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1 | INTRODUCTION

| Nahar Nazmun'*® | Shafat Hassan®® | Xinyue Liu'? |

Abstract

The mitogen-activated protein kinase (MAPK) signaling pathway plays a significant
role in mediating cellular physiological activities, such as proliferation, differentia-
tion, apoptosis, and senescence. This signaling pathway is composed of several major
proto-oncogenes of RAS/RAF/MEK/ERK, among which the BRAF proto-oncogene,
as one of the three members of the RAF family, has a higher mutation rate than ARAF
and CRAF and has attracted extensive attention. Regarding the BRAF mutation, ap-
proximately 95% of BRAF mutations belong to the BRAF V60OE mutation, which
can enhance the expression of the MAPK signaling pathway and is thus related to
the occurrence and development of various malignant tumors and has been success-
fully identified as a therapeutic target. Moreover, drug resistance to BRAF inhibitor
treatment also appears to be an important issue. Considering the successful use of
BRAF inhibitors in melanoma, we provide a brief overview of the BRAF muta-
tions, including their basic structures and activation mechanisms, and the new clas-
sification method for BRAF mutations. Most importantly, we summarize the results
of BRAF inhibitor treatment in different sarcomas. To overcome drug resistance to
BRAF inhibitor treatment, we also outline the different mechanisms of drug resist-
ance to BRAF inhibitor treatment and introduce the combination strategy of BRAF

inhibitors with other targeted therapies.
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GTP-bound and the state of inactive GDP-bound.” RAS ac-
tivates at least 10 downstream signaling pathways, of which

The mitogen-activated protein kinase (MAPK) pathway,
consisting of RAS/RAF/MEK/ERK can transfer extracellular
signals, including hormones, cytokines, and growth factors,
to the nucleus, thus changing gene expression in the cell and
mediating proliferation, differentiation, survival, and apop-
tosis.RAS comprises three isoforms: KRAS, NRAS, and
HRAS.*° Tt can be transformed between the state of active

the classic one is RAS/RAF/MEK/ERK.®" Extracellular sig-
naling molecules activate RAS by binding to a receptor ty-
rosine kinase (RTK), and active RAS recruits RAF to the
plasma membrane. When RAF is activated on the cell mem-
brane, it phosphorylates downstream MEK, which phos-
phorylates ERK, thereby producing biological effects'>*
(Figure 1).
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The MAPK and PI3K-AKT-mTOR signaling pathways. In addition to activating the MAPK signaling pathway, RAS also activates
the PI3K-AKT-mTOR signaling pathway. The PI3K signaling pathway can also promote metabolism, while the MAPK pathway is more active

in cell proliferation. There are several negative feedback regulatory mechanisms in the BRAF mutation MAPK signaling pathway. For example,

BRAF secretes IGFBP7, which can suppress the ERK signaling pathway paradoxically and lead to cell senescence and apoptosis. In addition, ERK

activates DUSP, which dephosphorylates ERK and inhibits ERK activity

Abnormal activation of the MAPK pathway is partly caused
by mutations in RAS and RAF, which changes the normal
physiological activities of cells, promoting growth and differ-
entiation and is related to the development of a variety of tu-
mors. For example, RAS mutation is associated with pancreatic
cancer, lung cancer, and colorectal cancer, while RAF mutation
can be detected in melanoma, thyroid cancer, and other malig-
nant tumors.’ Concerning the RAF family, the BRAF mutation
has attracted extensive attention due to its extensive mutation
phenomenon in a variety of tumors and its higher mutation rate
compared with ARAF and CRAF. In this article, we review the
therapeutic efficacy of BRAF inhibitors in sarcomas, and sum-
marize the mechanism of resistance to BRAF inhibitors and the
combination with other targeted drugs.

2 | THE BRAF ONCOGENE

RAF comprises three isoforms: ARAF, BRAF, and CRAF
(also known as V-RAF).! Understanding of BRAF was
achieved mainly through the study of CRAF because they
have substantial sequence homology.2 In fact, in the MAPK
pathway signaling process, there is a special relationship be-
tween BRAF and CRAF, that is, BRAF can not only directly
activate MEK but also activate MEK by activating CRAF;

however, in turn, CRAF cannot activate BRAF.? This may
explain the mechanism of BRAF inhibitor resistance to some
extent. Since the BRAF mutation was identified in 2002,
more than 50 mutations have been reported, and different
tissues have different mutation frequenciesg’lo(Figure 2).
Ninety-five percent of these mutations result from a kind of
missense mutation in exon 15, that is, thymine mutates into
adenosine at nucleotide 1799 (T > A), which contributes to
changes in protein expression levels—valine (V) replaces
glutamic acid (E) at amino acid 600."* For this reason, this
mutation is called BRAF V600E.!' BRAF V600E increases
the activity of BRAF by 500 times, leading to an increase in
MEK and ERK activity.1 Furthermore, this mutant does not
need to bind to RAS to activate ERK, that is, it is a pattern of
activation that does not depend on RAS.’ The normal expres-
sion of BRAF requires dimerization, but the BRAF V600E
mutation does not require dimerization and can also trans-
mit signals; therefore, it can bypass the feedback inhibition
caused by the ERK pathway.z‘5

3 | BRAF STRUCTURE

BRAF generally consists of two termini and three parts:
the N terminus, the C terminus and CR1, CR2, and CR3.
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FIGURE 2 Distribution of BRAF mutations in different tissues

Among them, CR1 and CR2 are located at the N terminus
and CR3 is located at the C terminus, which contains the
kinase domain7’“’12(Figure 3A). CR1 contains two key re-
gions, the RAS-binding domain (RBD) and the cysteine-rich
domain (CRD), which combine with RAS-GTP and are in-
dispensable for cell membrane recruitment.”'>!* An impor-
tant function of CR1 is to inhibit CR3 and hence keep BRAF
inactive.'»'> When CR1 and RAS-GTP are combined, this
inhibition is relieved, and BRAF is activated (phosphoryla-
tion of the activation segment (AS) is also required).13 CR3
contains several key regions, namely, the P-loop (also known

as the glycine-rich loop, located in the N-region), an aC helix
(important for the formation of BRAF-CRAF dimers), a di-
merization interface (DIF), a catalytic loop, a DFG motif, and
the AS. Among them, the DFG motif is located at amino acids
594-596, and the AS is located at amino acids 594-623.1 It
can be inferred that the DFG motif is located within the AS.
There are two key sites on the AS, T599 and S602, and the
phosphorylation of these two sites is necessary for BRAF ac-
tivation.'® The activation of BRAF is achieved by a change
in conformation. BRAF can be structurally divided into
two lobes: one small lobe and one large lobe. In the BRAF
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FIGURE 3 BRAF structures along with their activation mechanisms. A, BRAF consists of three parts: CR1, CR2, and CR3. CR1 includes
the RBD and the CRD, both of which can combine with RAS-GTP. CR3 includes multiple key areas. This figure lists only the P-loop of the
N-terminal region and the AS of the C-terminal region, where the DFG is located in the AS. When BRAF is inactive, the DFG can flip the AS,
causing the AS to orient toward the P-loop, causing a hydrophobic reaction between G595-V600 of the AS and G463-V470 of the P-loop, which
forms a closed conformation. B, RAS-GTP, combined with the RBD and CRD, promotes the phosphorylation of T599 and S602. The hydrophobic
reaction is disrupted, and the DFG reverses the AS, thereby activating BRAF

cDNA
Position 1397 1406 1742 1799 1801
Substitution = OG>T OG>T OA>T DT>A A>G
@G>A @G>C @A>G @GT>AA
®G>C BTG>AT
@DGT>AG
Mutation type SM SM SM SM SM
v v Y v v
Location P-loop P-loop Catalytic loop AS AS
BRAF
BRAF mutation DG466V (DG469V (DN581I (DV600E KB01E
@G466E 2)G469A @N581S @V600K
(3)G466A (3V600D
@V600R

FIGURE 4 Mutation positions along with mutation results of the three BRAF mutation types. Several typical mutation positions of the
three BRAF mutation types. Only the mutations in the P-loop, catalytic loop, and AS are listed in the figure. Data source: COSMIC database. SM:
substitution mutation. Red stars represent Class I mutation. Green stars represent Class II mutation. Blue stars represent Class III mutation



LIU ET AL.

inactive state, the DFG motif makes the AS orient toward
the P-loop, which causes the G595-V600 of the AS and the
G463-V470 of the P-loop to approach each other, forming a
hydrophobic reaction, which maintains BRAF in an inactive
state.""1%!7 When combined with the RBD and CRD, RAS-
GTP stimulates the phosphorylation of T599 and S602, hence
disrupting the hydrophobic reaction, which causes the DFG
to flip the AS again and activate BRAF!1216:18 (Figure 3B).

4 | BRAF MUTATION AND ITS
CLASSIFICATIONS

Most BRAF mutations occur on the P-loop and the AS, such
as the BRAF V600E mutation that occurs in the AS, and
this mutation activates BRAF by destroying the hydropho-
bic reaction.'”" In contrast, some mutations may weaken
BRAF activity and even make BRAF completely inactive
(such as BRAFD593V). As early as 2004, BRAF mutations
were classified into high, medium, and low activity muta-
tions based on the level of BRAF mutation activity in vivo.'’
Later, in 2017, a report further classified BRAF mutations
into three types of mutations based on BRAF mutation ac-
tivity, whether the mutation is dependent on RAS, whether
the BRAF mutation is a monomer or a dimer, and the sen-
sitivity to BRAF inhibitors'>2%2! (Figure 4). For patients
with clinically different BRAF mutations, this classification
of mutations will be of great significance for guiding treat-
ments in the future.

Class I mutant BRAF activity is elevated and typically in-
cludes the V60OE, V600K, V600D, and V60OR mutations,
which are RAS-independent mutations that exist as mono-
mers and are sensitive to BRAF inhibitors.'>* BRAF V600E
destroys the hydrophobic reaction, thus activating BRAF.
On the other hand, wild-type BRAF activation requires di-
merization, but V60OE can form a salt bridge with K507.
This salt bridge mimics the conformational change during
dimerization, so V60OE can activate MEK in a monomeric
state. ' Moreover, BRAF V600E is not affected by the inhib-
itory reaction between CR1 and CR3." One typical class II
BRAF mutation is K601E; BRAF activity is intermediate or
elevated and is independent of RAS, similar to class I BRAF
mutations. The difference between class I and class Il BRAF
mutations is that class I BRAF mutations exist in the form of
dimers and are insensitive to BRAF inhibitors because cur-
rent BRAF inhibitors, such as vemurafenib, are sensitive only
to BRAF mutations in the monomeric form.">*° When the
inhibitor combines with the first site of the dimer, the affin-
ity for the second site is reduced by approximately 30 times.
For class II mutations, the efficacy of MEK inhibitors is bet-
ter than that of BRAF inhibitors, but BRAF inhibitors com-
bined with MEK inhibitors can provide additional c:fficacy.15
Fortunately, a novel RAF inhibitor, BGB659, can inhibit
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BRAF dimers and monomers at the same concentration,
which may bring new hope to patients with class II BRAF
mutations.?’ Class I1I mutations typically lead to G466V (im-
paired activity), D593V (completely inactive), etc, existing in
the form of heterodimers, being dependent on RAS and hav-
ing impaired or even kinase-dead activity.“’”’21 Although
this mutation reduces BRAF activity, it can activate MEK
by activating CRAF." Unlike class I and class II mutations,
RAS is active in this type of mutation because it cannot form
sufficient negative feedback inhibition for RAS. Moreover,
class III mutations often coexist with RAS mutations or NF1
deletions or mutations. Class III mutations are also insensi-
tive to vemurafenib, but MEK inhibitors or ERK inhibitors,
such as trametinib, may be effective. In addition, in class III
mutations, RAS may also be activated by upstream RTKSs, so
RTK inhibitors combined with MEK inhibitors may also be
effective against such mutations.?!

The overall mutation rate of BRAF in malignant tumors
is 7% but varies with the tumor type.22’23 It is estimated that
the BRAF mutation occurs in almost all hairy cell leukemias,
at least 50% of melanomas, 40% of thyroid cancers, 10% or
less of colorectal cancers, and rarely in clear cell sarcomas
(CCSs) and gastrointestinal stromal tumors (GISTs)“’zz’M‘25
(Figure 5A).

5 | BRAF MUTATIONS IN
SARCOMA

Sarcomas are rare, malignant solid tumors that originate in
mesenchymal cells and can occur anywhere in the body,
accounting for 1% of all malignancies in adults and 15%
of malignancies in children.?® There are more than 50 dif-
ferent subtypes of sarcomas, which can be divided into
soft tissue sarcomas (80%) and bone sarcomas (20%).27’28
Gastrointestinal stromal tumors were also classified as
soft tissue sarcomas in the WHO classification in 2013,
although some researchers still report gastrointestinal stro-
mal tumors and soft tissue sarcomas separately.26 The inci-
dence and survival rates of sarcomas reported in different
countries vary slightly. In Germany, the incidence rates of
soft tissue sarcomas and bone sarcomas are 4.5 per 100 000
and 2.1 per 100 000, respectively. In addition, in terms of
the age of onset, soft tissue sarcomas reach two peaks at the
age of 10-19 years and 70-79 years, while bone sarcomas
peak at only 10-19 years. The 1-year and 5-year survival
rates of soft tissue sarcomas are 87.8% and 66.4%, and
the 1-year and 5-year survival rates of bone sarcomas are
91.8% and 52.9%, respectively.? A report on the incidence
of sarcomas in 27 EU countries showed that the overall
incidence of sarcomas is 5.6 per 100 000, of which the
incidence of soft tissue sarcomas is 4.7 per 100 000, and
the 5-year survival rates of soft tissue sarcomas and bone
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sarcomas are 58% and 62%, respectively.30 In China, there
were approximately 39 900 new cases of soft tissue sar-
coma in 2014, with an incidence rate of 2.91 per 100 000.2°
In the United States, 13 040 people were diagnosed with
soft tissue sarcoma in 2018, and approximately 5150 peo-
ple died of soft tissue sarcoma.’! It should be noted that
soft tissue sarcomas differ from visceral sarcomas slightly
in the WHO classification, and histology is usually not
considered in visceral sarcomas, so the total incidence of
sarcomas may be underestimated.*

Similar to other malignant tumors, BRAF mutations also
exist in sarcomas, which have been confirmed by research-
ers, and the overall mutation is less than 9%24’33(Figure 5B).
To our knowledge, few systematic studies on the mutation
status and gene sequencing of BRAF in sarcoma have been
performed; most reports have focused on case reports and
treatment effects in patients treated with BRAF inhibi-
tors.>* A study showed that BRAF V600E is positive in one
of eight patients with malignant peripheral nerve sheath tu-
mors (MPNSTs).** In a study of genetic changes in Ewing
sarcoma, the strong, positive expression of BRAF (defined
as a staining score greater than or equal to 100) was only
3%, suggesting that BRAF inhibitors have limited applica-
tion in Ewing sarcoma.” In a study of GIST, BRAF V600E
mutations were detected in two of 28 wild-type patients.36
Of the 62 MPNST patients, the BRAF V600E mutations

5
Mutati

10 15 20
on rate(%)

were found in five (8%) patients, which were slightly more
than the 7.7% (1/13) of MPNST patients reported by an-
other study.”’3 8

The role of the BRAF mutation in sarcomas is contro-
versial. A study analyzed 108 sarcoma samples by gene se-
quencing, and the data showed that the BRAF mutation was
not common, suggesting that the BRAF mutation might not
cause malignancy.” However, another report proposed that
the BRAF mutation could lead to malignancy, not just a mu-
tation.”” In an analogous study, the researchers observed that
90 patients with sarcomas without a history of malignant
melanoma did not have a BRAF mutation; however, BRAF
mutations were present in three of 14 patients with a history
of malignant melanoma, suggesting that in a poorly differ-
entiated sarcoma with a history of melanoma, the sarcoma
is likely to be melanoma and is going through the process
of dedifferentiation.?* This conclusion is very interesting and
suggests a possible relationship between melanoma and sar-
coma, which may provide a new perspective for the study of
BRAF mutations in sarcomas. These reports provide some
references for the evaluation of BRAF mutations and gene
sequencing in sarcoma to some extent, and future studies
should focus on extensive, multispecimen research. Given
the rarity of sarcoma and species diversity, it may take a long
time to collect enough specimens, and the efforts of individ-
ual research institutions or individuals are far from enough;
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TABLE 1 Several BRAF inhibitors and clinical trials for sarcomas
Type Target Indications Number®
Sorafenib VEGFR, wild-type  hepatocellular NCTO00880542 (terminated)
RAF, CRAF, carcinomarenal  NCT00864032 (completed)
. . 1 .
ANBIOEENESIS fli Cgrcmoma NCT00541840 (unknown)
NCT00217620 (completed)
NCT00822848 (completed)
NCT00287495 (terminated)
NCTO00837148 (completed)
NCT00406601 (completed)
NCT02050919 (active, not
recruiting)
NCT00874874 (unknown)
NCT00245102 (completed)
NCT00330421 (completed)
NCTO01005797 (completed)
NCTO01518413 (completed)
NCT01946529 (Active, not
recruiting)
NCTO01804374 (completed)
NCTO00889057 (completed)
vemurafenib (PLX4032) BRAF V600E melanoma NCT03220035 (Recruiting)
and its analog
PLX4720 NCT03155620 (Recruiting)
Dabrafenib BRAF V600E, Melanoma, NCT03784014(Not yet recruiting)
(GSK2118436) V600K and thyroid
V600G carcinomas
Encorafenib(LGX818) BRAF V600E, Melanoma None
V600D, V600K,
BRAF wild type,
CRAF

# Data source: https://clinicaltrials.gov/.

therefore, it may be best to combine data from research cen-
ters around the world.

6 | SEVERAL TYPICAL BRAF
INHIBITORS

Because some patients with a BRAF mutation in malignant
tumors do not respond well to conventional chemotherapy,
people are starting to focus on MAPK pathway target inhibi-
tion.*** The application of BRAF inhibitors opens a new door
for the treatment of patients with BRAF mutations (Table 1).
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Tumor type
sarcoma

Soft tissue sarcoma
Soft tissue sarcoma
sarcoma

sarcoma

Kaposi's sarcoma

Sarcoma, Synovial sarcoma,
leiomyosarcoma, malignant
peripheral nerve sheath tumor

sarcoma

sarcoma

sarcoma
sarcoma

Ewing sarcoma, osteosarcoma,
soft tissue sarcoma

renal cancer, non-small cell lung
cancer, soft tissue sarcoma

Rhabdomyosarcoma and other
soft tissue sarcoma, Ewing
sarcoma, osteosarcoma

Ewing sarcoma

osteosarcoma
osteosarcoma

Ewing sarcoma, osteosarcoma,
soft tissue sarcoma

Ewing sarcoma, osteosarcoma,
soft tissue sarcoma

soft tissue sarcoma

None

Sorafenib was the first RAF inhibitor approved in clin-
ical practice.7’23 It was previously believed that CRAF was
an important effector of RAS. Therefore, sorafenib was ini-
tially developed as a CRAF inhibitor.**! Sorafenib inhib-
its several targets, including VEGFR, wild-type RAF, and
CRAF. Subsequent studies have shown that sorafenib mainly
inhibits angiogenesis by inhibiting VEGFR, which exerts an
antitumor effect.®*! However, because of off-target effects,
the inhibition of RAF is very limited.>* Therefore, sorafenib
is mainly used for renal cell carcinoma and hepatocellular
carcinoma, and its effect on melanoma mainly caused by a
BRAF mutation is not good.é"7 In addition, sorafenib inhibits
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CRAF activity eight times as much as it inhibits BRAF.*
Given that BRAF accounts for 95% of all RAF mutations, it
also restricts the use of sorafenib in melanoma.

Vemurafenib (PLX4032) and its analogue PLX4720
can be highly selective in inhibiting BRAF V600E.** It
was first synthesized in 2005 and was approved for the
treatment of patients with melanoma with BRAF V600E
in the United States and the European Union in August
2011 and February 2012, respectively.‘“’43 The inhibitory
mechanism of vemurafenib is directly related to its struc-
ture; it can directly inhibit the DFG motif, which is related
to BRAF activation. At the same time, its inhibition is
very characteristic. Different from MEK inhibitors, which
can inhibit both tumor cells and normal cells at the same
time, vemurafenib inhibits only tumor cells with the BRAF
V600E mutation.”***! This may actually be an advantage
of vemurafenib—it does not cause an adverse reaction that
inhibits the ERK pathway in normal cells.*’ In wild-type
BRAF cells and in cells with RAS mutations treated with
vemurafenib, the ERK pathway can be activated paradox-
ically.z’6’7’41 However, this phenomenon does not appear
in BRAF V600E-mutant cells. It should be noted that this
phenomenon occurs not only with vemurafenib but also
with other RAF ATP competitive inhibitors.® This also lim-
its the extent of vemurafenib use, which requires the pres-
ence of BRAF mutations to be identified before the drug is
administered.’ In addition, BRAF inhibitors are also used
to treat colorectal cancer, whereas its efficacy is signifi-
cantly lower than that of melanoma. Only 5% of colorectal
cancer patients achieve a response, which is mainly related
to reactivation of the MAPK pathway caused by EGFR.>**
Thus, patients with colorectal cancer may be treated with
other drugs, such as EGFR inhibitors.*""** There have been
reports about the efficacy of vemurafenib in thyroid cancer,
hairy cell leukemia, and lung cancer with BRAF mutations.

Another BRAF inhibitor, dabrafenib (GSK2118436),
was approved by the FDA for the treatment of melanoma on
29 May 2013.*' Common adverse reactions, which includes
squamous cell carcinoma, are similar to those observed
with vemurafenib.” Dabrafenib is 80 times more potent
than vemurafenib, and studies have shown that dabrafenib
also has effects on V600K and V600G mutations but not
on K601E.”

The most recent BRAF inhibitor is encorafenib. It is
characterized by a longer dissociation half-life (30 hours),
stronger effects, and less paradoxical MAPK pathway
activation than either vemurafenib or dabrafenib, which
indicates that encorafenib has a longer inhibitory effect
and fewer adverse reactions.**’ On 27 June 2018, the
combination of encorafenib and binimetinib (a kind of
MEK inhibitor) was approved by the FDA to treat patients
with unresectable or metastatic melanoma with a BRAF
V600E or V600K mutation.*® The European Medicines

Agency (EMA) also approved the combination therapy
for melanoma.*’ A clinical trial called COLUMBUS has
shown that this kind of combination has the longest me-
dian progression-free survival (PFS) of 14.9 months and
a median overall survival of 33.6 months compared with
other BRAF-MEK combination therapies, with favorable

adverse events. !

7 | EFFICACY OF BRAF
MUTATION INHIBITORS IN
SARCOMA

A number of studies have reported that melanoma patients
with the BRAF V600E mutation treated with BRAF in-
hibitors could achieve complete or partial response accord-
ing to the Response Evaluation Criteria in Solid Tumors
(RECIST). However, to our knowledge, there are few
clinical trials about the treatment of sarcoma patients with
the BRAF V600E mutation treated with BRAF inhibitors,
and most reports of sarcoma patients treated with BRAF
inhibitors are case reports (Table 2). A study on nonmela-
noma patients with a BRAF mutation treated with vemu-
rafenib found that the response rates of non-small cell
lung cancer and Erdheim-Chester disease or Langerhans
cell histiocytosis with a BRAF mutation were 42% and
43%, respectively.44 A case report recorded a patient with
a GIST. After surgical resection, imatinib (a kind of ty-
rosine kinase inhibitors) treatment failed, and the patient
switched to dabrafenib; the tumor showed 14%, 18%, and
20% shrinkage at weeks 6, 15, and 24, respectively.52 In
addition, the comforting effect of BRAF inhibitor was also
observed in the treatment of Langerhans cell sarcoma and
histiosarcoma with the BRAF V600E mutation.”>>* A pa-
tient with an MPNST harboring the BRAF V600E muta-
tion who achieved a modest response after treatment with
sorafenib and had a significant effect after treatment with
vemurafenib was also reported.55 Another study reported
a patient with a high-grade spindle cell sarcoma with lung
metastasis. After the inefficacy of dacarbazine, docetaxel,
and radiotherapy, gene sequencing revealed the presence
of the BRAF V600E mutation. After treatment with vemu-
rafenib and trametinib, both primary and lung metastases
were reduced.’® A preclinical trial for the treatment of sar-
coma with vemurafenib showed significant inhibition in
the SA-4 cell line (representing liposarcoma), as well as
an inhibitory effect on the SW-872 cell line, and found that
the primary mechanism of vemurafenib is to cause G1 cell
cycle arrest, and apoptosis is only a small part of the mech-
anism. In addition, the intermittent use of vemurafenib
showed poor efficacy, indicating that the continuous use
of vemurafenib is necessary for improved efficacy.43 In
addition, other case reports have also reported that BRAF
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inhibitors are effective for sarcoma (Table 2). All of these
studies have a common feature, that is, the BRAF mutation
is present, and all of them have achieved various degrees of
a response after the use of BRAF inhibitors. This finding
also provides insight into the prospect of the application of
BRAF inhibitors in sarcomas and raises the possibility that
as long as there are BRAF mutations in sarcomas, there is
the possibility of using BRAF inhibitors.

8 | MECHANISMS OF
RESISTANCE TO BRAF MUTATION
INHIBITORS

BRAF inhibitors also have drug resistance, which can be di-
vided into inherent resistance and acquired resistance.**’
Most patients develop resistance within 1 year after treat-
ment with vemurafenib initially.”® For some people, BRAF
inhibitors do not work from the initial treatment.”*® Thus
far, more than ten resistance mechanisms have been de-
scribed, and there could be multiple resistance mechanisms
in the same patientm'63 (Figure 6A-C). In general, these
resistance mechanisms can be divided into two categories:
the MAPK-dependent pathway paradoxical activation and
the activation of alternative pathways, mainly PI3K-AKT-
mTOR (Figure 6C). Among them, the former accounts for
the majority of drug resistance. Despite these findings, the
resistance mechanism to BRAF inhibitors remains unclear in
a considerable number of patients.42

8.1 | MAPK-dependent pathway
paradoxical activation

A report found a second BRAF V600E mutation, BRAF
V600E L514V, in a patient with a BRAF V60OE-mutant left
temporal lobe brain tumor who relapsed after treatment with
dabrafenib. Moreover, this mutation was not detected before
recurrence, suggesting that BRAF inhibitor resistance can
be generated by a second mutation in BRAF. This mutation
can increase RAF dimer formation and promote ERK path-
way signal expression.** In the BRAF gene, a kind of splice
variant that deletes a part of the exon that removes the RBD
participates in the resistance to BRAF inhibitors by increas-
ing the tendency to form homologous dimers and enhancing
the MAPK signaling pathway.ﬁs'67 A study supported that
the AGAP3-BRAF fusion protein, which lacks the RBD,
may be a novel resistance mechanism.®’ Some researchers
also demonstrated that BRAF, when inhibited, can be trans-
formed into CRAF or ARAF through a kinase transforma-
tion that continues to activate MAPK, leading to resistance to
BRAF inhibitors.?® In addition, in RAS mutations, BRAF can
bind to CRAF when BRAF is inhibited, thereby promoting

the MAPK pathway. However, it should be noted that in
this case, BRAF does not directly activate MEK but acti-
vates CRAF to activate MEK.'” This can lead to the activa-
tion of MAPK by BRAF inhibitors paradoxically. However,
this activation mechanism does not occur when treated with
RAF paninhibitors, such as sorafenib, which inhibits BRAF
as well as CRAF. NRAS upregulation, which can enhance
the dimerization of RAF and contribute to resistance, is also
relevant.>% In addition to the BRAF V600E second muta-
tion, some splice variants, and NRAS upregulation, BRAF
amplification also likely plays a role in the resistance mecha-
nism by the formation of dimers.>*® Another study showed
that NRAS isoform 2 (a kind of NRAS isoform) participates
in resistance to BRAF inhibitors by promoting the MAPK
signaling pathway and decreasing the PI3K-AKT-mTOR
signaling pathway, which suggests a potential connection
between the MAPK and the PI3K signaling pathways70
(Figure 6A). In addition, the overexpression of cancer Osaka
thyroid (COT), which can promote MEK and ERK activation
in a BRAF-independent manner, is also related.>%%"! The
lack of NF1, which regulates RAS in a manner of negative
feedback (Figure 6B), MEK1/2 mutation, and ERK mutation
also confer resistance to BRAF inhibitors.”*%"*"> Although
MAPK reactivation is a significant mechanism of BRAF in-
hibitor resistance, resistant tumors are still sensitive to ERK
inhibitors.%*73 Moreover, not all patients who are resistant to
BRATF inhibitors have MAPK activation, and some patients
still show MAPK inhibition; therefore, the PFS rate of the
former is higher than that of the latter.”*

8.2 | PI3K-AKT-MTOR activation

The PI3K-AKT-mTOR signaling pathway is also activated
by RAS and participates in various physiological processes,
such as cell proliferation and differentiation. In this signaling
pathway, the lack of PTEN, which inhibits AKT, or a muta-
tion in AKT can cause resistance to BRAF inhibitors®*®"
(Figure 6C). In contrast, the activation or overexpression of
an RTK, which usually activates both the MAPK and PI3K-
AKT-mTOR signaling pathways, including EGFR, MET,
PDGFRp, and IGFIR, can exist in BRAF inhibitor-resistant
melanoma cells by activating PI3K-AKT-mTOR *>%%6%74.76
Among them, EGFR overexpression is an important mecha-
nism of resistance to BRAF inhibitors in colorectal cancer
patients.2

8.3 | Other mechanisms

In addition, a change in the tumor microenvironment also
plays an important role in the resistance mechanism.*>7+77
For example, the presence of macrophages may be associated
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FIGURE 6 The resistance mechanism to vemurafenib. A, In general, these resistance mechanisms can be divided into two categories:
MAPK-dependent pathway paradoxical activation and PI3K-AKT-mTOR activation. B, NRAS isoform 2 can promote the MAPK signaling
pathway and decrease the PI3K-AKT-mTOR signaling pathway, which confers resistance. C, NF1 regulates RAS in a manner of negative feedback,

and its lack promotes the MAPK signaling pathway

with the development of BRAF inhibitor resistance.” In ad-
dition, hepatocyte growth factor (HGF), a regulator of BAD
secreted by mesenchymal cells, can prevent BAD dephos-
phorylation and thus participate in BRAF inhibitor resistance

via the PI3K-AKT-mTOR signaling pathway.57’78 HGF and
its receptor MET also confer resistance to BRAF inhibi-
tors.”’ In several types of tumor cells, YAP can increase the
expression of BCL-x1, which is antiapoptotic, leading to RAF
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inhibitor resistance. Furthermore, the increased expression of
Y AP can lead to resistance to MEK inhibitors. The inhibition
of both YAP and MAPK signaling pathways can achieve im-
proved efficacy.60

9 | COMBINATION WITH OTHER
TARGETED THERAPIES

Because BRAF inhibitor monotherapy is vulnerable to
drug resistance, attention has focused on the combination
of BRAF inhibitors with other drugs, including other gene

The results of coBRIM clinical trial®!

inhibitors of the MAPK and PI3K-AKT-mTOR signaling
pathways, such as EGFR inhibitors, PI3K inhibitors, mTOR
inhibitors, MEK inhibitors, RTK inhibitors, HGF inhibitors,
and MET inhibitors.”” Currently, three BRAF inhibitors have
been approved by the FDA for combination use with MEK
inhibitors in the treatment of melanoma—vemurafenib plus
cobimetinib, dabrafenib plus trametinib, and encorafenib
plus binimetinib; among them, dabrafenib plus trametinib
was the first combination approved by the FDA.7>7-80

In the coBRIM clinical trial, the median PFS (mPFS) of
patients treated with vemurafenib plus cobimetinib and ve-
murafenib plus placebo was 12.3 months and 7.2 months,

TABLE 3 The results of coBRIM,

Vemurafenib plus

Vemurafenib plus

cobimetinib placebo
mPFS(mo) 12.3 7.2
mOS(mo) 22.3 17.4
ORR 70%((CR16%+PR54%) 50%(CR10%+PR40%)
Incidence of cutaneous 6% 20%
squamous adenocarcinoma and
keratoacanthoma
The results of COMBI-v clinical trial*®
Dabrafenib plus Vemurafenib
trametinib monotherapy
mPFS(mo) 11.4 7.3
mOS(mo) 25.6 18
ORR 64%(CR13%+PR51%) 51% ( CR8%+PR44% )
Incidence of cutaneous 1% 18%

squamous adenocarcinoma and

keratoacanthoma

The results of COMBI-d clinical trial®®

Dabrafenib plus
trametinib Dabrafenib plus placebo
mPFS(mo) 11 8.8
mOS(mo) 25,1 18.7
ORR 67%(CR10%+PR56%) 51%(CR9%+PR43%)
Incidence of cutaneous 2% 9%
squamous adenocarcinoma and
keratoacanthoma
The part one results of COLUMBUS clinical trial®*%’
Encorafenib plus
binimetinib Encorafenib Vemurafenib
mPFS(mo) 14.9 9.6 7.3
mOS(mo) 33.6 23.5 16.9
ORR 63%(CR11%+PR52%)  51%(CR7%+PR44%) 40%(CR8%+PR32%)
squamous cell 3% 8% 17%

cancers

COMBI-v, COMBI-d, and COLUMBUS
part one clinical trials
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respectively, the median overall survival (mOS) was
22.3 months and 17.4 months, respectively, and the over-
all response rate (ORR) was 70% (complete response (CR)
16%+ partial response (PR) 54%) and 50% (CR 10%+PR
40%), respectively (Table 3). The rates of cutaneous squa-
mous adenocarcinoma and keratoacanthoma were 6% and
20%, respectively.81 From these data, it can be seen that re-
gardless of whether mPFS, OS, or ORR is considered, for
vemurafenib, its combination with a MEK inhibitor regimen
is more effective than its monotherapy regimen, and the in-
cidence of severe adverse reactions of skin secondary tumors
in the combined group is significantly lower than that in
the monotherapy group. In the clinical trials COMBI-v and
COMBI-d, the combination of dabrafenib and trametinib was
also more effective than that of vemurafenib or dabrafenib
monotherapy, as seen in the coBRIM trial®*®3 (Table 3).

In June 2019, the latest follow-up data on the COMBI-v
and COMBI-d clinical trials were 1reported.86 The follow-up
data of the dabrafenib plus trametinib groups in the two clin-
ical trials were combined (a total of 563 patients, including
352 in COMBI-v and 211 in COMBI-d), with an mPFES of
11.1 months and a mOS of 25.9 months. The PFS rate of 3, 4,
and 5 years was 23%, 21%, and 19%, respectively, and the OS
rate of 3, 4, and 5 years was 44%, 37%, and 34%, respectively.
Moreover, the survival curve between 3 and 5 years began flat-
ten, suggesting that the patient's condition began to stabilize,
and further follow-up became meaningful. Lactate dehydro-
genase (LDH) is an important prognostic factor, and the prog-
nosis of subgroups with different LDH levels is significantly
different. Specifically, the 5-year PFS rates for patients with an
LDH level below the normal upper limit and above the normal
upper limit were 25% and 8%, respectively, and the 5-year OS
rates were 43% and 16%, respectively. Furthermore, patients
with LDH levels within the normal range and patients with
less than three metastases were considered; the 5-year PFS and
5-year OS rates were 31% and 55%, respectively, which showed
a significant improvement compared with the 5-year PFS rate
of 19% and the 5-year OS rate of 34% in the whole population.
The 5-year PFS and 5-year OS rates were particularly encour-
aging among patients who achieved a CR, at 49% and 71%,
respectively. These data indicate that CR is a good prognosis for
patients and that LDH indicates a poor prognosis. Additionally,
in COMBI-v, the 5-year PFS and 5-year OS rates of the vemu-
rafenib monotherapy group were 9% and 23%, respectively; in
COMBI-v, the 5-year PFS and 5-year OS rates in the dabrafenib
plus placebo group were 13% and 27%, respectively.

In the first part of the COLUMBUS clinical trial (the pur-
pose of the second part was to determine the role of binime-
tinib in combination therapy by comparing the encorafenib
plus binimetinib group with the encorafenib monotherapy
group; the results have not yet been reported), the mPFS of
the encorafenib plus binimetinib combined treatment group,
the encorafenib monotherapy group, and the vemurafenib
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monotherapy group were 14.9 months, 9.6 months, and
7.3 months, respectively, and the OS was 33.6 months,
23.5 months, and 16.9 months, respectively. The ORR was
63% (CR 11%+PR 52%), 51% (CR 7%+PR 44%), and 40%
(CR 8%+PR 32%), 1respectively.50‘87 It can be seen that the
encorafenib plus binimetinib group experienced the longest
mPFES and OS among the three combination treatment groups
of encorafenib plus binimetinib, vemurafenib plus cobime-
tinib, and dabrafenib plus trametinib. Therefore, encorafenib
plus binimetinib has good application prospects. However,
clinical trials that directly compare the efficacy of the three
treatment regimens are also required.

In addition, regarding the efficacy of vemurafenib, the
data from the three clinical trials (COLUMBUS, COMBI-v,
and coBRIM) are not very different; the mPFS of the three
groups was 7.3, 7.3, and 7.2 months, respectively, and the
mOS was 16.9, 18, and 17.4 months, respectively.

It is not difficult to see from the results of these clinical
trials that in malignant melanoma, the combination of BRAF
inhibitors and MEK inhibitors cannot only improve OS and
PFS but also delay the recurrence and reduce the incidence
of drug-related adverse reactions, especially the incidence of
secondary skin tumors. Therefore, it is worth determining
whether the combination of BRAF inhibitors and MEK in-
hibitors can have the same effect in sarcomas.

Notably, MEK inhibitor monotherapy is not effective in
patients who have already developed resistance to BRAF
inhibitors, possibly because of the cross-resistance between
BRAF inhibitors and MEK inhibitors.*’ In addition, resis-
tance still occurs when both BRAF inhibitors and MEK inhib-
itors are combined. Most patients develop resistance within
3 years after receiving the combination of vemurafenib plus
cobimetinib and dabrafenib plus trametinib, and some resis-
tance mechanisms are the same as those of BRAF monother-
apy, such as MEK mutation and BRAF amplification.**?
Therefore, future studies should focus on how to overcome
resistance in the setting of their combination. The use of ve-
murafenib combined with EGFR inhibitors has been shown
to be effective in preclinical models.®® The combination of
BRAF inhibitors and PI3K-AKT-mTOR inhibitors exhib-
its an excellent response.75 A study showed that simultane-
ous treatment with BRAF, EGFR, and MEK inhibitors can
achieve satisfactory outcomes in colorectal cancer patients
with BRAF V600E.” In addition, heat shock protein 90
(HSP90) inhibitors (XL888) have been shown to overcome
BRATF inhibitor resistance, and their combined application
with BRAF inhibitors is currently in clinical trials.®

10 | CONCLUSION

In general, BRAF is a key gene involved in tumorigenesis,
and its activation is closely related to conformational changes.
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The BRAF mutation frequency varies in different tumors,
and the three mutation types have different properties and
characteristics, which have important guiding significance
for the clinical use of BRAF inhibitors. Given the suscepti-
bility of monotherapy to resistance, there have been excit-
ing results obtained from combining BRAF inhibitors with
other targeted inhibitors, such as MEK inhibitors. In sar-
comas, the study of BRAF has not been sufficient. Current
reports mainly focus on the efficacy of single patients using
BRAF inhibitors and lack large-scale clinical trials. Future
clinical trials on sarcomas could greatly benefit patients
with sarcoma.

ACKNOWLEDGMENTS

We thank the American Journal Experts (https://www.
aje.cn/) for helping with the English usage. This work
was supported by the Key Nature Science Foundation
of Tianjin [18YFZCSY00550 to Jilong Yang]; Key
Laboratory Epidemiology,
Tianjin.

of Molecular Cancer

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

AUTHORS' CONTRIBUTIONS

HTL drafted the manuscript. NN, SH, XYL, and JLY revised
the manuscript. All the authors approved the final manuscript.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

ORCID
Haotian Liu

https://orcid.org/0000-0001-8034-5698

Jilong Yang @ https://orcid.org/0000-0001-5162-3740

REFERENCES

1. Cantwell-Dorris ER, O'Leary JJ, Sheils OM. BRAFV600E: impli-
cations for carcinogenesis and molecular therapy[J]. Mol Cancer
Ther.2011;10(3):385-394.

2. Lito P,Rosen N, Solit DB. Tumor adaptation and resistance to RAF
inhibitors[J]. Nat Med. 2013;19(11):1401-1409.

3. Burotto M, Chiou VL, Lee JM, Kohn EC. The MAPK pathway
across different malignancies: a new perspective[J].
2014:120(22):3446-3456.

4. Hall RD, Kudchadkar RR. BRAF mutations: signaling, epidemi-
ology, and clinical experience in multiple malignancies[J]. Cancer
Control. 2014;21(3):221-230.

Cancer.

12.

13.

14.

16.

18.

21.

22.

23.

24.

Michaloglou C, Vredeveld LC, Mooi WIJ, Peeper DS. BRAF(E600)
in benign and malignant tumours[J].
2008;27(7):877-895.

Santarpia L, Lippman SM, El-Naggar AK. Targeting the MAPK-
RAS-RAF signaling pathway in cancer therapy[J]. Expert Opin
Ther Targets. 2012;16(1):103-119.

Vakiani E, Solit DB. KRAS and BRAF: drug targets and predictive
biomarkers[J]. J Pathol. 2011;223(2):219-229.

Garnett MJ, Rana S, Paterson H, Barford D, Marais R.
Wild-type and mutant B-RAF activate C-RAF through dis-
tinct mechanisms involving heterodimerization[J]. Mol Cell.
2005;20(6):963-969.

Liu C, Peng W, Xu C, et al. BRAF inhibition increases tumor
infiltration by T cells and enhances the antitumor activ-
ity of adoptive immunotherapy in mice[J]. Clin Cancer Res.
2013;19(2):393-403.

Davies H, Bignell GR, Cox C, et al. Mutations of the BRAF gene
in human cancer[J]. Nature. 2002;417(6892):949-954.

human Oncogene.

. Gray-Schopfer VC, daRocha Dias S, Marais R. The role of B-RAF

in melanomalJ]. Cancer Metastasis Rev. 2005;24(1):165-183.
Garnett MJ, Marais R. Guilty as charged: B-RAF is a human onco-
gene(J]. Cancer Cell. 2004;6(4):313-319.

Chong H, Guan KL. Regulation of Raf through phosphoryla-
tion and N terminus-C terminus interaction[J]. J Biol Chem.
2003;278(38):36269-36276.

Bondeva T, Balla A, Varnai P, Balla T. Structural determinants
of Ras-Raf interaction analyzed in live cells[J]. Mol Biol Cell.
2002;13(7):2323-2333.

. Dankner M, Rose AAN, Rajkumar S, Siegel PM, Watson IR.

Classifying BRAF alterations in cancer: new rational ther-
apeutic  strategies for
2018;37(24):3183-3199.
Zhang BH, Guan KL. Activation of B-Raf kinase requires phos-
phorylation of the conserved residues Thr598 and Ser601[J].
EMBO J.2000;19(20):5429-5439.

actionable mutations[J]. Oncogene.

. Wan PTC, Garnett MJ, Roe SMark, et al. Mechanism of activation

of the RAF-ERK signaling pathway by oncogenic mutations of
B-RAF[J]. Cell. 2004;116(6):855-867.

Kohler M, Roring M, Schorch B, et al. Activation loop phosphor-
ylation regulates B-Raf in vivo and transformation by B-Raf mu-
tants[J]. EMBO J. 2016;35(2):143-161.

Heidorn SJ, Milagre C, Whittaker S, et al. Kinase-dead BRAF
and oncogenic RAS cooperate to drive tumor progression through
CRAF(J]. Cell. 2010;140(2):209-221.

. Yao Z, Torres N, Tao A, et al. BRAF mutants evade ERK-

dependent feedback by different mechanisms that determine
their sensitivity to pharmacologic inhibition[J]. Cancer Cell.
2015;28(3):370-383.

Yao Z, Yaeger R, Rodrik-Outmezguine VS, et al. Tumours with
class 3 BRAF mutants are sensitive to the inhibition of activated
RAS[J]. Nature. 2017;548(7666):234-238.

Capper D, Preusser M, Habel A, et al. Assessment of BRAF
V600E mutation status by immunohistochemistry with a mu-
tation-specific monoclonal antibody[J]. Acta Neuropathol.
2011;122(1):11-19.

Montagut C, Settleman J. Targeting the RAF-MEK-ERK pathway
in cancer therapy[J]. Cancer Lett. 2009;283(2):125-134.

Cipriani NA, Letovanec I, Hornicek FJ, et al. BRAF mutation in
'sarcomas": a possible method to detect de-differentiated melano-
mas[J]. Histopathology. 2014;64(5):639-646.


https://www.aje.cn/
https://www.aje.cn/
https://orcid.org/0000-0001-8034-5698
https://orcid.org/0000-0001-8034-5698
https://orcid.org/0000-0001-5162-3740
https://orcid.org/0000-0001-5162-3740

LIU ET AL.

. 4895
Cancer Medicine - WI LEYJ—

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Michonneau D, Kaltenbach S, Derrieux C, et al. BRAF(V600E)
mutation in a histiocytic sarcoma arising from hairy cell leuke-
mia[J]. J Clin Oncol. 2014;32(35):e117-121.

Yang Z, Zheng R, Zhang S, et al. Incidence, distribution of his-
tological subtypes and primary sites of soft tissue sarcoma in
China[J]. Cancer Biol Med. 2019;16(3):565-574.

Fujiki M, Miyamoto S, Kobayashi E, Sakuraba M, Chuman
H. Early detection of local recurrence after soft tissue sar-
coma resection and flap reconstruction[J]. Int Orthop.
2016;40(9):1975-1980.

Gerrand C, Athanasou N, Brennan B, et al. UK guidelines for the
management of bone sarcomas[J]. Clinical Sarcoma Research.
2016;6:7.

Trautmann F, Schuler M, Schmitt J. Burden of soft-tissue and
bone sarcoma in routine care: Estimation of incidence, prevalence
and survival for health services research[J]. Cancer Epidemiol.
2015;39(3):440-446.

Stiller CA, Trama A, Serraino D, et al. Descriptive epidemiology
of sarcomas in Europe: report from the RARECARE project[J].
Eur J Cancer. 2013;49(3):684-695.

vonMehren M, Randall RL, Benjamin RS, et al. Tissue Sarcoma,
version 2.2018, NCCN clinical practice guidelines in oncology[J].
J Natl Compr Canc Netw. 2018;16(5):536-563.

Mastrangelo G, Coindre J-M, Ducimetiére F, et al. Incidence of
soft tissue sarcoma and beyond: a population-based prospective
study in 3 European regions[J]. Cancer. 2012;118(21):5339-5348.
Thomas RK, Baker AC, DeBiasi RM, et al. High-throughput
oncogene mutation profiling in human cancer[J]. Nat Genet.
2007;39(3):347-351.

Rekhi GG, Dervisoglu S.
Clinicopathologic features and immunohistochemical spectrum of

B, Kosemehmetoglu K, Tezel

11 cases of epithelioid malignant peripheral nerve sheath tumors,
including INI1/SMARCBI1 results and BRAF V600E analysis[J].
APMIS. 2017;125(8):679-689.

Ahmed AA, Sherman AK, Pawel BR. Expression of therapeu-
tic targets in Ewing sarcoma family tumors[J]. Hum Pathol.
2012;43(7):1077-1083.

Agaimy A, Terracciano LM, Dirnhofer S, et al. V60OE BRAF mu-
tations are alternative early molecular events in a subset of KIT/
PDGFRA wild-type gastrointestinal stromal tumours[J]. J Clin
Pathol. 2009;62(7):613-616.

Hirbe AC, Pekmezci M, Dahiya S, et al. BRAFV600E mutation in
sporadic and neurofibromatosis type 1-related malignant periph-
eral nerve sheath tumors[J]. Neuro Oncol. 2014;16(3):466-467.
Serrano C, Simonetti S, Hernandez-Losa J, et al. BRAF V600E
and KRAS G12S mutations in peripheral nerve sheath tumours[J].
Histopathology. 2013;62(3):499-504.

Je EM, An CH, Yoo NJ, Lee SH. Mutational analysis of PIK3CA,
JAK?2, BRAF, FOXL2, IDH1, AKT1 and EZH2 oncogenes in sar-
comas[J]. APMIS. 2012;120(8):635-639.

Joseph EW, Pratilas CA, Poulikakos PI, et al. The RAF inhibitor
PLX4032 inhibits ERK signaling and tumor cell proliferation in
a V60OE BRAF-selective manner[J]. Proc Natl Acad Sci U S A.
2010;107(33):14903-14908.

Bollag G, Tsai J, Zhang J, et al. Vemurafenib: the first drug ap-
proved for BRAF-mutant cancer[J]. Nat Rev Drug Discov.
2012;11(11):873-886.

Chan XY, Singh A, Osman N, Piva TJ. Role played by signal-
ling pathways in overcoming BRAF inhibitor resistance in mela-
nomallJ]. Int J Mol Sci. 2017;18(7):1527.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Gouravan S, Meza-Zepeda LA, Myklebost O, Stratford EW,
Munthe E. Preclinical evaluation of vemurafenib as therapy for
BRAF(V600E) mutated sarcomas[J]. Int J Mol Sci. 2018;19(4):969.
Hyman DM, Puzanov I, Subbiah V, et al. Vemurafenib in multiple
nonmelanoma cancers with BRAF V600 mutations[J]. N Engl J
Med. 2015;373(8):726-736.

Sun J, Zager JS, Eroglu Z. Encorafenib/binimetinib for the treat-
ment of BRAF-mutant advanced, unresectable, or metastatic mel-
anoma: design, development, and potential place in therapy[J].
Onco Targets Ther. 2018;11:9081-9089.

Koelblinger P, Thuerigen O, Dummer R. Development of en-
corafenib for BRAF-mutated advanced melanoma(J]. Curr Opin
Oncol. 2018;30(2):125-133.

Graf NP, Koelblinger P, Galliker N, et al. The spectrum of cutane-
ous adverse events during encorafenib and binimetinib treatment
in B-rapidly accelerated fibrosarcoma-mutated advanced mela-
nomallJ]. J Eur Acad Dermatol Venereol. 2019;33(4):686-692.
Shirley M. Encorafenib and Binimetinib: first global approvals[J].
Drugs. 2018;78(12):1277-1284.

Martin-Liberal J. Encorafenib plus binimetinib: an embarrassment
of riches[J]. Lancet Oncol. 2018;19(10):1263-1264.

Dummer R, Ascierto PA, Gogas HJ, et al. Encorafenib plus binime-
tinib versus vemurafenib or encorafenib in patients with BRAF
-mutant melanoma (COLUMBUS): a multicentre, open-label, ran-
domised phase 3 trial[J]. Lancet Oncol. 2018;19(5):603-615.
Dummer R, Ascierto PA, Gogas HJ, et al. Overall survival in pa-
tients with BRAF-mutant melanoma receiving encorafenib plus
binimetinib versus vemurafenib or encorafenib (COLUMBUS):
a multicentre, open-label, randomised, phase 3 trial[J]. Lancet
Oncol. 2018;19(10):1315-1327.

Falchook GS, Trent JC, Heinrich MC, et al. BRAF mutant
gastrointestinal stromal tumor: first report of regression with
BRAF inhibitor dabrafenib (GSK2118436) and whole exomic
sequencing for analysis of acquired resistance[J]. Oncotarget.
2013;4(2):310-315.

Subbiah V, Subbiah IM. Killing two birds with one stone: BRAF
V600E inhibitor therapy for hairy cell leukemia and Langerhans/
dendritic cell sarcomal[J]. Ann Hematol. 2013;92(8):1149.
Freeman CL, Morschhauser F, Sehn L, et al. Cytokine re-
lease in patients with CLL treated with obinutuzumab and pos-
sible relationship with infusion-related reactions[J]. Blood.
2015;126(24):2646-2649.

Kaplan HG. Vemurafenib treatment of BRAFV600E-mutated ma-
lignant peripheral nerve sheath tumor[J]. J Natl Compr Canc Netw.
2013;11(12):1466-1470.

Mitsis D, Opyrchal M, Zhao Y, et al. Exceptional clinical response
to BRAF-targeted therapy in a patient with metastatic sarcomalJ].
Cureus. 2015;7(12):e439.

Sullivan RJ, Flaherty KT. Resistance to BRAF-targeted therapy in
melanomal[J]. Eur J Cancer. 2013;49(6):1297-1304.

Haq R, Shoag J, Andreu-Perez P, et al. Oncogenic BRAF regulates
oxidative metabolism via PGClalpha and MITF[J]. Cancer Cell.
2013;23(3):302-315.

Zhang W. BRAF inhibitors: the current and the future[J]. Curr
Opin Pharmacol. 2015;23:68-73.

Lin L, Sabnis AJ, Chan E, et al. The Hippo effector YAP promotes
resistance to RAF- and MEK-targeted cancer therapies[J]. Nat
Genet. 2015:;47(3):250-256.

Kulkarni A, Al-Hraishawi H, Simhadri S, et al. BRAF fusion
as a novel mechanism of acquired resistance to vemurafenib



4896 .
—I—WI EY—Cancer Medicine _

62.

63.
64.
65.
66.
67.

68.

69.

70.

71.
72.

73.

74.

75.

76.
1.

78.

LIU ET AL.

in BRAF(V600E) mutant melanomalJ].
2017;23(18):5631-5638.

Wagle N, Van Allen EM, Treacy DJ, et al. MAP kinase pathway
alterations in BRAF-mutant melanoma patients with acquired
resistance to combined RAF/MEK inhibition[J]. Cancer Discov.
2014;4(1):61-68.

Van Allen EM, Wagle N, Sucker A, et al. The genetic landscape
of clinical resistance to RAF inhibition in metastatic melanomal[J].
Cancer Discov. 2014;4(1):94-109.

Wang J, Yao Z, Jonsson P, et al. A secondary mutation in BRAF
confers resistance to RAF inhibition in a BRAF(V600E)-mutant
brain tumor[J]. Cancer Discov. 2018;8(9):1130-1141.

Johnson DB, Childress MA, Chalmers ZR, et al. BRAF internal de-
letions and resistance to BRAF/MEK inhibitor therapy([J]. Pigment
Cell Melanoma Res. 2018;31(3):432-436.

Lim SY, Menzies AM, Rizos H. Mechanisms and strategies to
overcome resistance to molecularly targeted therapy for mela-
nomalJ]. Cancer. 2017;123(S11):2118-2129.

Poulikakos PI, Persaud Y, Janakiraman M, et al. RAF inhib-
itor resistance is mediated by dimerization of aberrantly spliced
BRAF(V600E)[J]. Nature. 2011;480(7377):387-390.

Villanueva J, Vultur A, Lee JT, et al. Acquired resistance to BRAF
inhibitors mediated by a RAF kinase switch in melanoma can be
overcome by cotargeting MEK and IGF-1R/PI3K[J]. Cancer Cell.
2010;18(6):683-695.

Nazarian R, Shi H, Wang QI, et al. Melanomas acquire resistance
to B-RAF(V600E) inhibition by RTK or N-RAS upregulation[J].
Nature. 2010;468(7326):973-977.

Duggan MC, Stiff AR, Bainazar M, et al. Identification of NRAS
isoform 2 overexpression as a mechanism facilitating BRAF inhib-

Clin Cancer Res.

itor resistance in malignant melanomal[J]. Proc Natl Acad Sci U S
A.2017;114(36):9629-9634.

Johannessen CM, Boehm JS, Kim SY, et al. COT drives resistance
to RAF inhibition through MAP kinase pathway reactivation[J].
Nature. 2010;468(7326):968-972.

Goetz EM, Ghandi M, Treacy DJ, Wagle N, Garraway LA. ERK
mutations confer resistance to mitogen-activated protein kinase
pathway inhibitors[J]. Cancer Res. 2014;74(23):7079-7089.
Ahronian LG, Sennott EM, Van Allen EM, et al. Clinical acquired
resistance to RAF inhibitor combinations in BRAF-mutant col-
orectal CANCER through MAPK pathway alterations[J]. Cancer
Discov. 2015;5(4):358-367.

Rizos H, Menzies AM, Pupo GM, et al. BRAF inhibitor resistance
mechanisms in metastatic melanoma: spectrum and clinical im-
pact[J]. Clin Cancer Res. 2014;20(7):1965-1977.

Kakadia S, Yarlagadda N, Awad R, et al. Mechanisms of resistance
to BRAF and MEK inhibitors and clinical update of US Food and
Drug Administration-approved targeted therapy in advanced mela-
nomalJ]. Onco Targets Ther. 2018;11:7095-7107.

Mak G, Arkenau HT, Chin M. Resistance surveillance in a BRAF
mutant melanoma patient on long-term BRAF-inhibitor treat-
ment[J]. Melanoma Res. 2014;24(4):408-412.

Straussman R, Morikawa T, Shee K, et al. Tumour micro-environ-
ment elicits innate resistance to RAF inhibitors through HGF se-
cretion[J]. Nature. 2012;487(7408):500-504.

Perna D, Karreth FA, Rust AG, et al. BRAF inhibitor re-
sistance mediated by the AKT pathway in an oncogenic

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

BRAF mouse melanoma model[J]. Proc Natl Acad Sci USA.
2015;112(6):E536-545.

Corcoran RB, Andre T, Atreya CE, et al. Combined BRAF, EGFR,
and MEK inhibition in patients with BRAF(V600E)-mutant col-
orectal cancer[J]. Cancer Discov. 2018:8(4):428-443.

Eroglu Z, Ribas A. Combination therapy with BRAF and MEK
inhibitors for melanoma: latest evidence and place in therapy[J].
Ther Adv Med Oncol. 2016;8(1):48-56.

Ascierto PA, McArthur GA, Dréno B, et al. Cobimetinib combined
with vemurafenib in advanced BRAFV600-mutant melanoma (co-
BRIM): updated efficacy results from a randomised, double-blind,
phase 3 trial[J]. Lancet Oncol. 2016;17(9):1248-1260.

Long GV, Stroyakovskiy D, Gogas H, et al. Combined BRAF and
MEK inhibition versus BRAF inhibition alone in melanomalJ]. N
Engl J Med. 2014;371(20):1877-1888.

Long GV, Stroyakovskiy D, Gogas H, et al. Dabrafenib and trame-
tinib versus dabrafenib and placebo for Val600 BRAF-mutant mel-
anoma: a multicentre, double-blind, phase 3 randomised controlled
trial[J]. The Lancet. 2015;386(9992):444-451.

Robert C, Karaszewska B, Schachter J, et al. Improved overall sur-
vival in melanoma with combined dabrafenib and trametinib[J]. N
Engl J Med. 2015;372(1):30-39.

Robert C, Karaszewska B, Schachter J, et al. 3301 Two year esti-
mate of overall survival in COMBI-v, a randomized, open-label,
phase III study comparing the combination of dabrafenib (D) and
trametinib (T) with vemurafenib (Vem) as first-line therapy in pa-
tients (pts) with unresectable or metastatic BRAF V600E/K muta-
tion-positive cutaneous melanomalJ]. EurJ Cancer.2015;51:S663.
Robert C, Grob JJ, Stroyakovskiy D, et al. Five-year outcomes with
Dabrafenib plus Trametinib in metastatic melanomal[J]. N Engl J
Med. 2019;381(7):626-636.

Trojaniello C, Festino L, Vanella V, Ascierto PA. Encorafenib in
combination with binimetinib for unresectable or metastatic mel-
anoma with BRAF mutations[J]. Expert Rev Clin Pharmacol.
2019;12(3):259-266.

Kenessey I, Kramer Z, Istvan L, et al. Inhibition of epidermal
growth factor receptor improves antitumor efficacy of vemu-
rafenib in BRAF-mutant human melanoma in preclinical model[J].
Melanoma Res. 2018;28(6):536-546.

Idbaih A, Mokhtari K, Emile J-F, et al. Dramatic response of a
BRAF V600E-mutated primary CNS histiocytic sarcoma to vemu-
rafenib[J]. Neurology. 2014;83(16):1478-1480.

Park BM, Jin SA, Choi YD, et al. Two cases of clear cell sarcoma
with different clinical and genetic features: cutaneous type with
BRAF mutation and subcutaneous type with KIT mutation[J]. Br J
Dermatol. 2013;169(6):1346-1352.

Protsenko SA, Semionova Al, Komarov YI, et al. BRAF-mutated
clear cell sarcoma is sensitive to vemurafenib treatment[J]. Invest
New Drugs. 2015;33(5):1136-1143.

How to cite this article: Liu H, Nazmun N, Hassan S,
Liu X, Yang J. BRAF mutation and its inhibitors in
sarcoma treatment. Cancer Med. 2020;9:4881-4896.
https://doi.org/10.1002/cam4.3103



https://doi.org/10.1002/cam4.3103

