, homozygous mutant, or wt BRAF mela-
noma cells could coexist in one tumor lesion (19). Indeed, this is a
frequent scenario in primary melanoma as well as at the meta-
static stage, even though the number of mutated cells tends to
increase during tumor progression owing to the proliferative
advantage conferred by the BRAFmut allele (33, 34). Thus, an
unbalanced BRAF allelic ratio is always integral to the complexity
of the metastatic melanoma genome.

Previous studies carried out in a very limited number of
pretreatment specimens from patients treated with BRAF � MEK
inhibitors had suggested that an increased BRAF copy number
could be associated with disease progression (15, 16). Instead, in
our larger cohort of MAPKi-treated patients, we observed that
BRAF gains at baseline were associated with a better clinical
outcome, both by univariate and multivariate analyses. Our
results suggest a possible different effect of BRAF gains on the
clinical response compared with the proved role of the BRAF gene
amplification as an acquired mechanism of resistance to MAPKi

Table 3. Univariate and multivariate survival analyses

Univariate analysis Multivariate analysis
Median PFS months (95%CI) HR (95% CI) P value HR (95% CI) P value

Gender
Male 8.2 (5.5–15.7) 1.55 (0.82–2.94) 0.179
Female 7.2 (3.4–12.8) 1

Age (years) 1.03 (1.00–1.05) 0.033
ECOG PS
0 12.1 (6.4–15.8) 1
1–3 5.5 (2.0–7.0) 2.36 (1.13–4.90) 0.021

BRAF
V600E 7.5 (5.5–15.2) 1
V600K 9.8 (3.2–24.2) 1.16 (0.48–2.79) 0.747

Stage
IIIB - 1 1
IIIC–IV 7.0 (5.4–11.5) 4.80 (1.13–20.32) 0.033 6.78 (1.51–30.50) 0.013

Therapy
Combo 15.7 (8.2–) 1 1
Mono 5.6 (4.4–7.5) 2.51 (1.15–5.50) 0.021 2.46 (1.05–5.78) 0.039

Best response
CR 26.0 (5.5–) 1
PR 8.2 (5.5–15.2) 3.65 (1.35–9.83) 0.010
SD 7.5 (6.4–11.2) 6.05 (1.32–27.71) 0.020
PD 2.0 (1.4–2.8) NE

BRAF copy number
Diploid 4.7 (2.5–8.2) 1.92 (0.97–3.82) 0.062 2.86 (1.29–6.35) 0.01
Gain 12.1 (5.6–15.8) 1 1

BRAF mut allele %
Heterozygous 12.0 (5.6–15.8) 1 1
High 7.5 (2.1–21.7) 1.28 (0.59–2.78) 0.530 2.16 (0.86–5.47) 0.102
Low 3.0 (1.4–5.5) 7.37 (2.41–22.50) <0.001 4.54 (1.33–15.53) 0.016

BRAF mut allele %
Heterozygous 0.78 (0.36–1.69) 0.530 0.46 (0.18–1.17) 0.102
High 1 1
Low 5.75 (1.69–19.56) 0.005 2.10 (0.53–8.28) 0.290

NOTE: Significant P values are italicized.
Abbreviations: CI, confidence interval; NE, not estimable.
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(12, 35). A similar effect on PFS was described for patients who
received the multikinase inhibitor Sorafenib and whose melano-
ma harbored gains in one of the targeted genes, RAF1 (36). In
addition, we observed a 7- or 5-fold decrease of HR for disease
progression in patients with melanoma harboring a balanced
BRAF heterozygousmutation or a high BRAFmut allele %, respec-
tively, compared with patients whose melanoma had a low
BRAFmut allele %. Notably, we found that the significant corre-
lation between BRAFmut allele frequency and response toMAPKi
was independent of the other clinical characteristics, including
therapy and stage. It can be speculated that a lowmutational load
would translate into reduced amount of accessible target to the
inhibitor and hence less efficacy. Alternatively, targeting of the
MAPK pathway in tumor cells with a higher amount of BRAFwt
allele could trigger a paradoxical cell proliferation leading to
tumor resistance (37).

Previously, Lebb�e and colleagues analyzed the correlation of
BRAFmut allele levels with best response rate to vemurafenib,
showing that complete responses were more frequent in patients
with high BRAFmut allele, whose PFS advantage however

decreased within 10 months (23). Conversely, other two studies
(19, 24) reported that patients with high or low mut allele %
benefited equally from BRAF inhibitors. Recently, Boespflug and
colleagues analyzing a large cohort observed a trend in favor of a
better PFS for patients with high mut allele % (25). One of the
major differences among these studies was the cut-off used to
discriminate between high and low BRAFmut allele %. In none
of the previous studies (19, 23–25), the heterozygous cases
were considered as an independent group. Instead, we believed
it was important to discriminate between patients with bal-
anced heterozygosity and those with allelic imbalance. By
doing so, we found that patients in the former group had the
longest PFS. We acknowledge that, because many variables are
considered, our results should be replicated in a larger cohort.
Nevertheless, our study is monocentric and, hence, ensures
homogeneity of clinical data.

In conclusion, we provide a characterization of the BRAF copy
number and BRAFmut allele % profile in metastatic melanoma
prior toMAPKi therapy. At this stage, we cannot exclude that these
molecular traits have a prognostic rather than a predictive role.
Future collaborative studies aimed at comparing the clinical
outcome, according toBRAF status and allele%, inMAPKi-treated
versus -untreated patients, should help us to clarify this aspect.
Our results uncover the frequent occurrence of BRAF gene gains,
which appear to be mostly responsible for mutant allele imbal-
ance, and show thatBRAF copy number andBRAFmut allele%are
associated with the PFS of metastatic melanoma patients, as do
the stage and type of therapy. Patients with a melanoma charac-
terized by a diploid BRAF status or low BRAFmut allele % showed
a remarkably increased risk of progression on MAPKi therapy
and could therefore benefit fromother treatment strategies. In this
light, assessment of BRAF copy number and/ormutant allele load
could be considered prior to treatment choice as a useful tool for
patient selection to targeted therapy.
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Figure 3.

PFS according to BRAF quantitative analysis. A, Kaplan–Meier plots of
patients with diploid BRAF status (N ¼ 14) or BRAF gain (N ¼ 30). B, Kaplan–
Meier plots of patients with low (N ¼ 6), balanced heterozygous (N ¼ 28),
and high (N ¼ 10) BRAFmut allele %.
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