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1   |   INTRODUCTION

Melanoma is the fifth most common cancer in both men 
and  women  in  the  United  States.1  It  is  estimated  that 
101,280 adults will be diagnosed with melanoma this year.1 

According to Surveillance, Epidemiology, and End Result 
(SEER)  data,  patients  with  primary  localized  melanoma 
tumors have a 99% 5- year relative survival rate, however, 
this number decreases drastically to 27% for patients with 
metastatic  melanoma  tumors.  Remarkably,  40%– 60%  of 
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Abstract
Background: B- Raf  V600E  mutations  account  for  about  half  of  all  skin  cuta-
neous melanoma cases, and patients with  this mutation are sensitive  to BRAF 
inhibitors. However, aberrations in other genes in the MAPK/ERK pathway may 
cascade a similar effect as B- Raf V600E mutations, rendering those patients sensi-
tive to BRAF inhibitors. We rationalized that defining a signature based on B- Raf 
pathway activity may be more informative for prognosis and drug sensitivity pre-
diction than a binary indicator such as mutation status.
Methods: In this study, we defined a B- Raf signature score using RNA- seq data 
from TCGA. A higher score is shown to not only predict B- Raf mutation status, 
but also predict other aberrations that could similarly activate the MAPK/ERK 
pathway, such as B- Raf amplification, RAS mutation, and EGFR amplification.
Results: We  showed  that  patients  dichotomized  by  the  median  B- Raf  score  is 
more  significantly  stratified  than  by  other  metrics  of  measuring  B- Raf  aberra-
tion, such as mutation status, gene expression, and protein expression. We also 
demonstrated that high B- Raf score predicts higher sensitivity to B- Raf inhibitors 
SB590885 and PLX4720, as expected, but also correlated with sensitivity to drugs 
targeting other relevant oncogenic pathways.
Conclusion: The  BRAF  signature  may  better  help  guide  targeted  therapy  for 
melanoma, and such a framework can be applied to other cancers and mutations 
to provide more information than mutation status alone.
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all melanoma patients exhibit B- Raf mutations.2  In  fact, 
just  under  half  of  metastatic  melanoma  tumors  contain 
a  B- Raf  mutation.3  B- Raf  (BRAF)  is  a  serine/threonine 
protein kinase belonging to the RAF family and regulates 
the mitogen- activated protein kinase/extracellular signal- 
regulated  kinase  (MAPK/ERK)  signaling  pathway.  The 
most prevalent BRAF mutation  is  the V600E mutation,4 
especially  in  metastatic  melanoma,  where  70%– 90%  of 
patients express this specific point mutation.3 The BRAF 
V600E  activating  mutations  promote  the  MAPK/ERK 
pathway resulting in uncontrolled cell proliferation.5

The FDA- approved course of treatment for metastatic 
melanoma  patients  with  BRAF  mutations  are  BRAF  in-
hibitors,  which  inhibits  the  BRAF  kinase  and  blocks 
signaling  to  the  MAPK/ERK  pathway.6  Approved  BRAF 
inhibitors for clinical use include vemurafenib (PLX4032), 
dabrafenib  (GSK118438),  encorafenib  (LGX818),  and 
sorafenib.7  There  have  been  reports  that  BRAF  V600E 
mutation status is not necessarily as good of a predictor to 
BRAF/MEK inhibitors response as previously thought.8,9 
Certain patients with BRAF mutations are insensitive to 
these inhibitors, attributed to increased cyclin D1 expres-
sion10 and MEK1 mutations,11 but other patients that are 
BRAF wild type have shown sensitivity to vemurafenib.12 
These results are not surprising: the MAPK/ERK pathway 
consists of a multitude of signaling and activations from 
many different sources, so BRAF V600E mutation is not 
the only mechanism of BRAF activation. Such alternative 
pathways may be elucidated through study of the patient's 
transcriptome. In order for genomic aberrations to be on-
cogenic  and  affect  cell  functions,  the  aberration's  effect 
must be reflected in the gene expression profile of the pa-
tient  so  that  the oncogenic proteins may be  transcribed. 
Aberrations that all affect the same pathway and cell func-
tion are expected to be captured through a consistent set 
of upregulated genes. As a result, there has been interest 
in  developing  a  gene  expression  signature  capturing  the 
cumulative contributions of all possible pathways directly 
related to BRAF V600E mutation.

Gene signatures have been proposed to identify genes 
with differential regulation between BRAF V600E- mutant 
and  wild- type  patients  in  melanoma.13  Other  gene  sig-
natures  have  been  proposed  to  predict  the  prognosis  of 
melanoma  patients  with  and  without  BRAF V600E  mu-
tation.14– 16 Still other gene signatures have been reported 
to  predict  the  sensitivity,  as  well  as  eventual  resistance, 
of melanoma patients  to BRAF inhibitors.17– 19 However, 
the gene sets defined  in all  these reports are  largely dis-
similar.  Clinically,  it  is  more  useful  to  utilize  a  single 
set  of  genes  in  the  signature,  rather  than  multiple  gene 
sets  for different purposes,  that  is able  to capture BRAF 
V600E  mutation  status,  prognosis,  and  drug  sensitivity. 
In addition, the gene signatures defined for prognosis and 

BRAF inhibitor prediction are often difficult to interpret 
in regard  to BRAF activation, as  they represent  the con-
tributions  of  many  genes  from  multiple  pathways.  The 
development of a gene signature purely reflecting BRAF 
V600E activity has not yet been explored, but may provide 
biological insights on the impact of the pathway on prog-
nosis and drug sensitivity. Lastly, the ability of gene signa-
tures based on BRAF V600E in predicting sensitivities to 
drugs besides BRAF inhibitors has not been well defined. 
Such an analysis may pave the path for discovery of new 
drugs to target BRAF mutations and eliminate other drugs 
if they have no effect.

To address these current limitations, we defined a gene 
signature  for  the  BRAF  V600E  mutation,  rationalizing 
that a gene signature that characterizes the BRAF- related 
pathways  will  be  more  informative  of  the  sensitivity  of 
melanoma  tumors  to  anticancer  drugs  than  BRAF  mu-
tations. We validated the efficacy of the signature in pre-
dicting BRAF V600E mutation, as well as other common 
genomic aberrations in the MAPK/ERK pathway. We then 
demonstrated  the  ability  of  the  signature  in  predicting 
prognosis  compared  to  BRAF  mutation,  expression,  and 
protein  levels.  Lastly,  we  explored  the  correlation  of  the 
signature  with  various  drugs  and  proposed  mechanisms 
for drug sensitivity and resistance.

2   |   MATERIALS & METHODS

2.1  |  Datasets used in this study

The Cancer Genome Atlas  (TCGA) RNA- seq dataset  for 
skin cutaneous melanoma (SKCM) was downloaded from 
Firehose  (https://gdac.broad insti tute.org/).  This  dataset 
consisted  of  RSEM  normalized  gene  expression  data  for 
20,501 genes from 473 skin cutaneous melanoma samples. 
Of the SKCM samples, 103 are from primary tumors and 
368 are from metastatic tumor samples. Besides gene ex-
pression, BRAF V600E mutation, copy number variation 
(CNV) data, and reverse phase protein assay (RPPA) data 
were used in this study. The mutations in 24,058 genes for 
each TCGA SKCM patient were downloaded as Mutation 
Annotation Format (MAF) files from Firehose. The TCGA 
CNV dataset was downloaded as a segmented copy num-
ber alteration (sCNA) file and contains CNV information 
for 23,311 genes, while the RPPA dataset was downloaded 
as raw protein expression data containing protein expres-
sion levels for 208 proteins and 355 samples. Both of these 
files were also downloaded through Firehose.

An additional four external datasets were used as val-
idation. Of the four validation datasets, one was primary 
bulk tumor sample data, one was single cell tumor sam-
ple  data,  and  two  were  cell  line  data.  The  bulk  tumor 

https://gdac.broadinstitute.org/
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sample  data  were  downloaded  from  Gene  Expression 
Omnibus  (GEO)  under  accession  ID  GSE59455.  This 
dataset contains 196 samples total and the mutation sta-
tus  information  for  BRAF  V600E  and  NRAS  mutations 
for 31 and 27 samples, respectively. Samples with incom-
plete  data  were  removed  from  analysis.  The  single  cell 
tumor  sample  data  were  downloaded  from  GEO  under 
accession ID GSE81383. This dataset contained mutation 
status  information  of  both  BRAF  V600E  and  NRAS  for 
307 and 141 samples,  respectively. The cell  line datasets 
were downloaded from the Genomics of Drug Sensitivity 
(GDSC) database (https://www.cance rrxge ne.org) and the 
Cancer Cell Line Encyclopedia (CCLE) database (https://
porta ls.broad insti tute.org/).  Mutation  status  information 
was available for the 41 skin cancer cell lines in the GDSC 
dataset and 62 skin cancer cell lines in the CCLE dataset. 
Additional information for these datasets can be found in 
Table S1.

2.2  |  Defining the BRAF signature

We  defined  a  weighted  gene  signature  using  primary 
SKCM  RNA- seq  and  BRAF  V600E  mutation  status  data 
from  TCGA.  Metastatic  samples  were  left  for  the  evalu-
ation of its effectiveness. The BRAF mutation status was 
defined  from the MAF files as  follows:  if  the patient ex-
hibited  the V600E mutation  in  the BRAF gene,  they are 
labeled as mutant (n = 27), and if the patient did not ex-
hibit  any  mutations  in  the  BRAF  gene  (including  other 
possible mutations in the BRAF gene besides V600E), they 
are labeled as wild type (n = 26). To define the signature, 
we first log2 transformed the RSEM expression values of 
the genes to avoid extreme values. Each gene in the trans-
formed gene expression profile is then used to predict the 
BRAF V600E mutation status (Y = 0 if BRAF wild type, 
1 if BRAF V600E mutation) of the patient using a logistic 
regression model (Equation 1).

Note  that  the  effect  of  clinical  variables  such  as  age 
and gender is also considered in the logistic model. Based 
on the model, we identified the top n genes that are most 
significantly upregulated (i.e., β1 > 0) to form the BRAF 
signature.  The  weights  of  signature  genes  were  deter-
mined  based  on  the  p- value  for  β1  using  the  following 
formula:  wup  =  min((- log10(p- value),  10)/10.  Note  the 
log  transformed  p- values  were  trimmed  at  10  to  avoid 
extreme  values.  We  have  evaluated  the  ability  of  gene 
signatures of different sizes (n = 20, 40, …. 800) for clas-
sifying  BRAF- mutant  versus  wild- type  melanoma  sam-
ples based on cross- validation. Our results indicated that 

the signature based on the top 200 most significant genes 
achieved the highest and most stable classification power, 
and was thus utilized through the rest of the study. These 
genes are  listed  in Table S2. Pathway enrichment analy-
sis on this gene set was performed using the online tool 
DAVID,  or  the  Database  for  Annotation,  Visualization, 
and Integrated Discovery.

2.3  |  Calculation of BRAF score

Utilizing  the  top  200  most  significant  upregulated  gene 
weights  defined  in  the  previous  section,  we  calculated 
sample- specific BRAF scores for patients in external gene 
expression  datasets  using  a  previously  defined  method 
named  BASE  (binding  association  with  sorted  expres-
sion).20  Initially,  the  external  patient  gene  expression 
profile  undergoes  median  normalization  to  mitigate  the 
variation  found  in  gene  expression  data.  The  median 
expression  of  each  gene  is  subtracted  from  each  tumor 
sample in the expression profile. Then, only the genes in 
the patient expression profile that are in the top 200 most 
significant  upregulated  gene  weights  are  selected. 
Subsequently, this gene expression profile subset is sorted 
into decreasing order based on their median normalized 
gene  expression,  creating  a  ranked  expression  profile,  g 
= {g1, g2, … g200}, with corresponding upregulated weights 
per gene, wup ={w1, w2, … w200}. Then, a foreground f(i) 
and  background  b(i)  cumulative  functions  are  applied 
to  the data  for both  the upregulated and downregulated 
weights.

The  foreground  function  captures  the  distribution 
influenced  by  highly  informative  genes,  while  the  back-
ground function captures random distribution. The max-
imum  difference  between  the  two  functions  (denoted 
BRAF pre- score) captures the biased distribution of BRAF 
signature genes in the sorted gene expression profiles for a 
tumor sample, similar to the enrichment score calculated 
in the gene set enrichment score (GSEA) analysis.20,21

Next,  the BRAF pre- score is normalized by dividing 
by  the  null  distribution  BRAF  pre- score,  determined 
based on 1000 permutations.  In each permutation,  the 
same  process  for  calculating  BRAF  pre- score  was  per-
formed  as  described  above,  but  the  foreground  and 

(1)
Y = sigmoid(β0 + �1 ∗ gene + �2 ∗ age + �3 ∗ sex)

(2)f (i) =

∑i
k=1 gkwk

∑200
k=1 gkwk

, 1 ≤ i ≤ 200

(3)b (i) =

∑i
k=1 gk(1−wk)

∑200
k=1 gk(1−wk)

, 1 ≤ i ≤ 200

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59455
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81383
https://www.cancerrxgene.org
https://portals.broadinstitute.org/
https://portals.broadinstitute.org/
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background  functions  are  calculated  using  a  random 
ordering of the patient gene expression profile. The nor-
malized  score,  denoted  BRAF  score,  summarizes  the 
relative expression levels of BRAF signature genes and 
therefore  indicates  the  BRAF  pathway  activity  in  the 
sample. Samples with high scores are expected to have a 
gene expression profile similar to patients with mutated 
BRAF V600E, capturing alterations  in  the MAPK/ERK 
pathway that is affected by the mutation. The result is a 
score that quantifies BRAF V600E mutation activity  in 
the MAPK/ERK pathway.

2.4  |  Identification of gene amplification

To  determine  whether  a  sample  exhibited  amplification 
(AMP),  we  first  halved  and  log2  transformed  the  raw 
TCGA  CNV  data  downloaded  from  Firehose.  Wild- type 
copy number would then be transformed to log2(2/2) =0, 
and  anything  greater  would  indicate  an  amplification  of 
copy  number.  We  classified  patients  with  CNV  greater 
than  log2(2.8/2)  and  Ch7  CNV  segment  length  less  than 
151 Mb as amplification, and all other patients as wild type. 
Of note, 2.8 rather than 3 is used as the threshold for gain of 
additional copies to protect against tumor purity. Although 
some driver genes like MYCN in neuroblastoma and HER2 
in breast cancer are amplified with large numbers of extra 
copies in the genome, most genes do not have such an ex-
treme amplification. In the TCGA SKCM dataset, the few 
most  amplified  patients  have  a  fold  change  of  about  1.5, 
which is about 4 copy gains (Figure S1). With our threshold, 
we designate roughly 20% of the patients as having BRAF 
amplification. In addition, 151 Mb was used as the thresh-
old for the length of the CNV segment so whole Ch7 gains 
are not considered as an amplification event. This process 
was used to determine the BRAF and EGFR amplification 
status for metastatic patients in the TCGA dataset. In total, 
83 patients are determined to have BRAF amplification and 
284 patients do not. In addition, 59 patients are determined 
to have EGFR amplification and 308 patients do not.

2.5  |  Association of genomic aberrations 
with BRAF score

We  studied  the  relationship  of  various  different  BRAF 
mutations  (such  as  V600E,  V600K,  etc.),  BRAF  amplifi-
cation,  NRAS  mutation,  and  EGFR  amplification  with 
BRAF  score  in  metastatic  SKCM  patients  in  the  TCGA 
dataset. NRAS mutation status was determined from the 
TCGA MAF files, where 81 patients have at least one mu-
tation in the NRAS gene (denoted as NRAS- mutant) and 
57 have no mutations in the NRAS gene (denoted as NRAS 

wild type). To determine the association of these aberra-
tions with the BRAF score, we separated the samples into 
two  groups:  samples  with  the  genomic  aberrations  and 
samples without the genomic aberrations. We then used 
a one- sided Wilcoxon test to determine whether the group 
of patients with the genomic aberration had higher BRAF 
scores than the group of patients without the aberration. 
R package ggplot2 and pROC were used  to generate  the 
boxplots and ROC curves, respectively.

2.6  |  Survival analysis

Data for overall survival and time to event are contained 
in  the TCGA dataset. We constructed univariate Cox re-
gression  models  to  determine  the  association  of  overall 
survival  (OS)  of  the  patient  with  the  following  factors: 
BRAF  score,  BRAF  mutation  status,  BRAF  expression 
levels, and BRAF protein expression, independently. The 
BRAF  mutation  status  (“Mutant”  or  “Wild- type”)  could 
be directly used to divide patients into the BRAF- mutant 
group  and  the  BRAF  wild- type  group.  The  BRAF  score, 
BRAF expression levels, and BRAF protein expression are 
continuous  variables,  so  we  used  the  median  of  each  of 
these variables as the threshold for dividing patients into 
two equal- sized groups (high and low). The Kaplan– Meier 
method was used to plot the survival curves. The log- rank 
tests  were  used  to  determine  the  difference  between  the 
two survival curves and statistical significance. All survival 
analyses were performed with the R library “survival,” and 
the samples were limited to the metastatic TCGA patients.

2.7  |  Drug sensitivity

Data for drug sensitivity were downloaded from GDSC da-
tabase,22 which contained the sensitivity data of 41 mela-
noma cell lines with known BRAF V600E mutation status 
to 138 drugs. The sensitivity is represented by the concen-
tration  of  drug  needed  to  achieve  half  cancer  inhibitory 
effect  (IC50).  A  lower  IC50  represents  greater  drug  sen-
sitivity. The dataset also contained gene expression data, 
which we used to calculate the BRAF score for each cell 
line. We used the Pearson method to quantify the correla-
tion between our scores and the IC50 of drugs.

2.8  |  Tumor purity

Data  used  to  calculate  tumor  purity  for  skin  cutaneous 
melanoma  in  the  TCGA  dataset  were  downloaded  from 
Firehose.  Tumor  purity  was  then  calculated  using  the 
ESTIMATE algorithm.23
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2.9  |  Immunotherapy data

Data for immunotherapy were downloaded from dbGaP. 
The  accession  code  for  this  clinical  study  is  phs000452.
v3.p1.  This  dataset  contains  42  patient  samples  each 
treated with checkpoint blockade immunotherapy.

3   |   RESULTS

3.1  |  Define gene signature to 
characterize oncogenic pathways 
downstream of BRAF

We  first  defined  a  gene  signature  based  on  the  top 
200 most significantly upregulated genes for BRAF V600E 
mutations  in  primary  TCGA  melanoma  samples.  These 
200 genes are  listed  in Table S2. Then, we analyzed  the 
pathway  enrichment  of  this  gene  set  using  functional 
annotation  clustering  of  the  gene  set's  Gene  Ontology 
(GO)  (Table  S3)  and  Kyoto  Encyclopedia  of  Genes  and 
Genomes  (KEGG)  pathway  enrichment  (Table  S4).  GO 
analysis revealed that this gene set contained genes highly 
enriched for the positive regulation of MAPK activity and 
the  associated  pathway  results,  such  as  proliferation,  as 
expected. Interestingly, genes related to Na+ and K+ ion 
transportation are also enriched in this gene set,  this re-
sult  may  be  understood  since  the  MAPK/ERK  cascade 
has  been  reported  to  control  ion  transporter  activity  for 
kidney  cells.24(p1)  Additionally,  KEGG  pathway  enrich-
ment analysis revealed that the gene set contained genes 
highly enriched in melanoma and RAS signaling pathway. 
Furthermore, we observed that genes in the cAMP signal-
ing pathway were enriched in our gene set, which could 
be  explained  by  the  well- established  cross  talk  between 
the MAPK/ERK pathway and cAMP pathway.25

Having shown that our gene signature captures activity 
in  the MAPK/ERK pathway, we utilized  the gene signa-
ture  to calculate  the BRAF score  for each patient  in our 
datasets.  To  demonstrate  the  ability  of  this  BRAF  score 
to  encapsulate  pathway  activity,  we  showed  that  BRAF 
score can  identify BRAF V600E mutation status and ad-
ditional gene aberrations within TCGA melanoma tumor 
samples. In order to assess the association between BRAF 
score  and  mutation  status,  we  compared  BRAF  scores 
between  BRAF- mutant  and  wild- type  (WT)  samples.  As 
shown  in  Figure  1A,  BRAF- mutant  samples  correctly 
exhibited  significantly  higher  BRAF  scores  compared  to 
wild- type samples  in both primary (p = 4e- 13) and met-
astatic (p = 3e- 11) samples, indicating increased pathway 
expression  in  patients  with  the  BRAF  V600E  mutation. 
Interestingly,  BRAF  scores  in  metastatic  tumor  samples 
appear to be overall  lower than BRAF scores  in primary 

tumor  samples  even  though  there  is  higher  BRAF  ex-
pression  in  metastatic  mutant  samples.  A  potential 
mechanism for this difference in scores is that metastatic 
samples tend to have lower tumor purity compared to pri-
mary samples (Figure S2). The difference in tumor purity 
is  to be expected due  to  the more complicated anatomic 
cell composition of metastatic tissue compared to primary 
tumors. The non- cancer cells may tend to bias the score to 
be lower. Another possible explanation is since we defined 
the gene signature in the primary samples, the score is fit-
ted to distinguish BRAF- mutant and WT samples in that 
dataset  with  the  greatest  magnitude.  However,  in  other 
datasets, the magnitudes of the scores are expected to be 
lower  since  the  gene  weights  were  not  fitted  to  provide 
the greatest discrimination power for that dataset. Finally, 
the  ability  of  the  BRAF  score  to  differentiate  between 
BRAF- mutant  samples  and  wild- type  samples  is  further 
demonstrated  through  the  receiving  operator  character-
istic (ROC) curve (primary AUC = 0.98, metastatic AUC 
= 0.75), showing that BRAF score is predictive of BRAF 
V600E mutation status.

Beyond BRAF V600E mutation, we explored the asso-
ciation  of  BRAF  score  with  additional  genomic  aberra-
tions, specifically BRAF amplification (Figure 1B), NRAS 
mutation (p = 0.01, Figure 1C), and EGFR amplification 
(p = 0.003, Figure 1D). BRAF scores are higher for BRAF 
amplification  as  compared  to  BRAF  non- amplification 
(p  =  0.02,  Figure  1B). To  control  for  the  possibility  that 
BRAF AMP status is dependent on BRAF mutation status 
and avoid artificially skewing the data, we demonstrated 
that  the  same  correlation  between  BRAF  amplification 
and non- amplification exists in BRAF wild- type samples 
(p = 0.1). We also showed that NRAS mutants generally 
produced  higher  BRAF  scores  than  NRAS  wild  type  in 
BRAF wild- type samples  (p = 0.01, Figure 1C). Usually, 
NRAS  mutations  and  BRAF  mutations  are  mutually  ex-
clusive,26 so BRAF- mutant patients with NRAS mutations 
were  not  studied.  Samples  with  EGFR  amplification  are 
also  associated  with  higher  BRAF  scores  compared  to 
EGFR wild- type samples (p = 0.003, Figure 1D). The rela-
tionship also holds for BRAF wild- type patients (p = 0.07). 
Since these genomic aberrations activate the MAPK/ERK 
pathway,  it  is  expected  that  they  exhibit  higher  BRAF 
scores.

Finally, as shown in Figure 1E, BRAF score can quan-
tify the functional impact or lack of impact of other mu-
tations  besides  BRAF  V600E  such  as  in- frame  deletions 
and other point mutations on BRAF activity. The results in 
this figure parallel the findings in previous papers.27– 29 For 
example, the sample with the p.L597Q exhibits the high-
est BRAF score  in comparison to wild- type BRAF scores 
(Figure 1E). This parallels the finding by Smiech et al. that 
states that the p.L597Q mutation is found in the activation 
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segment.27 The presence of many other BRAF hotspot al-
terations  that exhibited higher BRAF scores  than V600E 
mutation prompted us to re- define the BRAF gene signa-
ture by comparing between samples with V600E and other 
hotspot BRAF mutations reported in COSMIC (recurrence 
of >= 10 patients) with wild- type samples. After recalcu-
lating the BRAF score we found that the results were con-
sistent with the signature based only on V600E mutations 
(Figure S3). This result is due to the vast majority of BRAF 
mutations being V600E mutations. Of note are a consider-
able fraction of patients with the V600E mutation that have 
scores less than – 10. To explore why, we noticed that the 
promoter  methylation  levels  were  significantly  higher  in 
patients with the V600E mutation but lower BRAF scores 
compared to those with higher BRAF scores (Figure S4). 
These  patients  with  higher  promoter  methylation  levels 
would  thus  have  lower  expression  of  BRAF  and  lower 
BRAF pathway activity. This epigenetic silencing provides 
a possible explanation why some patients have such  low 
scores despite having the V600E mutation.

3.2  |  BRAF score is associated with 
patient prognosis

Having shown the ability of the BRAF score to recapitu-
late pathway activity, we next demonstrated the prognos-
tic  value  of  the  BRAF  score.  TCGA  melanoma  samples 
were dichotomized into high and low BRAF score groups 
using the median BRAF score as the threshold. Utilizing 
the dichotomized scores, we constructed a univariate Cox 
regression model and generated survival curves. Patients 
with  high  scores  exhibited  significantly  better  progno-
sis  compared  to  patients  with  low  scores  (p  =  8e- 04, 
Figure 2A). Similar results were observed in BRAF wild- 
type  only  samples  (p  =  0.01,  Figure  2B),  but  no  signifi-
cant correlation was found in BRAF- mutant only samples 
(p > 0.1, Figure 2C). This result can be understood since 
the  BRAF  V600E  mutation  continuously  activates  the 
downstream MAPK/ERK pathway, so the activity of other 
BRAF  activators  captured  by  the  BRAF  score  (such  as 
EGFR amplification or RAS mutation) is not as important.

F I G U R E  1  BRAF score recapitulates BRAF- related pathway activity. (A) Patients with mutated BRAF V600E have significantly higher 
BRAF score compared to patients with wild- type BRAF, in both primary and metastatic patients in the TCGA dataset. (B) Patients with 
BRAF amplification have higher BRAF scores than those without the amplification. This relationship holds for all BRAF patients and wild- 
type BRAF patients. (C) NRAS mutations are associated with higher BRAF scores compared to wild- type NRAS for wild- type BRAF patients. 
(D) Patients with EGFR amplification (AMP) are associated with higher BRAF scores compared to patients without amplified EGFR. 
(E) BRAF score can quantify the functional impact of various other BRAF missense, silent, and splice site mutations besides the V600E 
mutation
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To demonstrate the advantage of our score, we also ex-
plored the prognostic value of BRAF V600E mutation sta-
tus and found that mutation status was not as significant 
for predicting prognosis (p = 0.06, Figure 2D). We note that 
patients with BRAF MUT were also observed to have better 
survival than patients with wild- type BRAF, agreeing with 
our result that patients with higher BRAF score have bet-
ter survival. Furthermore, BRAF mRNA expression levels 
and BRAF protein levels were examined to determine their 
association with prognosis. However, the results were not 
significant (p > 0.1, Figure 2E,F). BRAF score appeared to 
predict  survival  better  than  mutation  status,  BRAF  gene 
expression levels, and BRAF protein levels.

3.3  |  BRAF score reflects the BRAF 
mutation status in melanoma and cancer 
cell lines

We  further  demonstrated  BRAF  score's  ability  to  dif-
ferentiate  between  BRAF  V600E  mutants  and  wild- type 

samples by comparing the BRAF scores between the two 
groups  in  two  cell  line  datasets  (GDSC  and  CCLE)  and 
two external  tumor datasets  (GSE59455 and GSE81383). 
Similar to the previous results, higher BRAF scores are sig-
nificantly associated with BRAF- mutant samples in GDSC 
(p = 0.001) and CCLE (p = 0.002) samples (Figure 3A,B). 
Furthermore, BRAF score was able to accurately predict 
BRAF mutation status in GDSC (AUC = 0.78) and CCLE 
(AUC = 0.78) samples (Figure 3C). We further confirmed 
BRAF  scores’  ability  to  differentiate  between  BRAF- 
mutant and wild- type samples using the GSE59455 data-
set. To do so, we separated the tumor samples into BRAF 
mutant, which only contain BRAF V600E mutations, and 
wild  type.  It  is  noted  that  within  this  dataset  there  also 
contains  samples  with  only  NRAS  mutations,  however, 
we  did  not  include  those  samples  into  either  category. 
As shown in Figure 3D, patients with BRAF V600E mu-
tations  exhibited  significantly  higher  BRAF  scores  com-
pared to patients who were wild type for BRAF mutations 
(p  =  0.04).  To  determine  the  capability  of  BRAF  score 
to  differentiate  between  BRAF  mutant,  NRAS  mutant, 

F I G U R E  2  Association between BRAF score and patient prognosis. (A) Median BRAF score significantly dichotomizes patients into 
separate risk groups. (B,C) Median BRAF score also dichotomizes patients without the BRAF V600E mutation (B), but cannot dichotomize 
patients with the mutation (C). (D– F) BRAF mutation status, median BRAF expression, and median protein expression, respectively, are 
unable to dichotomize patients into statistically significant risk groups, showing the advantage of our BRAF score

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59455
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81383
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59455
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and  wild- type  samples,  we  segregated  samples  in  the 
GSE81383 dataset into samples with BRAF mutation and 
wild- type NRAS, samples with NRAS mutation and wild- 
type BRAF, and samples with both wild- type BRAF and 
NRAS (Figure 3E). BRAF score is significantly higher in 
patients with BRAF mutations (but NRAS wild type) than 
patients  who  were  wild  type  for  both  BRAF  and  NRAS 
(p = 2e- 19), as expected. Furthermore, samples that con-
tain  NRAS  mutations  (but  BRAF  wild  type)  have  lower 
BRAF scores than BRAF mutants (p = 5e- 10) but signifi-
cantly  higher  BRAF  scores  than  wild- type  only  samples 
(p = 1e- 6). This observation demonstrates that both BRAF 
V600E  mutations  and  NRAS  mutations  activate  down-
stream pathways, but the extent in which each mutation 
influences activity differs. Such a result may be explained 
by  the  different  effects  of  mutations  in  different  NRAS 
loci. In fact, Murphy et al. have reported that NRAS Q61R, 
Q61K, and Q61L mutations cause melanoma in mice but 
not G12D, G13D, G13R, Q61H, or Q61P.30 Another study 
also supported those results, reporting that mutations in 
codon 61 correlated with poor prognosis while mutations 
in  codon  12  and  13  did  not.31  Thus,  some  samples  with 
NRAS  mutations  may  not  be  at  the  locus  that  activates 
BRAF, causing lower score.

3.4  |  BRAF score is predictive of cell line 
sensitivity to targeted drugs

Given the availability of BRAF inhibitors and other drugs 
used for targeted therapy, we explored the relationship of 
BRAF score with various inhibitors targeting the MAPK 
pathway. To determine the possible mechanisms for drug 

sensitivity,  GDSC  melanoma  samples  were  segregated 
based on their BRAF and RAS (KRAS, NRAS, and HRAS) 
mutation status. The BRAF scores of these samples were 
then  correlated  with  the  IC50  of  the  BRAF  inhibitors 
available in the GDSC database. As expected, there was 
a negative correlation between BRAF score and the IC50 
of  BRAF  inhibitors  SB590885  (rho  =  −0.37,  p  =  0.05) 
and  PLX4720  (rho  =  −0.36,  p  =  0.03)  in  Figure  4A,B. 
This  negative  correlation  revealed  higher  sensitivity  of 
cell line samples with higher BRAF scores to the BRAF 
inhibitors.

To  further  explore  the  sensitivity  of  other  anticancer 
drugs, we examined  the association of BRAF score with 
the IC50 of all 138 drugs in the GDSC dataset. The p- value 
and correlation of every drug from the GDSC dataset with 
BRAF score are shown in the volcano plot in Figure 4C. 
Due to their high and significant correlation values with 
BRAF  score,  we  decided  to  more  closely  examine  tipi-
farnib,  gemcitabine,  and  bosutinib.  BRAF  score  is  pos-
itively  correlated  with  the  IC50  of  tipifarnib  (p  =  0.01), 
gemcitabine (p = 0.02), and bosutinib (p = 0.02), indicat-
ing cell line resistance to the drugs (Figure 4D– G).

3.5  |  BRAF score is associated with 
patient response to CTLA4 immunotherapy

Using  available  immunotherapy  clinical  study  data,  we 
explored  the  association  of  BRAF  score  with  patient  re-
sponse  to  CTLA4  immunotherapy  by  comparing  the 
BRAF  scores  between  immunotherapy- resistant  and 
immunotherapy- sensitive  patients  in  the  phs000452 
dataset. As shown in Figure 5A, BRAF scores of CTLA4 

F I G U R E  3  BRAF score predicts BRAF mutation status in external datasets. (A) BRAF- mutant samples exhibit significantly higher 
BRAF scores than wild- type (wild type) samples in the GDSC dataset (Wilcoxon). (B) BRAF- mutant samples exhibit significantly higher 
BRAF scores compared to wild- type samples in CCLE dataset (Wilcoxon). (C) BRAF score differentiates between BRAF mutants and wild- 
type samples with relative accuracy. (D) BRAF- mutant samples have significantly higher BRAF scores in the GSE59455 dataset. (E) BRAF- 
mutant samples show significantly higher BRAF scores compared to wild- type and NRAS- mutant samples in single cell data (Wilcoxon). 
The number of samples for each group is located in the label

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81383
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59455
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immunotherapy- resistant samples are significantly higher 
than  BRAF  scores  of  immunotherapy- sensitive  patient 
samples  (p  =  0.003).  To  further  examine  BRAF  scores 
ability  to  differentiate  between  CTLA4- sensitive  and  in-
sensitive  patients,  we  constructed  a  ROC  curve  to  dem-
onstrate  that  BRAF  score  can  predict  patient  response 
(AUC = 0.76, Figure 5B). Multivariate logistic regression 
indicated  that  BRAF  score  remains  significant  in  pre-
dicting  response after considering major clinical  factors, 
including  age,  gender,  presence  of  other  therapies  like 
BRAF inhibitors. (Table S5).

In  clinical  settings,  physicians  will  likely  make  deci-
sions based on whether a patient is classified with a high 
or low BRAF score, so we further explored the ability of 
these classifications in reflecting CTLA4 immunotherapy 
sensitivity and patient prognosis. Patients in the phs000452 
dataset are dichotomized into high and low BRAF scores 
based on their median, and we found that over 60% of pa-
tients with a low BRAF score were sensitive to CTLA4 im-
munotherapy, compared to about 20% of those with a high 
BRAF score were sensitive (Figure 5C). Furthermore, the 
clinical trial patients were separated into groups with high 

F I G U R E  4  Correlation between 
BRAF score and drug sensitivity. (A) 
BRAF score exhibits a significant negative 
correlation with the IC50 of SB590885. 
Blue samples are BRAF wild type and 
red samples are BRAF V600E mutants. 
Triangle- shaped samples exhibit RAS 
mutation. (B) BRAF score exhibits a 
significant negative correlation with the 
IC50 of PLX4720. (C) Volcano plot of 
all the rho values and p- values of every 
drug in GDSC. Dots colored black are not 
significant. Correlation value is calculated 
using the Pearson method. (D– F) BRAF 
score exhibits a significant positive 
correlation with the IC50 of tipifarnib, 
gemcitabine, and bosutinib

F I G U R E  5  Association of BRAF score with immunotherapy. (A) Immunotherapy- resistant samples exhibit significantly higher BRAF 
score (p- value determined via Wilcoxon). (B) BRAF score differentiates between immunotherapy- resistant and sensitive patients with fairly 
high accuracy. (C) About 60% of patients with a BRAF score lower than the median responded to immunotherapy, whereas only about 20% 
of patients with a BRAF score higher than the median responded to immunotherapy. The p- value is determined via the Fisher's exact test. 
(D) Median BRAF expression significantly dichotomizes the survival of patients treated with immunotherapy
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BRAF score and low BRAF score using the median BRAF 
score  as  the  threshold.  As  shown  in  Figure  5D,  patients 
with low BRAF scores have significantly worse prognosis. 
This is consistent with previous findings in this paper.

4   |   DISCUSSION

In this study, we defined a gene signature based on the top 
200 most significantly upregulated genes in BRAF V600E 
versus BRAF wild- type samples from primary skin cuta-
neous melanoma data in the TCGA dataset. The ability of 
the signature to capture activity in the BRAF pathway is 
validated by demonstrating the differential distribution in 
BRAF score for other genomic aberrations in the MAPK/
MEK pathway versus their wild- type counterparts. In ad-
dition, the prognostic value of the BRAF score was shown: 
compared  to  other  BRAF  markers  and  indicators,  such 
as  BRAF  mutation,  expression,  and  protein  expression, 
our BRAF score  is  the most significant  in predicting the 
prognosis of patients. Lastly, we explored the relationship 
between BRAF score and the sensitivity of patients to vari-
ous drugs, including BRAF inhibitors and other common 
anticancer compounds.

In  our  first  step,  we  aimed  to  demonstrate  that  the 
BRAF  score  quantified  the  activity  of  the  BRAF  V600E 
mutation  in  the  MAPK/ERK  pathway.  We  showed  that 
BRAF  amplification  is  correlated  with  higher  BRAF 
scores, even for BRAF wild- type patients. This is reason-
able since gene amplification is known to correlate with 
an overproduction of protein,  thus causing an  increased 
activation  of  BRAF  that  may  cascade  similar  effects  as 
the  activating  BRAF V600E  mutation. We  also  observed 
that  mutations  in  the  NRAS  protein  resulted  in  higher 
BRAF scores. NRAS is a GTPase responsible for activating 
members  of  the  RAF  family  (including  BRAF)  by  bind-
ing GDP to GTP, but NRAS normally remains GDP bound 
and inactive. However, mutations in NRAS causes loss of 
enzymatic function, resulting in GTP being constitutively 
bound to NRAS and perpetually activating RAF.32 Thus, 
if our BRAF score was to reflect BRAF pathway activity, 
we  should  expect  higher  scores  for  NRAS- mutant  pa-
tients, even if  the patient was BRAF wild type, which is 
supported by Figure 1C. In addition, patients with epider-
mal growth factor receptor (EGFR) amplification were ob-
served to have higher BRAF scores than those without the 
amplification. EGFR is a  receptor  tyrosine kinase  (RTK) 
that binds EGF and growth factor- alpha (as well as other 
ligands) to autophosphorylate tyrosine residues in the re-
ceptor, which eventually signals GDP to GTP binding  in 
RAS and activation of BRAF.33 Thus, amplification of this 
receptor  should  be  positively  correlated  with  increased 
BRAF activity, which is observed in Figure 1D.

We  also  explored  the  correlation  of  the  BRAF  score 
with various drugs in the GDSC dataset. The observation 
that higher BRAF score correlates with better sensitivity 
to SB590885 and PLX4720 is expected: higher BRAF score 
is correlated with  the presence of  the BRAF V600E mu-
tation, and BRAF inhibitors are known to be effective in 
patients with the BRAF V600E mutation.34,35 It is import-
ant to note that although the majority of the samples with 
high BRAF scores are BRAF V600E mutant, there are a few 
BRAF wild- type samples with high BRAF scores. Whereas 
BRAF mutation status would not have been informative 
of these samples’ sensitivity to the drugs, the BRAF score 
was able to predict the lower than expected IC50 of these 
wild- type  samples.  Even  though  a  patient  may  not  have 
BRAF mutation, inhibition of BRAF may still be effective 
in  initially  controlling  the  cancer  if  the  BRAF  pathway 
was activated via alternative pathways, such as BRAF am-
plification, NRAS mutation, etc. These wild- type samples 
contain  RAS  mutations,  a  possible  explanation  for  the 
high BRAF scores and increased sensitivity to the BRAF 
inhibitors,  since  the  RAS  isoforms  functions  to  signal 
activation  of  BRAF.32  Such  other  pathways  may  explain 
the observation that PLX4720 is able to somewhat inhibit 
the BRAF kinase activity for certain cell lines without the 
BRAF V600E mutation.36

We  further  found  that  higher  BRAF  score  predicted 
worser sensitivity for tipifarnib, gemcitabine, and bosu-
tinib, which are understood as follows. First, tipifarnib is 
an RAS inhibitor.37 It has been reported that BRAF acti-
vation engages  in a negative  feedback  loop with RAS.38 
Thus, if a patient has a higher BRAF activation, RAS is 
more inhibited, so inhibiting RAS with tipifarnib would 
not affect the pathway any further. BRAF will continue 
to be activated and the cell will continue overexpressing 
the  pathway  that  leads  to  tumor  cell  proliferation,  sur-
vival, and metastasis. Second, gemcitabine is an inhibitor 
of  DNA  synthesis.39  Our  result  supports  a  previous  re-
port in which gemcitabine has been shown to have lower 
sensitivity in patients with higher MAPK/ERK pathway 
activation.40 Lastly, bosutinib is a Src kinase inhibitor.41 
Src and RTKs, such as EGFR, have been shown to acti-
vate each other.42 At the same time, EGFR is negatively 
controlled by BRAF activity.38 Thus, patients with higher 
BRAF scores should have inhibited EGFR activity, which 
then  inhibits  Src.  Again,  if  bosutinib  inhibits  a  part  of 
the pathway that is not activated, there will be a limited 
effect on the cancer cell, as its tumorigenesis depends on 
an alternate pathway that is not addressed by the drug.

Lastly,  the BRAF score's clinical utility and applica-
bility  to  patients  in  clinical  trials  were  demonstrated 
in  the  phs000452  dataset.  A  higher  BRAF  score  was 
found  to  be  correlated  with  a  worser  response  rate  to 
CTLA4  immunotherapy.  BRAF  mutations  are  known 
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to promote cancer evasiveness and enhance oncogenic 
activity,  providing  a  possible  mechanism  of  resistance 
to  PD- 1/PD- L1  immunotherapy.43  Similarly,  patients 
with greater BRAF activity (higher BRAF score) would 
be  more  likely  to  be  resistant  to  other  types  of  immu-
notherapy like anti- CTLA4, which supports our results. 
We note that in clinical situations, our BRAF score may 
save  clinicians’  time  in  sequencing  the  gene  mutation 
profile  of  the  patient.  Instead,  the  BRAF  score  can  be 
calculated with just the gene expression data. The BRAF 
score may warn physicians to prescribe more aggressive 
forms  of  treatment  especially  if  the  patient  has  a  high 
score and is unlikely to respond.

5   |   CONCLUSION

In  summary,  we  developed  a  gene  signature  based  on 
BRAF V600E mutation  that  captures pathway activity, 
predicts  prognosis,  and  correlates  with  sensitivity  to 
BRAF inhibitors and other targeted therapies. Although 
we  were  able  to  study  drug  response  in  cell  lines,  this 
study  was  limited  by  the  unavailability  of  open- source 
BRAF inhibitor response data in clinical trials with pa-
tients. Once such data becomes available, the ability of 
BRAF score to predict patient response can be studied. 
The methodology described in this study may help guide 
clinical  decisions  in  prescribing  BRAF  inhibitors  and 
can  be  generalizable  and  applied  to  other  cancers  and 
targeted therapies.
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