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B-Raf proto-oncogene serine/threonine-protein kinase (BRAF) is frequently altered in
multiple cancer types, and BRAF V600 mutations act as a prime target for precision
therapy. Although emerging evidence has investigated the role of BRAF, the
comprehensive profiling of BRAF expression, alteration and clinical implications across
various cancer types has not been reported. In this study, we used the TCGA dataset,
covering 10,967 tumor samples across 32 cancer types, to analyze BRAF abnormal
expression, DNA methylation, alterations (mutations and amplification/deletion), and their
associations with patient survival. The results showed that BRAF expression, alteration
frequency, mutation site distribution, and DNA methylation patterns varied tremendously
among different cancer types. The expression of BRAF was found higher in PCPG and
CHOL, and lower in TGCT and UCS compared to normal tissues. In terms of pathological
stages, BRAF expression was significantly differentially expressed in COAD, KIRC, LUSC,
and OV. The methylation levels of BRAF were significantly lower in LUSC, HNSC, and
UCEC compared to normal tissue. The expression of BRAF and downstream gene (ETS2)
was negatively correlated with methylation levels in various cancers. The overall somatic
mutation frequency of BRAFwas 7.7% for all cancer samples. Most fusion transcripts were
found in THCA and SKCM with distinct fusion patterns. The majority of BRAF mutations
were oncogenic and mainly distributed in the Pkinase_Tyr domain of THCA, SKCM,
COADREAD, and LUAD. The BRAFmutations were divided into five levels according to the
clinical targeted therapy implication. The results showed level 1 was mainly distributed in
SKCM, COADREAD, and LUAD, while level 3B in THCA. The overall BRAF CNV frequency
was about 42.7%, most of which was gain (75.9%), common in GBM, TGCT, and KIRP. In
addition, the forest plot showed that increased BRAF expression was associated with poor
patient overall survival in LIHC, OV, and UCEC. Taken together, this study provided a novel
insight into the full alteration spectrum of BRAF and its implications for treatment and
prognosis.
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INTRODUCTION

The B-Raf proto-oncogene serine/threonine-protein kinase
(BRAF) is located on chromosome 7q34 and encodes a
protein which belongs to the RAF family (ARAF, BRAF, and
CRAF) of serine/threonine protein kinases. As a direct
downstream effector of RAS, BRAF protein plays an important
role in regulating the mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) signaling pathway,
which mediates a variety of essential cellular processes, including
cell growth, proliferation, differentiation and survival
(Ritterhouse and Barletta, 2015; Song et al., 2020; Xu et al., 2020).

Mutations in BRAF, most frequently the valine (V) to glutamate
(E) substitution at residue 600 (V600E), are identified as cancer-
causingmutations in thyroid carcinoma (THCA) and skin cutaneous
melanoma (SKCM). As an oncogenic driver, BRAF V600 mutations
account for approximately 60% of all BRAF mutations in cancer
patients. In contrast to wild-type BRAF, the constitutively active
BRAF V600E mutation dramatically enhances kinase activity in an
RAS-independent manner and is independent of protein
homodimerization to switch to the highly active state (Samatar
and Poulikakos, 2014; Alos et al., 2020). Up to now, the second-
generation BRAF inhibitors vemurafenib (PLX4032) and dabrafenib
(GSK2118436) were approved by the United States Food and Drug
Administration (FDA) for the treatment of patients with metastatic
melanomas harboring BRAF V600 mutations (Karoulia et al., 2017).
Point mutations are not the only alterations found in BRAF. Fusion
transcripts arising from translocations have been identified in
melanoma, prostate cancer, gastric cancer, etc. (Palanisamy et al.,
2010). The oncogenic potential of BRAF fusions has been attributed
to the lack of a crucial N-terminal domain that mediates BRAF
autoinhibition. Owing to the deletion of the N-terminal inhibitory
domain, gene fusions lead to constitutive dimerization of BRAF
protein aberrantly activating the downstream MAPK signaling
pathway (Cremolini et al., 2019; Kratz and Deming, 2019).

Since previous studies of BRAF gene alterations in cancers are
limited to a single cancer type and/or insufficient sample sizes, an
integrative analysis across a variety of tumor types to investigate
its function is of particular importance. In this article, we
comprehensively analyzed the large dataset from The Cancer
Genome Atlas (TCGA) to fill in the gaps. We first systematically
profiled BRAF expression, methylation, gene alterations, and its
clinical and therapeutic implications across 32 TCGA cancer
types covering 10,967 tumor samples. In addition, the survival
associations between BRAF expression and prognosis in distinct
cancer types were conducted to explore its potential therapeutic
implication. In general, our study provided a novel insight into
the full alteration spectrum of BRAF and its implications for
treatment and prognosis in diverse tumor types.

MATERIALS AND METHODS

Data Acquisition and Reanalysis Using
Bioinformatics Tools
The essential bioinformatics tools used in this research could be
found in Supplementary Table S1. Tumor Immune Estimation

Resource (TIMER2.0) is a comprehensive resource for the
systematical analysis of immune infiltrates across diverse cancer
types (Li et al., 2020). We studied the differential expression of
the BRAF gene between tumor samples and adjacent normal tissues
across all TCGA tumors by using the “Gene_DE” module of the
TIMER2.0 database. The transcripts per million (TPM) values of
transcription factors were log2-converted. For certain cancer types
without adjacent normal tissues, we further explored Gene
Expression Profiling Interactive Analysis 2 (GEPIA2) portal to
investigate the BRAF mRNA expression difference between tumor
samples and matched TCGA normal and Genotype-Tissue
Expression (GTEx) data. Additionally, the GEPIA2 data portal
was also used to generate violin plots of BRAF expression across
pathological stages for all TCGA cancer types. The log2 (TPM +1)
transformed expression data were applied for the violin plots here.
GEPIA2 is an interactive web server for analyzing the RNA
sequencing expression data from the TCGA and the GTEx
projects and provides customizable functions such as tumor/
normal differential expression analysis, survival analysis, and so on
(Tang et al., 2019). Next, we analyzed the methylation difference of
BRAF and its downstream genes of the MAPK signaling pathway
between tumor samples and adjacent normal tissues in various
TCGA cancer types by using the “TCGA Cancer-Methylation”
module in the Gene Set Cancer Analysis (GSCALite) platform.
Furthermore, the correlation between methylation and gene
expression of BRAF and downstream genes was also visualized by
the GSCALite platform. GSCALite is a web-based analysis platform
that integrates cancer genomics data to analyze gene methylation,
drug sensitivity, and so on (Liu et al., 2018).

The cBioPortal is an open-access portal that provides an interactive
investigation of multidimensional cancer genomics and clinical data
(Gao et al., 2013). In this study, we selected the “TCGA PanCancer
Atlas Studies” covering 10,967 samples across 32 cancer types to further
explore BRAF alterations.Datafiles including copy-number alterations,
mutations, mRNA Expression, Log2 copy-number values (CNV), and
clinical data were downloaded from cBioportal. The BRAF mRNA
expression data were performed based on RSEM (batch normalized
from Illumina HiSeq_RNASeqV2) and then log10 transformed. For
the BRAF CNV data, the log-ratio value represents: 2 = amplification;
1 = gain; 0 = diploid; -1 = shallow deletion; and −2 = deep deletion. In
addition, BRAF fusion data were collected from the TCGA Fusion
Gene Database, which enables researchers to query cancer-associated
transcript fusions in an interactive manner (Hu et al., 2018).

The Kaplan-Meier plotter is an open-access online database
that enables researchers to assess the effect of a candidate gene on
survival analysis in pan-cancer (Gyorffy, 2021). The correlations
between BRAF mRNA expression and clinical prognosis across
various cancer types were analyzed with the “Start KM Plotter for
pan-cancer” module. Data including hazard ratio (HR), p-value,
and 95% confidence interval (CI) were collected to draw the forest
plots to summarize survival analysis.

Statistical Analyses
The statistical analysis was performed with Graphpad PRISM
software Version 8.0. Student’s t-test, Cox regression analysis,
and linear regression analysis were conducted when appropriate.
p < 0.05 was defined as a statistically significant difference.
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FIGURE 1 | BRAFmRNA expression and DNAmethylation in TCGA tumor tissues. (A) BRAFmRNA expression across different cancer types by TIMER2. The log2
[TPM (Transcripts per million)] was applied for the log-scale. (B) Differential expression of BRAF between tumors samples and normal tissues using combined data from
TCGA and GTEx datasets based on the GEPIA2 portal. BRAF expression was up-regulated in CHOL and PCPG, but down-regulated in TGCT and UCS. The log2 (TPM
+ 1) was applied for log-scale. (C) Differential expression of BRAF in different pathological stages of COAD, KIRC, LUSC, and OV. The log2 (TPM + 1) was applied
for log-scale. (D) Bubble map depicting the methylation difference of BRAF and its downstream genes between tumors and normal samples. Blue dots indicate down-
regulated methylation in tumors. Red dots indicate up-regulated methylation. (E) Bubble map exhibiting correlations between methylation and gene expression of BRAF
and its downstream genes. Blue dots denote down-regulated methylation in tumors. Blue dots represent the negative Spearman correlation coefficient, and red dots
represent the positive. *p < 0.05; **p < 0.01; ***p < 0.001.
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RESULTS

Expression and Methylation Level of BRAF
in Pan-Cancer
Aberrant expression of BRAF gene has been demonstrated in
various cancer types (Wang et al., 2021; Zhao et al., 2021).
Previous studies on BRAF expression in cancer have used
inconsistent research methods and have been limited to small
sample sizes and/or to single or limited cancer types. In this study,
we conducted a more comprehensive analysis of BRAF
expression in pan-cancer. At the outset, we explored the
mRNA expression pattern of BRAF between tumor samples
and adjacent normal tissues in pan-cancer by TIMER2.0
(Figure 1A). Compared with the corresponding adjacent
normal tissues or metastatic lesions, significantly differential
expression of BRAF was found in 14 cancer types, with 9 tumor
types up-regulated (cervical squamous cell carcinoma and
endocervical adenocarcinoma (CESC), cholangiocarcinoma
(CHOL), colon adenocarcinoma (COAD), esophageal carcinoma
(ESCA), liver hepatocellular carcinoma (LIHC), lung
adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC),
stomach adenocarcinoma (STAD) and uterine corpus endometrial
carcinoma (UCEC)) and 5 tumor types down-regulated (breast
invasive carcinoma (BRCA), kidney renal clear cell carcinoma
(KIRC), kidney renal papillary cell carcinoma (KIRP), SKCM,
THCA). After adding GTEx normal tissue samples as a control,
we further investigated BRAF differential expression by GEPIA2. As
shown in Figure 1B, BRAF expression was up-regulated in
pheochromocytoma and paraganglioma (PCPG) and CHOL,
down-regulated in testicular germ cell tumors (TGCT) and
uterine carcinosarcoma (UCS). We further analyzed the
correlation between BRAF expression and pathological stages in
pan-cancer. As shown in Figure 1C, we found that BRAF
expression was correlated with pathological stages in several
tumor types, including COAD, KIRC, LUSC, and ovarian serous
cystadenocarcinoma (OV) (p < 0.05).

A growing body of evidence has suggested that DNA
methylation is strongly correlated with gene alteration in
cancers (Wang et al., 2020; Zhang et al., 2020). Therefore, we
searched the methylation profiles of BRAF and its downstream
genes in TCGA cancers by using the GSCALite database (Figures
1D,E). The results indicated that the methylation of BRAF was
down-regulated in LUSC, head and neck squamous cell
carcinoma (HNSC), and UCEC. Then, we evaluated the
correlation between methylation and BRAF expression in pan-
cancer. The results revealed that the expression profiles of BRAF
and downstream genes were generally negatively correlated with
methylation in various cancers.

BRAF Somatic Mutation Patterns in
Pan-Cancer
The overall somatic mutation frequency of BRAF was 7.7% for all
cancer samples (848/10,976) and 7.0% for all patients (767/
10,953) across the 32 TCGA cancer types. And the detailed
information on 848 BRAF somatic mutations was shown in
Supplementary Table S2. The sample size of each tumor type

varied from 36 (CHOL) to 1,084 (BRCA), and the cancer types
with a small sample size might not reflect the general spectrum of
BRAF mutation status (Supplementary Table S3). As shown in
Figure 2A, the most frequent cancer types with BRAF mutations
were THCA (59.3%), SKCM (53.6%), colon adenocarcinoma/
rectum adenocarcinoma (COADREAD) (10.6%), LUAD (7.2%)
and UCEC (4.7%). Instead, almost no BRAF mutations were
observed in kidney chromophobe (KICH), acute myeloid
leukemia (LAML), LIHC, TGCT, thymoma (THYM), and
uveal melanoma (UVM).

Based on the Pfam database (http://pfam.xfam.org/protein/
braf_human), BRAF harbors 3 functional domains, including the
RBD domain (156-227 aa), C1_1 domain (235-280 aa), and
Pkinase_Tyr domain (458-712 aa). The 848 BRAF somatic
mutations were observed in various cancer types and widely
distributed across different functional domains of the BRAF gene.
The most common one was the Pkinase_Tyr domain (722
samples), followed by the other domains whose functions were
barely known (75 samples), the C1_1 domain (11 samples), and
the RBD domain (8 samples). Fusions (32 samples) were also
observed in BRAF somatic mutations across all cancer types. The
location distribution of BRAF mutations was dramatically
different among numerous cancers. Mutations in THCA,
SKCM, COADREAD, and LUAD were most frequently
distributed in the Pkinase_Tyr domain. However, mutations in
UCEC were predominantly located in the other domains
amounting to half of the total mutations. Furthermore, fusions
were mainly distributed in THCA and SKCM (Figure 2B and
Supplementary Table S4).

Fusion genes generated by cleavage and re-splicing at the
genome level are often the targets for tumor diagnosis and
treatment. We analyzed fusion transcripts of BRAF across
various cancer types by using the TCGA Fusion Gene
Database (Figure 3). BRAF fusion transcripts were detected in
THCA (17), SKCM (9), prostate adenocarcinoma (PRAD) (3),
pancreatic adenocarcinoma (PAAD) (2), READ (2), LIHC (1),
LUSC (1), STAD (1), KIRP (1), brain lower-grade glioma (LGG)
(1) and bladder urothelial carcinoma (BLCA) (1). The highest
number of fusion transcripts was found in THCA (three
SND1_BRAF, one BRAF_SND1, one AGK_BRAF, one
BRAF_AGK, one MACF1_BRAF, one BRAF_MACF1, one
FAM114A2_BRAF, one BRAF_ FAM114A2, one
CCNY_BRAF, one MKRN1_BRAF, etc.). AGK_BRAF and
BRAF_AGK were also detected in SKCM. The vast majority of
these BRAF fusion transcripts were classified as in-frame, while
three BRAF fusion transcripts (one BRAF_HIBADH and one
HIBADH_BRAF in SKCM, one TMPRSS2_BRAF in PRAD)
were classified as out-of-frame and three (one BRAF_MRPS33
in BLCA and one in STAD, one BRAF_CUL1 in KIRP) were
classified as CDS-5UTR.

According to functional impact on protein coding, these 848
BRAF somatic mutations could be classified into four categories:
missense (778 mutations), truncating (32 mutations), fusion (32
samples), and in-frame (6 mutations) (Supplementary Figure
S1A). The 600aa in the Pkinase_Tyr domain was the most
mutated position, which was observed in 590 samples (545
samples with V600E, 39 with V600M, 4 with V600G, 1 with
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V600_K601delinsE and 1 with V600_R603del). Mutations at
V600E were primarily distributed in THCA samples (284/545)
and SKCM samples (193/545) (Supplementary Figure S1B–C).
V600E is known to be oncogenic and serves as target for BRAF
inhibitors approved by FDA, while other mutation types
(V600M/G) are likely oncogenic. Other tumors with mutations
at this position were COADREAD (48 samples), LUAD (9
samples), glioblastoma multiforme (GBM) (5 samples), KIRP
(2 samples), BLCA (1 sample), LGG (1 sample), CHOL (1
sample) and HNSC (1 sample). Studies on their role in
COADREAD and LUAD are underway (Planchard et al.,
2017; Kopetz et al., 2019) and its function remains little
known in other cancer types.

Based on the oncogenic effect and predictive significance, the
848 BRAF somatic mutations could be classified into four
categories. As shown in Figure 4A, 616 (72.6%) BRAF

mutations were oncogenic, 98 (11.6%) likely oncogenic, 1
(0.1%) inconclusive and 133 (15.7%) unknown. Although a
major portion of BRAF somatic mutations was distributed in
the functional categories, there were still some mutations in the
unknown class deserving further study to characterize the
potential functional significances of these mutations. As
displayed in Figure 4B, mutations distributed in the
functional categories comprised the majority of BRAF
mutations in several cancers such as THCA, SKCM,
COADREAD, and LUAD. However, more than two-thirds of
mutations belonged to the unknown class in UCEC, LUSC,
BRCA, and STAD.

The 848 BRAF mutations could be divided into five levels by
the clinical targeted therapy implication, containing level NA
(193 mutations), level 4 (22 mutations), level 3B (326 mutations),
and level 3A (14 mutations), and level 1 (293 mutations). Only

FIGURE 2 | BRAF mutation distribution in various cancer types and protein functional domains. (A) BRAF mutation frequency across 32 TCGA cancer types. (B)
BRAF mutation distribution in different protein functional domains in all and top 10 tumor types. Abbreviation: aa: amino acid.
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level 1 mutations are indicated for targeted therapy with FDA-
approved drugs. All level 1 mutations were found in SKCM (236),
COADREAD (48), and LUAD (9). These mutations (including
V600E, V600M, and V600G) were concentrated in 600aa of the
Pkinase_Tyr domain. Although all mutations in THCA belonged
to oncogenic (289/302)/likely oncogenic (13/302), all of them
were in level 3B (301/302) and level NA (1/302) without
treatment implications (Figures 5A,B).

BRAF CNVs in Different Tumor Types
The overall BRAF CNV frequency was about 42.7% (4,684/10,967
samples). The majority of BRAF CNV types were gain (3,555
samples), followed by shallow deletion (972 samples), application
(133 samples), and deep deletion (24 samples). The most
common tumor types with BRAF CNVs were GBM (81.3%),
TGCT (69.1%), ESCA (63.7%), OV (62.9%), adrenocortical
carcinoma (ACC) (62.0%), KIRP (61.1%), UCS (59.6%) and
LUSC (59.5%). By contrast, THYM (16.3%), PCPG (15.7%),
LAML (12.0%), UVM (8.8%) and THCA (5.2%) harbored a
relatively low BRAF CNV frequency (Figure 6A). Among the
848 samples with BRAF mutations described above, 276 also had
BRAF CNV changes, of which 236 with gain, 23 with
amplification, 14 with shallow deletion, and 3 with deep
deletion. SKCM had the highest numbers of amplification or
gain among different cancer types. Meanwhile, SKCM and LUSC

were the two cancer types with the highest numbers of shallow
deletion, and deep deletion only occurred in THCA (Figure 6B,
Supplementary Table S2).

BRAF mRNA expression was compared across 32 TCGA
cancer types and exhibited a relatively consistent trend,
suggesting that there may be a common mechanism to
promote BRAF expression. Based on the interquartile range,
BRAF expression was widely distributed in COADREAD and
SKCM, and narrowly distributed in UVM and mesothelioma
(MESO), which may be attributed to the fact that some cancer
types had more than one subtype and therefore more genetic
diversity (Supplementary Figure 2A). In addition, we explored
the correlation between BRAFmRNA expression and CNVs. The
results showed that there was a positive correlation between
BRAF mRNA expression and CNVs in pan-cancer (r =
0.1716, p < 0.0001) (Supplementary Figure 2B).

Combined BRAF Alterations (CNVs and
Mutation) Across Various Cancer Types
The combined BRAF alteration (CNV and mutation) frequency
in all cancers was about 8.3% (905 of 10,967 samples). As shown
in Figure 7A, BRAF alteration frequency among various cancer
types was dramatically different. While KICH, TGCT, THYM,
and UVM had neither BRAF mutation nor BRAF CNVs, BRAF

FIGURE 3 | Gene fusions of BRAF across different cancer types.
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alterations were most frequently observed in THCA (59.6%) and
SKCM (53.8%), in which mutation was more common than
CNV, with BRAF mutation rates of 57.4 and 49.3%,
respectively. Other cancers with dominant BRAF mutation but
at much lower mutation rate included COADREAD (10.4%),
LUAD (7.2%), UCEC (4.7%), BLCA (3.2%), STAD (3.0%), LUSC
(2.9%), CHOL (2.8%) and DLBC (2.1%). Amplification was more
common in OV (7.7 vs. 0.3%), SARC (1.6 vs. 0.4%) and LGG (1.4
vs. 0.6%). Deep deletion was mainly distributed in LAML (1.5%),
SARC (1.2%) and ESCA (1.1%).

BRAFmutation location and its CNVs occurrence appeared to
be associated. 201 of 664 (30.3%) mutations in the Pkinase_Tyr
domain and 21 of 75 (28%) mutations in the other function-
unknown domain were accompanied by copy gain. Amplification
was mainly distributed in the Pkinase_Tyr domain. Mutations in
the RBD domain and C1_1 domain rarely had concurrent CNVs
(Figure 7B).

BRAF Expression and the Prognosis of
Cancer Patients
In order to assess the clinical significance of BRAF expression,
we analyzed patient survival in pan-cancer and showed that
increased BRAF expression was associated with poor patient
overall survival (OS) in LIHC, OV, and UCEC. Interestingly,
increased BRAF expression was correlated with better
prognosis in BRCA, HNSC, and KIRC (Figure 8A). In
addition, survival analysis between BRAF expression and
patient relapse-free survival (RFS) across various cancer
types exhibited that increased BRAF expression was
associated with poor RFS in LIHC, LUSC, and UCEC,
while high BRAF expression was correlated with better RFS
in BRCA and OV (Figure 8B). The contradictory results in
OV may be attributed to insufficient sample size and diverse
genetic backgrounds.

FIGURE 4 | BRAF mutation classification by functional impacts. (A) BRAF mutations based on functional impacts on all tumors together. (B) Functional impact
class distribution of BRAF mutations in pan-cancer and the top 8 cancer types.
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DISCUSSION

In this study, we profiled the characteristics of BRAF in 32 TCGA
cancer types by using the cBioPortal tool and the results showed
that BRAF expression, methylation, mutations, locations, and
CNVs dramatically differed among diverse cancer types, which
had significant clinical implications.

DNA methylation, characterized as a methyl group added to
cytosines in cytosine-guanine (CpG) dinucleotides, is one of the
key epigenetic modifications involved in the regulation of gene
expression (Müller and Győrffy, 2022). An existing body of
evidence indicates that aberrant DNA methylation leads to
activation of oncogenes and silencing of tumor suppressor
genes, contributing to tumorigenesis and progression
(Klutstein et al., 2016). In a recent study by Noreen et al.
(2019), the silencing of Tet methylcytosine dioxygenase 1
(TET1) oxidative DNA demethylase mediated by BRAF V600E
mutation was responsible for the initiation of colon cancers with
CpG-island methylator phenotype (CIMP). Furthermore,

Weisenberger’s group (Weisenberger et al., 2006) also
identified the tight association between BRAF mutation and
CIMP in colorectal cancers. Our results indicated that the
methylation of BRAF and downstream genes were correlated
with tumor occurrence. Thus, the potential roles of BRAF
mutation in the regulation of DNA methylation and tumor
initiation deserve further investigation.

Gene fusions originating from the concatenation of two
separate genes caused by trans-splicing events or chromosomal
translocations may provide fundamental insights into
tumorigenesis and progression (Mertens et al., 2015). In this
analysis, the distribution patterns of gene fusions involving BRAF
varied in pan-cancer. THCA harbored the highest number of
fusion transcripts, of which SND1_BRAF was the most common
one, while other cancer types such as LIHC, LUSC, STAD, KIRP,
LGG, and BLCA had equally few fusion transcripts. The ectopic
expression of SND1_BRAF could increase the phosphorylation
levels of MEK/ERK and cell proliferation (Jang et al., 2015).
However, MEK inhibitors display expected response rates of up to

FIGURE 5 | BRAF mutation distribution according to clinical therapeutic implications. (A) BRAF mutation distribution based on the OncoKB therapeutic evidence
levels among diverse cancer types. (B) OncoKB therapeutic evidence levels distribution of BRAF mutation in pan-cancer and the top 8 tumor types.
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70% of patients with higher BRAFV600, while a randomized
phase 2 trial showed no differences in overall survival (Algazi
et al., 2020). Combination treatments with BRAF fusions and
MEK inhibitors may propose a novel insight to evaluate the
effectiveness of chemotherapy in cancers.

Mutations in the Pkinase_Tyr domain accounted for most of
BRAF single nucleotide or insertion/deletion (indel) mutations.
However, the Pkinase_Tyr domain was far more critical in terms
of targeted therapy with BRAF inhibitors as approximately 90%
of BRAF mutations in SKCM occurred in this region, particularly
the BRAF V600E mutation in exon 15. Mutations in this region
have been shown to be predictive markers for effective BRAF
inhibitors therapy for SKCM in clinical practice (Chapman et al.,
2011; McArthur et al., 2014), with significantly longer survival

compared to traditional combination chemotherapy.
Vemurafenib (PLX4032) and dabrafenib (GSK2118436) were
approved by the FDA for the treatment of melanoma patients
with BRAF V600E mutation in August 2011 and May 2013,
respectively, (Bollag et al., 2012; Hauschild et al., 2012), marking a
significant milestone in precision medicine for advanced
melanoma. However, due to the complicated pathogenesis of
cancer, most patients develop acquired resistance after several
months of monotherapy (Shi et al., 2014), combination therapy
holds promise as an effective therapeutic strategy. Compared with
BRAF inhibitors alone, combining BRAF and MEK inhibitors
have been demonstrated to enhance antitumor activity and delay
the emergence of drug resistance in patients who have melanoma
harboring BRAF V600E mutations, without increased overall

FIGURE 6 | BRAF Copy Number Variant (CNV) distribution across all and selected top 8 cancer types. (A) BRAF CNV frequency in 32 TCGA cancer types. (B)
BRAF CNV distribution in pan-cancer and the top 8 cancer types for the cases with EGFR mutations.
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toxicity (Robert et al., 2019). In addition, studies assessing triple
therapy, BRAF, and MEK inhibitors in combination with
immunotherapies, are ongoing (Gutzmer et al., 2020). The
BRAF mutation rate of SKCM in this TCGA cohort appeared
to be consistent with previous reports and V600E mutations
accounted for approximately 95% of all V600 mutated SKCM
tumors (Cancer Genome Atlas Network, 2015). For other less
frequent BRAF mutations in SKCM, except for the V600K
mutation, targeted therapy generated inconsistent results
(Menzer et al., 2019). It is clear that different BRAF mutations
have different implications, and only those resulting in
hyperactivated RAF in MAPK signaling pathway may benefit
from BRAF targeted therapy (Yao et al., 2015).

The BRAF V600E mutation in THCA was mainly distributed
in papillary thyroid cancer (PTC) and anaplastic thyroid
carcinoma (ATC). As previously reported (Chou et al., 2022;
Fallahi et al., 2022), PTC and ATC harbored drastically different

clinical outcomes while the 5-year survival rate approached 100%
in PTC and only 7% in ATC. So, the researches to discover the
function of BRAF V600E mutation in ATC are important.
Interestingly, the combination therapy of dabrafenib and
trametinib was already approved by the FDA in May 2018 for
ATC patients with BRAF V600E mutation based on phase II
clinical trial (Haddad et al., 2018; Subbiah et al., 2018; Park et al.,
2021). Furthermore, the correlation between the BRAF V600E
mutation and high-risk clinicopathological features of PTC has
been identified in some studies, especially when coexisting with a
TERT promoter mutation could remarkably increase
transcriptional activities (Liu et al., 2017). As for the PTC
patients, studies on BRAF inhibitors have mainly focused on
radioactive iodine refractory differentiated thyroid cancer, and
relevant clinical trials are in progress (NCT02145143;
NCT04462471; NCT04940052; NCT01947023; NCT04554680;
NCT05182931).

FIGURE 7 | BRAF alterations and distribution in pan-cancer. (A) BRAF alteration (mutations and CNVs) frequency across 32 TCGA tumor types. (B) BRAF CNVs
distribution along with mutations located in different protein functional domains.
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Although BRAF mutation is an oncogenic driver in multiple
cancers, a single-agent BRAF inhibitor has limited clinical efficacy
in BRAF V600E-mutated COADREAD patients (Kopetz et al.,
2015). This has been attributed predominantly to the rapid
reactivation of the MAPK pathway through the epidermal
growth factor receptor (EGFR) (Prahallad et al., 2012).
Interestingly, combination therapy of BRAF inhibition
(encorafenib) and anti-EGFR monoclonal antibodies
(cetuximab) has been well validated and approved by FDA in
BRAF V600E-mutated metastatic COADREAD patients

(BEACON CRC) (Kopetz et al., 2019). Compared with the
cetuximab and traditional irinotecan-based chemotherapy,
doublet-therapy with encorafenib and cetuximab showed a
significant survival benefit, as well as triplet-therapy group
with binimetinib (MEK inhibitor). Nowadays, single or
combination treatments of encorafenib have been explored in
various BRAF mutant cancers, such as SKCM, PAAD, LUAD,
COADREAD, THCA, and other advanced solid tumors in a
clinical trial (NCT05003622; NCT04390243; NCT05195632;
NCT04673955; NCT04061980; NCT03973918). Regarding the

FIGURE 8 | Correlation between the BRAF expression and patient survival. (A) Forest plot of the association between BRAF expression and overall survival (OS)
based on Kaplan-Meier Plotter. (B) Forest plot of the association between BRAF expression and relapse-free survival (RFS) based on Kaplan-Meier Plotter.
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expected efficiency of immune checkpoint inhibitors, patients
treated with BRAF inhibitors and pembrolizumab or nivolumab
are validated in ongoing clinical trials (NCT05217446;
NCT04044430; NCT04017650). Although OV and LUAD
harbored similar alteration frequencies, the functional profiles
of BRAF in these two cancers were quite different, with different
amplification and mutation patterns. Studies have shown that
BRAF inhibitors alone or in combination with MEK inhibitors
are effective as a second-line treatment in patients with
BRAFV600-mutated LUAD (Mazieres et al., 2020). BRAF
mutation may be a good prognostic factor in OV (Kaldawy
et al., 2016), and additional studies will be required to further
characterize the clinical significance.

In this study, we profiled BRAF expression, fusion transcript,
alteration, and the prognostic and clinical implications across 32
TCGA cancer types. However, some limitations needed to be
mentioned. Firstly, some rare tumor types did not have sufficient
sample sizes to capture the full BRAF expression and alteration
spectrum to establish moderate associations. The low frequency
of BRAF mutation or amplification also made this analysis
challenging. Moreover, it was mainly a pan-cancer
investigation without in-depth dive into each cancer type.

CONCLUSION

Our study provides a comprehensive view of BRAF expression,
alteration, and clinical prognostic implications across 32 cancer
types covering more than ten thousand tumor samples. While
some BRAF alternations are involved more in carcinogenesis,
others are more therapeutic. Some cancer types have a higher
BRAF alternation frequency and its abnormal expression is

associated with prognosis. Genomic profiling of BRAF may
guide its use in targeted therapy.
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