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  Melanoma is an aggressive malignancy of melanocytes and most commonly arises in the skin. In 2002, BRAF 
gene mutations were identified in melanoma, and this finding resulted in the development of several small-
molecule molecular inhibitors that specifically targeted the BRAF V600E mutation. The development of target-
ed therapies for advanced-stage melanoma, including tyrosine kinase inhibitors (TKIs) of the BRAF (V600E) ki-
nase, vemurafenib and dabrafenib, have been approved for the treatment of advanced melanoma leading to 
improved clinical outcomes. However, the development of BRAF inhibitor (BRAFi) resistance has significantly re-
duced the therapeutic efficacy after prolonged treatment. Recent studies have identified the molecular mech-
anisms for BRAFi resistance. This review aims to describe the impact of BRAFi resistance on the pathogenesis 
of melanoma, the current status of molecular pathways involved in BRAFi resistance, including intrinsic resis-
tance, adaptive resistance, and acquired resistance. This review will discuss how an understanding of the mech-
anisms associated with BRAFi resistance may aid the identification of useful strategies for overcoming the re-
sistance to BRAF-targeted therapy in patients with advanced-stage melanoma.
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Background

Melanoma is an aggressive malignancy derived from melano-
cytes and most commonly arises in the skin. Risk factors for 
the development of melanoma include the presence of multi-
ple dysplastic nevi, a familial history of melanoma, racial skin 
phenotype, and exposure to ultraviolet (UV) radiation [1]. It was 
estimated that in 2019, there were 96,480 new cases of mel-
anoma diagnosed in the US and 7,230 deaths due to mela-
noma. The survival rate of melanoma is highly dependent on 
the clinical stage. Patients with localized or early-stage mela-
noma of the skin can be treated successfully by surgical exci-
sion. However, patients with advanced-stage melanoma that 
has metastasized still face many challenges. A recent study 
has shown that for patients with advanced-stage melanoma, 
combined treatment with the monoclonal antibody check-
point inhibitors, nivolumab and ipilimumab, has significantly 
prolonged the 3-year survival rate to 58% [2].

In 2002, the BRAF gene mutation was identified in more than 
60% of all patients with melanoma, which prompted the inves-
tigation of the effect of BRAF mutation on melanoma pathogen-
esis [3]. The most commonly-occurred type of BRAF mutation 
is the transition from valine to glutamic acid at position 600 
(V600E), while other variants like V600K, V600D and V600R 
occupy around 12%, 5%, and 1%, respectively [4,5]. These mu-
tations can constantly activate the kinase domain and result 
in MAPK pathway hyperactivation [6], thus driving the devel-
opment of melanoma. Since the progress of high-through-
put sequencing technologies in recent years, a series of new 
gene mutations in melanoma like NRAS, NF1, GNAQ, KIT, and 
FBW7 [7–10], have been found to regulate the MAPK pathway 
and other signaling pathways.

This review aims to describe the impact of BRAFi resistance on 
the pathogenesis of melanoma, the current status of molecu-
lar pathways involved in BRAFi resistance, including intrinsic 
resistance, adaptive resistance, and acquired resistance. This 
review will discuss how an understanding of the mechanisms 
associated with BRAFi resistance may aid the identification 
of useful strategies for overcoming the resistance to BRAF-
targeted therapy in advanced-stage melanoma.

The Impact of BRAF Gene Mutation on 
the Pathogenesis of Melanoma and BRAF-
Targeted Therapy

BRAF belongs to the RAF family and acts as a protein kinase [11]. 
Through the direct activation of downstream MEK1/2 that is the 
kinase of ERK1/2, RAF can activate MAPK signaling pathway, 
which activates their target proteins in the cytoplasm or nucle-
us and subsequently potentiates downstream transcriptional 

factors that can regulate the genes related to cell proliferation, 
differentiation or survival [12]. While the expression of RAF1 
(commonly known as CRAF) is much more ubiquitous in differ-
ent tissues than other isoforms of the RAF family, the patho-
genic mutations of RAF1 are very rare. Nevertheless, with high 
expression in melanocytes, neuronal tissues, hematopoietic 
cells as well as testis, the BRAF mutation is much more com-
mon in the pathogenesis of cancer [13].

The V600E mutation in the BRAF gene significantly potenti-
ates its kinase activity [14,15], which activates the downstream 
MAPK pathway that contributes to tumor development through 
the potentiation of the cell cycle and the suppression of cell 
apoptosis [16,17. The BRAF V600E mutation induces the acti-
vation of the MAPK pathway even without the stimulation of 
cytokines, hormones, or growth factors, and contributes to in-
creased cell proliferation and tumorigenesis. Therefore, activa-
tion of the MAPK pathway is responsible for the pathogenesis 
of BRAF mutation in the initiation and growth of melanoma.

Apart from the effect on tumor growth, BRAF mutation is also 
involved in melanoma metastasis. Oncogenic BRAF facilitates 
tumor invasion by activating the Rho family of GTPases [18], 
the down-regulation of phosphodiesterase 5A (PDE5A) [19], 
and actin cytoskeleton reorganization [20]. Also, the inhibi-
tion of BRAFV600E reduces the number of cortactin foci in 
both a mouse melanoma model and in tumor biopsies from 
patients with melanoma [21]. Mechanistically, BRAFV600E in-
duced the phosphorylation of both cortactin and Exo70 in an 
ERK-dependent manner, which then promoted MMP secretion 
and the assembly of actin. Also, BRAFV600E was also able to 
mediate many invadopodia-related genes, which were high-
ly associated with cancer metastasis. These findings provide 
sufficient evidence that BRAFV600E contributes to melanoma 
metastasis through multiple pathways [21].

Reprogramming of cell metabolism is a characteristic of tumor 
cells, which is characterized by potentiated glucose uptake 
and enhanced aerobic glycolysis to support tumor develop-
ment. In melanoma, BRAF is an important regulator of met-
abolic reprogramming due to its significant effect on glucose 
metabolism in multiple ways [22]. Activated BRAF could induce 
metabolic rewiring through the suppression of oxidative phos-
phorylation gene program by reducing the expression of mela-
nocyte lineage-specific transcriptional factor MITF and the mi-
tochondrial master regulator PGC1a. Specifically, in a subgroup 
of melanomas with relatively high MITF expression, PGC1a ex-
pression was consistently upregulated and was correlated with 
enhanced mitochondrial biogenesis and oxidative phosphory-
lation. The knockdown of MITF could result in impaired PGC1a 
transcription and thereby suppressed transcription of mitochon-
drial genes of oxidative metabolism, leading to reduced mito-
chondrial function and compensated activation of glycolysis.
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Knockdown of PGC1a induced similar metabolic rewiring as 
that of MITF deficiency in melanoma [23]. Following BRAFi 
treatment, the expression and activity of MITF could be aug-
mented to promote mitochondrial biogenesis via the transcrip-
tional activation of its direct target PGC1a [23]. Therefore, the 
transcriptional MITF-PGC1a axis connected BRAF mutation to 
mitochondrial dysfunction in melanoma. However, BRAF mu-
tations have been shown to activate glycolysis by promoting 
the expression of the target molecules of hypoxia-inducible 
factor 1a (HIF1a) and are involved in glucose utilization as 
well as uptake along the pathway [24,25]. Also, recent phos-
phoproteomic studies in BRAF-mutated melanoma cells have 
identified the glycolytic molecular PFKFB2 as the downstream 
phosphorylation substrate of RSK [22].

PFKFB2 controls the generation of fructose-2,6-bisphosphate 
to potentiate the activity of PFK-1, which is a key regulatory 
enzyme that controls glycolytic flux. The knockdown of PFKFB2 
alone could significantly suppress the glycolytic capacity of 
melanoma cells, resulting in tumor regression. Importantly, 
in BRAF-mutant melanoma, RSK could directly phosphorylate 
the regulatory domain of PFKFB2 to enhance its activity and 
potentiate tumor cell glycolysis. Therefore, RSK could promote 
glycolysis and the development of BRAF-mutated melanoma 
through the phosphorylation modification of an important 
glycolytic enzyme, PFKFB2. Therefore, BRAF mutation governs 
the metabolic reprogramming of melanoma cells to support 
tumor development.

These findings support the potential role of targeted therapeu-
tic strategies in melanoma harboring BRAF mutation. Currently, 
vemurafenib and dabrafenib have been approved by the US 
Food and Drug Administration (FDA) for the treatment of ad-
vanced-stage melanoma with BRAF mutations [26,27]. The re-
sponse rate to vemurafenib is more than 50%, and some pa-
tients with melanoma have shown a complete response [28]. 
Similar results were obtained for dabrafenib, with an overall 
response rate of 50% [29].

Although inhibitors to BRAF have shown significant effective-
ness in patients with advanced-stage melanoma, the efficacy 
of these therapies is limited to a subgroup of patients. Also, 
due to the resistance to targeted therapy, the recurrence of 
melanoma is inevitable, which limits the duration of survival. 
Therefore, frequent occurrence of treatment resistance to BRAFi 
significantly reduces the effect of targeted therapy. The mech-
anisms for BRAFi resistance include three main factors: prima-
ry or intrinsic resistance with the characteristic of no response 
to therapy; adaptive resistance with an initial response or non-
mutational drug tolerance, which occurs early and is reversible; 
and acquired resistance with mutational drug tolerance, which 
occurs late and is irreversible (Table 1) [7,30–32]. Improvements 
in clinical outcome for patients with advanced-stage melanoma 

require further studies to identify the mechanisms underlying 
BRAFi resistance and to identify novel treatment strategies.

Mechanisms of Intrinsic Resistance

Intrinsic resistance is defined as the innate capacity of mel-
anoma cells to resist a target inhibitor with no clinical bene-
fit. Approximately 20% of patients with melanoma harboring 
BRAF mutations have intrinsic resistance to MAPK inhibition 
therapy [8]. Studies have identified the molecular mechanisms 
responsible for the intrinsic resistance include loss of PTEN, 
loss of NF1, CCND1 amplification, COT overexpression, muta-
tions in RAC1, and loss of the USP28-FBW7 complex [8,33–37].

Loss of PTEN expression

PTEN has been identified as a highly effective tumor inhibi-
tor gene by homozygous deletion mapping in 1997 [38,39]. 
The lipid phosphatase function of PTEN is responsible for con-
verting PIP3 to PIP2, resulting in reduced AKT activity, which 
promotes stress-induced apoptosis through the down-regu-
lation of anti-apoptotic protein BCL2 and the upregulation of 
pro-apoptotic machinery including caspases. PTEN can also 
dephosphorylate FAK and Shc, resulting in the inhibition of 
tumor proliferation, invasion, migration, and focal adhesion 
formation and the suppression of MAPK signaling stimulat-
ed by growth factors.

In 1998, the involvement of PTEN in melanoma was identified 
using in vitro loss of heterozygosity (IVLOH) studies [40]. PTEN 
is recognized as a candidate melanoma inhibitor gene, which 
was confirmed by ectopic gene expression studies in mela-
noma cells [40]. Screening of melanoma cell lines has shown 
that approximately 20% of human melanoma cell lines contain 
homozygous deletions [40]. In vitro studies and tumor xeno-
graft studies showed that the combination of the BRAFV600E 
mutation and silencing of the PTEN gene resulted in the de-
velopment of melanoma with short latency, 100% penetrance, 
and metastases in the lungs and lymph nodes [41].

Deletions or mutations in PTEN were partially responsible 
for the intrinsic resistance to BRAF-targeted treatment in 
melanoma, and cell lines with loss of function of PTEN were 
more resistant to BRAF inhibitors [33,41–43]. Also, patients 
with wild-type (WT) PTEN showed better survival after treat-
ment with BRAF inhibitors [42]. The activation of AKT after 
PTEN deficiency is necessary for intrinsic resistance to BRAF 
suppression, and suppression of BRAF and PI3K were identi-
fied as a method to overcome this resistance and promote cell 
apoptosis of BRAF-mutant melanomas with PTEN deletion [42].
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Gene mutation Mechanisms of resistance

Intrinsic mechanisms

Loss of PTEN PTEN is a melanoma growth inhibitor of the PI3K-AKT pathway. Loss of PTEN leads to AKT 
activation

Amplification of CCND1 CCND1 gene encodes cyclin D1 and regulates proliferation through binding to CDK4 and 
CDK6, which activate retinoblastoma protein and lead to cell cycle progression

COT (MAP3K8) overexpression COT can independently activate the MAPK/ERK pathway, and increased COT promotes 
cellular proliferation despite BRAF inhibition

Loss of NF1 NF1 is a tumor suppressor of RAS. Loss of NF1 leads to activation of RAS, PI3K-AKT-mTOR, 
and MAPK pathways

RAC1 mutation RAC1 is a key regulator of motility and proliferation cells and a GTPase effector of RAS

Loss of the USP28-FBW7 complex The loss of the USP28-FBW7 complex could stabilize BRAF to potentiate downstream MAPK 
pathway activation

Adaptive mechanisms

Gene mutation Mechanisms of resistance

Resetting of ERK1/2 pathway 
activation

Adaptive resetting of ERK1/2 flux occurs in some mutant- BRAF melanoma lines following 
RAF inhibition due to the reduction of negative feedback regulators

Upregulation of RTKs Upregulation and activation of RTKs, including ERBB3, PDGFR, EGFR, and FGFR contribute to 
cell proliferation and impairs cell apoptosis in response to BRAF inhibition

MITF upregulation BRAF/MEK inhibitor treatment upregulates MITF through a MAPK-dependent rewiring of the 
transcriptional activation of MITF expression, which suppresses cell apoptosis

The paradoxical role of SOX10 The increased transcriptional activity of SOX10 could impair the sensitivity of BRAF-mutant 
melanomas to targeted therapy during the early phase. However, the suppression of SOX10 
can upregulate RTKs, which driven the acquired resistance to MAPK inhibition in melanoma

Metabolic rewiring BRAF inhibition leads to the metabolic rewiring characterized by suppressed glycolysis and 
activates mitochondrial oxidative phosphorylation to ensure cell viability and proliferation

Acquired mechanisms

Gene mutation Mechanisms of resistance

RAS mutations Constitutively active RAS mutants enhance BRAFV600E dimerization, reactivate the ERK 
pathway, and confers resistance to BRAF inhibitors, which only block monomeric BRAFV600E

RAF paradox and dimerization of 
RAF proteins

BRAFi can paradoxically activate the WT-BRAF kinase through the induction of dimerization 
and CRAF activation, resulting in MEK/ERK phosphorylation and eventually promoting cell 
proliferation

BRAF gene amplification and 
splicing

The amplification of the BRAF gene led to significant upregulation of BRAF protein 
expression, contributing to the reactivation of ERK in the presence of BRAF inhibitors.
Alternative splicing can lead to the expression of truncated BRAF proteins that lack the 
N-terminal RAS-binding domain but retain the kinase domain, which can form homodimers 
that are resistant to BRAF inhibitor

MEK1/2 mutations MEK1/2 mutations could reactivate downstream ERK signaling without the need for BRAF 
stimulation

Hyperactivation of RTKs Overexpression of hyperactivation of RTKs could promote acquired resistance through the 
activation of parallel pathways or by direct induction of the RAS pathway

Aberrations in the PI3K -AKT 
pathway

PI3K and AKT-activating mutations enhance AKT signaling, which promotes anti-apoptotic 
signals and upregulates expression of essential proliferative genes, allowing survival signals 
independently of BRAF

Table 1. The mechanisms of BRAF inhibitor resistance in patients with advanced-stage melanoma.
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Amplification of the CCND1 gene

Dysregulated cell cycle progression is one of the key hall-
marks of the pathogenesis of malignancy. CCND1 is ampli-
fied in around 11% of all patients with melanoma [34,44]. 
Activated BRAF mutation may drive uncontrolled cell prolif-
eration through the MAPK-induced expression of cyclin D1, 
which promoted the progression of the cell cycle by binding 
to CDK4 as well as CDK 6, and regulates the cell cycle through 
the retinoblastoma tumor suppressor protein. Also, BRAF-
stimulated tumorigenesis was significantly increased following 
dysregulation of cyclin D1/CDK4 activity [45,46]. These find-
ings indicate that the dysregulation of cyclin D1 is involved 
in melanoma tumorigenesis.

A recent study using an micro-array comparative genomic anal-
ysis showed that 17% of patients with melanoma harbored 
BRAF V600E mutations with concurrent Cyclin D1 amplifica-
tion [34]. Melanoma cell lines with Cyclin D1 amplification had 
upregulated cyclin D1 expression and were intrinsically resis-
tant to BRAF inhibition. Also, the re-introduction of Cyclin D1 
could facilitate cell cycle progression when BRAF was inhib-
ited in previously drug-sensitive cells [34]. Cyclin D1 overex-
pression alone may mediate resistance, and this could be po-
tentiated when cyclin D1 and CDK4 are both overexpressed, 
suggesting that upregulated cyclin D1 expression contribut-
ed to the resistance to BRAFi in a subgroup of patients with 
melanoma who had the BRAFV600E mutation.

COT (MAP3K8) gene overexpression

MAP3K8, which encodes the COT/TPL2 protein, is a protein ki-
nase contributing to the constant ERK1/2 activation through 
the phosphorylation of its direct substrate MEK [47]. In 2010, 
nine kinases that conferred resistance to BRAF treatment were 
identified, where CRAF and COT/TPL2 emerged as the top gene 
candidates and were shown to activate ERK signaling [35].

COT is not only involved in the regulation of ERK activation 
but is also inversely associated with BRAFV600E. Mutant BRAF 
suppressed the expression of COT and the dysregulated ex-
pression of COT conferred resistance to BRAF inhibitors. To 
be specific, two BRAF-mutant cell lines contained the gains 
of chromosomal copy spanning the MAP3K8/COT locus [35]. 
These cells expressed relatively high COT expression to em-
power intrinsic resistance to BRAF inhibition, which could be 
reduced using a COT inhibitor. COT overexpression is signifi-
cantly involved in the intrinsic resistance to treatment for pa-
tients with melanoma that harbors BRAF mutations.

Loss of NF1 gene activity

The NF1 gene encodes the protein neurofibromin, which is a 
protein activating GTPase that can suppress Ras by augment-
ing intrinsic GTPase activity [48]. In 1993, it was found that 
the loss of NF1 frequently occurred in both melanoma cells 
and tissues [49]. Then, NF1 loss was shown to mediate the es-
cape from RAF-induced OIS in melanoma, which was further 
confirmed by employing a transgenic mouse model where mu-
tant BRAF cooperated with NF1 loss to promote the process 
of melanoma [36].

The loss of NF1 is associated with the activation of other 
genes in the MAPK pathway, especially with BRAF mutations 
that have reduced kinase activity and induces ERK signal-
ing through the dimerization and activation with CRAF [50]. 
Activated and phosphorylated ERK regulates the transcription 
of a network of genes, including dual-specificity phosphatase 
and the SPRY gene families that negatively influenced RTKs, 
RAS, and RAF [50]. Importantly, NF1 deficiency may inhibit ERK-
dependent feedback inhibition of RAS activity in melanoma 
cells harboring BRAF mutations [50].

Since the loss of NF1 can result in RAS resistance to neg-
ative feedback, NF1 inactivation in melanoma harboring 
BRAF mutation results in a selective advantage by reversing 

Table 1 continued. The mechanisms of BRAF inhibitor resistance in patients with advanced-stage melanoma.

Gene mutation Mechanisms of resistance

Down-regulation of STAG2 or 
STAG3 expression

Down-regulation of STAG2 or STAG3 expression suppressed CTCF-mediated expression of 
dual-specificity phosphatase 6 (DUSP6), resulting in the reactivation of ERK

Activation of the YAP/TAZ pathway The activation of YAP/TAZ pathway after actin remodeling renders resistance to BRAF 
targeted therapy

Down-regulation of expression of 
DUSPs 

DUSPs are the largest group of phosphatases for dephosphorylating ERK1/2 kinase, DUSPs 
are considered to be the negative feedback loop of MAPK signaling in response to BRAF 
targeted therapy

Down-regulation of expression of 
RNF125 

Deficiency of RNF125 suppressed the ubiquitination and degradation of JAK1, thereby 
promoting the expression of EGFR that activated downstream ERK signaling and conferring 
resistance to BRAF targeted therapy
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oncogene-mediated suppression of RAS, which is driven by ERK-
induced negative feedback [10]. These tumors were intrinsically 
resistant to MAPK inhibition, leading to a reduced drug re-
sponse and could be adequate to facilitate the establishment 
of clones with drug resistance [10]. Therefore, NF1 loss is re-
garded as a critical mediator of intrinsic BRAFi resistance [10].

RAC1 gene mutation

RAC1 is a member of the Rho family that has a role in tumori-
genesis and tumor metastasis [51], and affects the re-arrange-
ment of the cytoskeleton. Apart from frequent mutations in 
RAS and BRAF, the RAC1 P29S mutation was found in approx-
imately 4–9% of cases of recurrent melanoma [37]. The P29S 
mutation is capable of activating RAC1 by facilitating the ex-
change of a guanine nucleotide to promote the ratio of active 
GTP-bound RAC1 to inactive GDP-bound RAC1 [52].

In a previous clinical investigation that enrolled 45 patients 
treated with BRAF inhibitors, three patients harboring RAC1 
mutations showed no significant response [37]. This clinical 
correlation may predict those patients who were intrinsically 
resistant to targeted therapy. In 2014, Watson et al. showed 
that cells harboring the RAC1 P29S mutation were more re-
sistant to MAPK pathway inhibition [37]. The overexpression 
of the P29S mutation contributed to the intrinsic resistance 
to MAPK inhibition in vitro, and deficiency of the RAC1P29S 
mutant amplified the effect on promoting cell death follow-
ing BRAF inhibition [37]. Also, RAC1 P29S upregulation result-
ed in reduced drug effects on tumor growth in vivo. Therefore, 
RAC1 mutations are involved in the development of melanoma 
and also intrinsic resistance to BRAF-targeted therapy [53].

Loss of the USP28-FBW7 complex

Modification of MAPK pathway molecules by ubiquitination is 
a critical regulatory mechanism of MAPK signaling [8,9]. Recent 
studies have shown that loss of function genetic screening us-
ing an RNA inhibitor (RNAi) targeting 94 forecasted or known 
deubiquitinating enzymes (DUBs), USP28 was identified based 
on a feedback loop to make RAF family members in melanoma 
unstable [8,9]. While BRAF activation resulted in the down-reg-
ulation of USP28 expression, USP28 could interact with and 
de-ubiquitinated FBW7 to maintain the stability of FBW7, and 
then USP28 acted in conjunction with FBW7 to form a com-
plex for targeting BRAF for degradation [8,9]. Therefore, the 
loss of the USP28-FBW7 complex could stabilize BRAF to po-
tentiate activating downstream MAPK pathway, promoting 
the therapeutic resistance to BRAF-targeted therapy. More 
importantly, USP28 was deleted in a subset of patients suf-
fering from melanoma, which acted as a potential biomark-
er for the prediction of the efficacy of BRAF-targeted therapy. 
Collectively, the loss of USP28-FBW7 complex-mediated BRAF 

degradation stimulates the intrinsic resistance to MAPK inhi-
bition targeted therapy in melanoma [8,9].

Mechanisms of Adaptive Resistance

Intrinsic resistance is characterized by the innate capacity to 
resist the toxicity of a specific agent. However, during the ear-
ly phase of targeted inhibitors, especially during the first 24 
to 48 hours, the adaptive response can occur, which is rapid-
ly activated to enable cell survival and the establishment of 
acquired resistance through offering sufficient time to devel-
op alternative mutations in melanoma cells. The occurrence 
of the adaptive response to BRAF inhibitors significantly hin-
ders the treatment outcome of targeted therapy, resulting in 
a complete response rate ranging only 3~6% after the treat-
ment of vemurafenib and dabrafenib [54,55]. Therefore, antag-
onization of the adaptive response can increase the effects 
of the drug to impair the occurrence of acquired resistance. 
Understanding the regulatory mechanisms underlying the es-
tablishment of adaptive resistance will contribute to finding 
novel potential treatment methods that can effectively sup-
press tumor progression and prolong the survival of patients.

Resetting the activity of the ERK1/2 pathway

Resetting of the activity of the ERK1/2 pathway was first doc-
umented to contribute to the adaptive response to MAPK in-
hibition [50]. Through microarray analysis, BRAF or MEK inhib-
itors were shown to be capable of reducing the expression of 
SPRY2, SPRY4, and DUSPs 4 and 6 in BRAF-mutant melanoma 
cells [50]. Although the existence of BRAFV600E was associat-
ed with low expression of active GTP-loaded RAS, the reduc-
tion of SPRY2 expression after vemurafenib treatment was re-
sponsible for RAS activation [56]. The increase of RAS activity 
potentiated the activation of ERK1/2 signaling via BRAF/CRAF 
heterodimers. Therefore, the reduction of DUSP and SPRY pro-
teins by vemurafenib resulted in RAS activation more efficient-
ly to reset the activity of the ERK1/2 pathway [57].

Upregulation of receptor tyrosine kinases (RTKs)

Recent studies have shown that the upregulated expression of 
RTKs (receptor tyrosine kinases) contribute to the adaptive re-
sistance to MAPK suppression in BRAF-mutant melanoma [58]. 
Tyrosine phosphorylation of ERBB3 is an important upstream 
activator of the AKT pathway for resistance to the pro-apop-
totic effect of MAPK inhibition. ERBB3 expression was induced 
rapidly following exposure to Vemurafenib and was mediated 
by FOXD3 [59]. Also, ERBB3 upregulation was correlated to in-
creased sensitivity to its ligand NRG1, as shown by the poten-
tiated phosphorylation of ERBB3 after the treatment with ex-
ogenous NRG1. In addition to ERBB3, platelet-derived growth 
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factor receptor (PDGFR) and EGFR were also significantly in-
volved in adaptive resistance to BRAF suppression. Following 
treatment with BRAFi, the suppression of SOX10 could poten-
tiate transforming growth factor (TGF) signal, resulting in the 
upregulation of PDGFR and EGFR. Treatment with TGF-b in mel-
anoma cells that expressed EGFR resulted in a slow-growing 
phenotype with characteristics of cell senescence and MAPK 
inhibition [60]. PDGFRb was significantly upregulated in mel-
anoma cells with resistance to BRAFi, leading to cell prolifer-
ation and tumor growth [60]. Therefore, targeting PDGFR and 
EGFR could be promising in overcoming the adaptive resis-
tance to BRAF inhibition.

It has also been shown that BRAF inhibition led to a secretome 
with promotive influences on both nearby fibroblasts as well 
as melanoma cells. FGFs are senescence-associated factors 
secreted by melanoma cells [61]. After treatment with MAPK 
pathway inhibitors, FGF1 impairs the toxicity of drugs and ac-
tivate fibroblasts to promote the secretion of HGF, which has 
been shown to induce cell proliferation [61]. Therefore, when 
both FGFR inhibitors and BRAF inhibitors were used simulta-
neously, the adaptive resistance of melanoma cells was re-
duced, indicating that the suppression of the FGF/FGFR path-
way could be a potential approach to increase the efficacy and 
sensitivity of BRAF-targeted therapy [58].

Upregulation of MITF

MITF is a melanocytic lineage-specific transcriptional factor that 
is essential for the development from the neural crest to me-
lanocyte. The shortest isoform MITF-M is uniquely expressed 
in melanocytes and governs melanin synthesis, cell differen-
tiation, and cell survival. As an oncogene, MITF is increased 
in 10~20% of patients with melanoma [62] and is asked for 
maintaining the survival and the proliferation of melanoma 
cells, to facilitate the progression of melanoma.

MITF is significantly upregulated by BRAF/MEK inhibitors 
through MAPK-dependent transcriptional regulation [31]. This 
regulation occurs in the initial period of BRAF/MEK inhibition 
and enabled melanoma cells to progress to a drug-tolerance 
phase [31]. Importantly, the HIV protease inhibitor, nelfinavir, 
is a potent inhibitor of MITF, and nelfinavir increases the effi-
cacy of BRAF and suppresses MEK, indicating that this combi-
nation as a potential treatment strategy to augment the effica-
cy of MAPK suppression in BRAF-mutant melanoma cells [31]. 
These findings demonstrate that MITF upregulation is impor-
tant for adaptive resistance to targeted therapy in melanoma.

The paradoxical role of SOX10

As an important member of the SOX family of transcription-
al factors, sex deciding area Y-box 10 (SOX10) promotes the 

proliferation, melanogenesis, and the survival of melanocytes 
through the activation of its targets, DCT, MITF, TYRP1and TYR. 
Also, SOX10 is involved in the initiation, invasion, and cell mi-
gration in melanoma [63–65]. The paradoxical role of SOX10 
in the adaptive resistance to vemurafenib treatment in mela-
noma has recently been demonstrated [65].

Increased transcriptional activity of SOX10 impairs the sensi-
tivity of BRAF-mutant melanomas to targeted therapy. BRAF 
mutation induced the hyperactivation of ERK, which phosphor-
ylated SOX10 to suppress its transcription capacity toward var-
ious target genes via regulating the sumoylation of SOX10 at 
K55. Therefore, on the inhibition of BRAF, the transcriptional 
function of SOX10 was revived to potentiate the expression of 
its target FOXD3, which was essential for cell survival in mela-
noma. More importantly, the deficiency of SOX10 could sensi-
tize BRAF-mutant melanoma cells to MAPK inhibition. Increased 
transcriptional activity of SOX10 confers adaptive resistance 
to BRAF-targeted treatment [66,67].

Also, a study has shown that the inhibition of SOX10 induced 
the activation of TGF-b, resulting in the upregulation of EGFR 
and PDGFRb, which drove acquired resistance to MAPK inhi-
bition in melanoma [66]. Also, in a heterogeneous population 
of melanoma cells, those with low SOX10 expression and high 
EGFR expression could be increased quickly in response to the 
treatment with drugs long-term, suggesting that low SOX10 ex-
pression was correlated with the occurrence of acquired resis-
tance [66]. Therefore, treatment interventions involving SOX10 
should be based on the phase and status of drug resistance.

Metabolic rewiring

Malignant cells are also characterized by changes in cell metab-
olism when compared with normal cells, which can include de-
pendency on fatty acid and nucleotide synthesis, glutaminoly-
sis, and aerobic glycolysis. However, following treatment with 
MAPK pathway inhibitors in BRAF-mutant melanoma, the met-
abolic phenotype was rewired by suppressing glycolysis and re-
activating mitochondrial oxidative phosphorylation [68]. Also, 
the inhibition of the ERK1/2 pathway could significantly up-
regulate the expression of transcriptional coactivator peroxi-
some proliferator-activated receptor-gamma coactivator 1 al-
pha (PGC1a), which was directly mediated by the upregulation 
of MITF expression [68]. Therefore, the application of oxidative 
phosphorylation inhibitors could suppress the adaptive resis-
tance to MAPK inhibition. The findings from a study reported 
by Herlyn et al. identified a group of treatment-resistant cells 
with high expression of JARID1B, which were highly dependent 
on mitochondrial oxidative phosphorylation [69]. Transcription 
factor A, mitochondrial (TFAM) rather than PGC1a, facilitated 
oxidative phosphorylation in this cell population after the es-
tablishment of treatment resistance, indicating that adopted 
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high oxidative phosphorylation could be independent of the 
MITF-PGC1a axis [7,71].

Mechanisms of Acquired Resistance

Most patients with melanoma who undergo long-term BRAFi 
treatment eventually develop acquired resistance due to the es-
tablishment of additional mutations. The most common mech-
anisms underlying acquired resistance is reactivation of the 
MAPK/ERK downstream pathway or at the BRAF level. Also, the 
activation of the AKT pathway may be involved in this process.

NRAS mutations

NRAS mutations are common oncogenic alterations that occur 
in 20% of cases of melanoma and are significantly associated 
with an aggressive tumor phenotype and shorter patient sur-
vival [72–74]. NRAS mutations were shown by Nazarian et al. 
to promote the acquired resistance to BRAF inhibition [60]. 
A deficiency of NRAS reduced the growth of melanomas with 
resistance to BRAF inhibitors and overexpression of NRASQ61K 
resulted in tumor cell resistance in sensitive parental cell lines, 
suggesting that the reactivation of the MAPK pathway stimu-
lated by NRAS, contributes to the acquired resistance to BRAF 
inhibition [75]. Mutation of NRAS could activate the signal-
ing pathway through CRAF when BRAF was blocked by its in-
hibitor, inducing the dimerization of BRAF and CRAF and sub-
sequent trans-activation of MAPK [76,77]. Also, mutant RAS 
has been shown to promote BRAFV600E dimerization, which 
subsequently reactivated the ERK pathway and induced the 
resistance to BRAF inhibitors, as BRAFi only blocked mono-
meric BRAFV600E [78]. In preclinical studies, MEK inhibitors 
suppressed the increase of cells resistant to BRAFi that har-
bored the NRAS mutation, which indicated that the reacti-
vation of the MAPK pathway was involved in RAS signaling-
mediated resistance to BRAFi. Also, the mutations in KRAS, 
part of the RAS gene family, occurred in 7% of tumors resis-
tant by BRAFi. These results demonstrate the involvement of 
RAS mutations in regulating the adaptive resistance to BRAF 
inhibitors in melanoma.

The RAF paradox and dimerization of RAF proteins

Current RAF inhibitors can suppress the activity of RAF and 
downstream ERK signaling selectively in cells incorporating 
BRAF mutation. However, in cells expressing WT-BRAF, RAF in-
hibitors do not inhibit but paradoxically promote the activity 
of RAF and downstream MEK-ERK pathway, which is named 
RAF inhibitor paradox. To be specific, the inhibitors binding 
to the WT-BRAF monomer were shown to induce homodimer-
ization and heterodimerization with a second BRAF protomer 
(BRAF/BRAF, BRAF/CRAF) in the presence of GTP-loaded KRAS 

at the membrane. Recent studies have shown that the dimer-
ization of BRAF had a lower affinity for the BRAF inhibitors. 
Since that Ras-GTP levels were relatively lower in melanoma 
cells harboring BRAF mutation, dimerization-mediated MAPK 
pathway activation was disfavored. Therefore, in cells with 
WT-BRAF, the binding of these inhibitors could paradoxically 
activate the WT-BRAF kinase through the induction of con-
formational changes and dimerization and further CRAF acti-
vation, resulting in MEK/ERK phosphorylation and eventually 
promoting cell proliferation [79].

Recent studies have focused on the development of BRAF in-
hibitors, termed ‘paradox breakers,’ which could prevent the 
activation of the MAPK pathway in cells with WT-BRAF. These 
paradox breakers were capable of inhibiting the MAPK path-
way in melanoma harboring BRAF mutations and did not re-
sult in MAPK pathway activation in melanoma with WT-BRAF. 
For example, one paradox breaker, PLX7904, significantly sup-
pressed ERK1/2 activation in BRAF-mutant melanoma cells 
and inhibited the dimerization of BRAF with paradoxical po-
tentiation of the downstream MAPK pathway [80]. The fur-
ther development of paradox breakers could improve the ef-
ficacy of BRAF targeted therapy and reduce the side effects 
on cells with WT-BRAF.

BRAF gene amplification and splicing

The reactivation of the MAPK pathway at the level of BRAF 
could occur in several ways, including the increase of gene copy 
number, or by BRAF gene amplification and alternative BRAF 
gene splicing [81,82]. The increase of gene copy number of 
BRAF could result in overexpression and induce ERK signaling 
reactivation [82,83]. Whole exome sequencing (WES) of mela-
noma with acquired resistance to BRAF inhibitors showed the 
occurrence of BRAF gene amplification, which has been iden-
tified in around 20% of patients with melanoma after treat-
ment with BRAF inhibitors. BRAF gene amplification resulted 
in significant upregulation of the expression of BRAF protein, 
contributing to the reactivation of ERK in response to BRAF 
inhibition. A small amplification of the BRAF gene and BRAF 
protein overexpression could confer sufficient acquired resis-
tance to vemurafenib. In contrast, even high amplitude BRAF 
gene amplification could be saturable by the treatment with 
micromolar concentrations of vemurafenib, mediating similar 
degrees of vemurafenib resistance to that of modest amplifi-
cation of BRAF gene [82].

Apart from the implications for resistance to BRAFi, the am-
plification of the BRAF gene also participated in the regula-
tion of resistance to the MEK inhibitor in BRAF-mutant mela-
noma [81]. Fluorescence in situ hybridization (FISH) analysis 
of drug-naïve cell cultures has shown that a high copy num-
ber of BRAF was identified in a small number of cells [81]. 
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However, on stimulation with the MEK inhibitor, AZD6244, 
the BRAF-amplified cell population was significantly expand-
ed [81]. BRAF amplification in these cells promoted the phos-
phorylation of MEK and reduced the capacity of AZD6244 to 
suppress ERK phosphorylation [81]. The capacity of AZD6244 
to suppress ERK phosphorylation in AZD6244-resistant cells 
was recovered by a BRAF inhibitor that could reduce the phos-
phorylation of MEK in parental cells. BRAF copy number ampli-
fication induced the reactivation of ERK, which could be sup-
pressed by higher doses of BRAF inhibitors, or by combined 
treatment with BRAF and MEK inhibitors.

BRAF splicing occurs in up to 32% of cases of melanoma [83,84]. 
The p61BRAFV600E splice variant was identified in a subgroup 
of patients with acquired resistance to BRAFi [85]. Alternative 
splicing could lead to the expression of truncated BRAF proteins 
that lacked the N-terminal RAS-binding domain but maintain 
the kinase domain, which could form homodimers that were 
resistant to BRAF inhibitors [85]. The combined suppression of 
both BRAF and MEK may be useful to prevent this, while BRAF 
splicing could also occur in patients with combined treatment 
with BRAF and MEK inhibitors [86].

MEK1/2 mutations

Mutations in MEK1/2 have been detected in about 7% of cases 
of BRAFi-resistant melanoma, and the degree of resistance was 
significantly associated with the location and type of MEK1/2 
mutations [87]. The MEK1 point mutation (C121S) was identi-
fied as conferring acquired resistance to BRAF inhibitors in a 
post-relapse biopsy from a patient with melanoma [87]. Also, 
MEK1 mutations in E203K, Q56P, and K57E showed high in-
trinsic RAF-independent kinase activity and were associated 
with acquired resistance to BRAF inhibitors [88–90]. However, 
MEK1 P124L/S/Q mutations that have been identified in 8% 
of untreated BRAF-mutant melanoma, had moderate RAF-
independent kinase activity without reduced response to BRAF 
inhibition, but the response rates were lower than in patients 
with melanoma who had WT-MEK1 [91]. Apart from MEK1, 
MEK2 point mutations, including E207K and Q60P, were also 
involved in acquired resistance to MAPK inhibition [92–94]. 
These mutations could reactivate downstream ERK signaling 
without the need of BRAF stimulation.

Hyperactivation of receptor tyrosine kinases (RTKs)

The overexpression or increased activation of RTKs could pro-
mote acquired resistance by activating parallel pathways or the 
direct activation of the RAS pathway [95]. The most commonly 
involved receptors are PDGFRb, EGFR, and IGF-1R [96,97]. 
A study showed that several RTKs were over-expressed in re-
sistant cells, like MET, KIT, PDGFRb, and EGFR. Among the four 
RTKs, PDGFRb as well as EGFR demonstrated promoted protein 

expression in the resistant cell lines, and merely PDGFRb ex-
hibited promoted activation-correlated tyrosine phosphory-
lation in resistant cells. The role of upregulated PDGFRb ex-
pression in acquired resistance was forwardly proved by that 
the introduction of PDGFRb into treatment-naïve cells sig-
nificantly decreased the efficacy of vemurafenib treatment 
in melanoma cells. Also, the knockdown of PDGFRb was ca-
pable of reducing cell survival as well as the growth of the 
vemurafenib-resistant cell lines [60]. Also, a previous study 
reported that 6 out of 16 melanomas had acquired upregu-
lation of EGFR after the establishment of acquired resistance 
to MAPK suppression. It was the down-regulation of SOX10 
in melanoma that activated TGF-b signaling to induce the up-
regulation of EGFR and PDGFRb, which thereby conferred re-
sistance to MAPK inhibition. The investigations highlight the 
involvement of EGFR and PDGFRb in rendering acquired resis-
tance to targeted therapy [66].

Apart from PDGFRb and EGFR, phosphor-receptor tyrosine ki-
nase arrays had identified that IGFR1 was constantly acti-
vated in the resistant cells [98]. Mechanistic studies showed 
that IGFR1 signaling significantly promoted the activation of 
PI3K/AKT signaling in the resistant cells, which was able to be 
inhibited through the combined use of a PI3K inhibitor and a 
MEK inhibitor or an IGF1R inhibitor and a MEK inhibitor [98]. 
Therefore, IGFR1 could be another target to overcome the 
adaptive resistance via the suppression of hyperactivation of 
downstream PI3K/AKT signaling [99].

Aberrations in the PI3K/AKT pathway

The suppression of ERK signaling can result in hyperactivation 
of the PI3K/AKT pathway that contributes to acquired resis-
tance [100,101]. The cells with high PI3K/AKT pathway activity 
could have a survival advantage, as they would not be influ-
enced by BRAF inhibitors. Melanoma cells with high PI3K/AKT 
pathway activity may be present in patients with melanoma 
who initially responded to BRAF inhibitors, but who subse-
quently developed acquired resistance. Specifically, the poten-
tiation of the PI3K/AKT pathway may be induced by several 
mechanisms. IGF-1R expression results in persistent PI3K/AKT 
signaling activation that has been shown to suppress apop-
tosis and facilitate cell survival [101]. However, the mutations 
that are correlated with the PI3K/AKT activation pathway have 
been detected in up to 22% of patients with melanoma who 
have acquired resistance [102,103]. PI3K and AKT activat-
ing mutations enhanced AKT signaling, leading to the activa-
tion of anti-apoptotic signals and the upregulation of the ex-
pression of pro-proliferative genes [102,103]. These changes 
make it possible for cancer cells to proliferate independently 
of BRAF and are significantly involved in adaptive resistance 
of MAPK inhibition.
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Down-regulation of STAG2 or STAG3 expression

In 2016, Shen et al. identified the loss of function of STAG2 
by sequencing the entire exome from melanoma tissues from 
a patient treated vemurafenib and following relapse with 
disease progression [104]. Also, in patients with melanoma 
with acquired resistance to BRAF-targeted therapy, the ex-
pression of STAG2 and STAG3 were significantly down-reg-
ulated, which reduced the sensitivity of BRAF-mutant mela-
noma cells to MAPK inhibition both in vitro and in vivo [104]. 
Specifically, the knockdown of STAG2 or STAG3 could suppress 
CTCF-regulated expression of dual-specificity phosphatase 6 
(DUSP6), leading to the reactivation of ERK. Therefore, down-
regulation of STAG2 or STAG3 expression and the loss of func-
tion mutations in STAG2 mediate the acquired resistance to 
BRAF-targeted therapy [104].

Activation of the YAP/TAZ pathway

The Hippo pathway is regulated by the homologous proteins 
Yes-associated protein (YAP) and the transcriptional coacti-
vator with PDZ-binding motif (TAZ). The Hippo pathway is in-
volved in the regulation of organ size, cellular differentiation, 
and stem cell homeostasis. YAP and TAZ are two Hippo path-
way transducers that also act as the coactivators of transcrip-
tional factors that include TEADs, SMADs, and RUNX. The onco-
genic role of the YAP/TAZ pathway has been well documented 
in several cancers not only for the malignant transformation 
and initiation of cancer but also for the growth, metastasis, 
and survival of cancer stem cells [105,106]. In melanoma cells 
that are resistant to BRAF-targeted therapy, the occurrence 
of actin cytoskeleton remodeling increased the nuclear trans-
location of both YAP and TAZ and potentiated its transcrip-
tional activity to promote the expression of cell cycle mole-
cules [105,106]. The knockdown of YAP or TAZ suppressed the 
viability of melanoma cells with acquired resistance to BRAF 
inhibitors [105,106]. Therefore, the activation of the YAP/TAZ 
pathway after actin remodeling rendered resistance to BRAF-
targeted therapy [105]. The expression of YAP and TAZ were 
promoted in BRAF inhibitor-resistant melanoma stem cells, 
which was correlated with continuous ERK1/2 activity not in-
hibited by BRAF inhibitors [106]. The inhibition of either YAP 
or TAZ could restore the inhibitory effect of BRAFi on ERK1/2 
signaling and melanoma progression. Therefore, YAP/TAZ ac-
tivation may also be involved in regulating cancer stem cells 
that develop BRAFi resistance in melanoma [106].

Down-regulation of the expression of dual-specificity 
MAPK phosphatases (DUSPs)

Dual-specificity MAPK phosphatases (DUSPs or MKPs) are 
the largest group of phosphatases involved in dephosphory-
lating ERK1/2 kinase. DUSPs can be transcriptionally induced 

to remove phosphor groups from phosphorylated residues 
on ERK kinase, resulting in reduced activation of ERK, with 
DUSPs involved in the negative feedback loop of MAPK sig-
naling [107]. The expression of some DUSPs, including DUSP4 
and DUSP6, were directly regulated by oncogenic BRAF mu-
tation. In comparison with the melanoma cells with wild-type 
BRAF, DUSP6 expression was higher in melanoma cells with 
BRAF mutation [108,109]. Therefore, DUSP6 could be used 
for the prediction of the efficacy of MAPK inhibition in mela-
noma [106,110]. DUSP6 was found to be down-regulated fol-
lowing treatment with BRAF-targeted agents, which indicates 
that the loss of negative feedback inhibition of ERK signaling 
is important for the development of resistance to MAPK inhi-
bition therapy [109].

Down-regulation of the expression of ring finger protein 
125 (RNF125)

The RING domain protein TRAC-1 (T cell RING protein in acti-
vation), RNF125, was first recognized from a retroviral vector-
based T cell surface activation marker screen [111]. Through 
an unbiased screen of a siRNA library in melanoma cells with 
acquired resistance and parental melanoma cells, RNF125 was 
found to be expressed at low levels in melanoma cells with re-
sistance to BRAF inhibitors and conferred acquired resistance. 
Subsequent liquid chromatography-tandem mass spectrom-
etry assay identified JAK1 as the novel substrate of RNF125 
in BRAFi-resistant cells. The deficiency of RNF125 suppressed 
the ubiquitination and subsequent degradation of JAK1 and 
promoted the expression of EGFR that activated downstream 
ERK signaling. More importantly, the inhibition of JAK1 and 
EGFR signaling reduces the acquired resistance to BRAF in-
hibitors in melanoma with low RNF125 expression. Therefore, 
JAK1 and EGFR could be promising therapeutic targets in mel-
anoma with acquired resistance to BRAF inhibitors and with 
low expression of RNF125 [112].

Future Approaches to Overcome Resistance to 
BRAF-Targeted Therapy in Melanoma

Melanoma a primary malignancy if the skin that is associat-
ed with a poor prognosis in the advanced stage. Multiple ge-
netic mutations, including BRAF mutations, drive the progres-
sion of melanoma. BRAF mutations occur in up to 60% of 
patients with melanoma, which triggers the persistent acti-
vation of the MAPK pathway to promote the growth of mela-
noma. The BRAF mutation potentiates the invasive and capac-
ity of melanoma by metabolic reprogramming. These findings 
provide a molecular basis for targeted therapeutic strategies 
in melanoma that harbors the BRAF mutation.
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Currently, several small-molecule inhibitors have been de-
veloped that target BRAFV600E, which have resulted in im-
proved patient survival rates, but resistance to treatment hin-
ders the long-term efficacy. Specifically, intrinsic resistance is 
the innate capacity of melanoma cells to resist the effects of 
BRAF-targeted drugs. During the early phase of targeted in-
hibitors, especially within the first 24 to 48 hours, the adap-
tive response occurs, which can be rapidly activated to enable 
cell survival and may be responsible for the subsequent es-
tablishment of acquired resistance by allowing sufficient time 
to develop additional mutations. Genetic alterations, including 
loss of PTEN, amplification of CCND1, loss of NF1, RAC muta-
tions, and loss of the USP28-FBW7 complex, have been iden-
tified in the development of intrinsic resistance. Also, the re-
wiring of several molecular pathways, including the ERK1/2 
pathway, RTKs signaling, the MITF pathway, and SOX10 sig-
naling, are significantly associated with adaptive resistance. 
Reactivating the MAPK pathway downstream and upstream 
or at the level of BRAF and the activation of the AKT pathway 
are responsible for adaptive resistance. Therefore, the molec-
ular mechanisms underlying these three mechanisms for the 
development of resistance in distinct treatment periods are 
differentially characterized. Therefore, future strategies used 
to overcome BRAFi resistance should be based on the context 
of melanoma treatment for each patient. More importantly, 
the combined inhibition of the activated molecular pathways 
in resistant melanoma may be beneficial to increase the sen-
sitivity and efficacy of targeted therapy. Continued molecular 
studies are required to refine current knowledge on the mech-
anisms underlying BRAFi resistance to improve the clinical out-
come for patients with advanced-stage melanoma.

Conclusions

This review has described the impact of BRAF inhibitor (BRAFi) 
resistance on the pathogenesis of advanced-stage melanoma, 
the current status of molecular pathways involved in BRAFi re-
sistance, including intrinsic resistance, adaptive resistance, and 
acquired resistance. Although the clinical effect of BRAF inhib-
itors, such as tyrosine kinase inhibitors (TKIs) of BRAF (V600E) 
kinase, vemurafenib and dabrafenib, is restricted by drug re-
sistance. However, the use of BRAF inhibitors for melanoma 
has become a landmark in targeted therapy and personalized 
medicine. The importance of the long-term response to BRAF 
inhibitors in patients with BRAF mutations and the presence of 
long-term treatment responders highlight their success. Also, 
targeted therapy in advanced-stage melanoma using BRAF in-
hibitors reflect the core role of the MAPK pathway in melanoma. 
Although the mechanisms of the early emergence of drug re-
sistance are challenging, new combination therapies, such as 
immunotherapy, other pathway inhibitors with intermittent 
BRAFi schedules, may result in novel treatment approaches for 
patients with melanoma. Remaining challenges include a lack 
of understanding of resistance mechanisms for novel treat-
ments and their combinations and the current lack of predic-
tive clinical trials for personalized therapy in melanoma. These 
challenges and the recognition of the importance of improv-
ing the prognosis for patients with advanced-stage melanoma 
motivate continued study on the mechanisms of BRAFi resis-
tance with the aim of developing new treatment strategies.

Conflict of interest

None.

References:

 1. Lo JA, Fisher DE: The melanoma revolution: from UV carcinogenesis to a 
new era in therapeutics. Science, 2014; 346: 945–49

 2. Larkin J, Chiarion-Sileni V, Gonzalez R et al: Five-year survival with com-
bined nivolumab and ipilimumab in advanced melanoma. N Engl J Med, 
2019; 381: 1535–46

 3. Davies H, Bignell GR, Cox C et al: Mutations of the BRAF gene in human 
cancer. Nature, 2002; 417: 949–54

 4. Lovly CM, Dahlman KB, Fohn LE et al: Routine multiplex mutational profil-
ing of melanomas enables enrollment in genotype-driven therapeutic tri-
als. PLoS One, 2012; 7: e35309

 5. Rubinstein JC, Sznol M, Pavlick AC et al: Incidence of the V600K mutation 
among melanoma patients with BRAF mutations, and potential therapeu-
tic response to the specific BRAF inhibitor PLX4032. J Transl Med, 2010; 8: 
67

 6. Pratilas CA, and Solit DB: Targeting the mitogen-activated protein kinase 
pathway: Physiological feedback and drug response. Clin Cancer Res, 2010; 
16: 3329–34

 7. Saei A, Eichhorn PJA: Adaptive responses as mechanisms of resistance to 
BRAF inhibitors in melanoma. Cancers (Basel), 2019; 11: pii: E1176

 8. Saei A, Palafox M, Benoukraf T et al: Loss of USP28-mediated BRAF deg-
radation drives resistance to RAF cancer therapies. J Exp Med, 2018; 215: 
1913–28

 9. Saei A, Eichhorn PJA: Ubiquitination and adaptive responses to BRAF in-
hibitors in melanoma. Mol Cell Oncol, 2018; 5: e1497862

 10. Kiuru M, Busam KJ: The NF1 gene in tumor syndromes and melanoma. Lab 
Invest, 2017; 97: 146–57

 11. Dhomen N, Marais R: BRAF signaling and targeted therapies in melanoma. 
Hematol Oncol Clin North Am, 2009; 23: 529–45

 12. Yaeger R, Corcoran RB: Targeting alterations in the RAF-MEK pathway. 
Cancer Discov, 2019; 9: 329–41

 13. Flaherty KT, McArthur G: BRAF, a target in melanoma: implications for sol-
id tumor drug development. Cancer, 2010; 116: 4902–13

 14. Wan PT, Garnett MJ, Roe SM et al: Mechanism of activation of the RAF-
ERK signaling pathway by oncogenic mutations of B-RAF. Cell, 2004; 116: 
855–67

 15. Richtig G, Hoeller C, Kashofer K et al: Beyond the BRAF hotspot: biology and 
clinical implications of rare BRAF gene mutations in melanoma patients. Br 
J Dermatol, 2017; 177: 936–44

 16. Wellbrock C, Karasarides M, Marais R: The RAF proteins take centre stage. 
Nature Rev Mol Cell Biol, 2004; 5: 875–85

 17. Cohen C, Zavala-Pompa A, Sequeira JH et al: Mitogen-actived protein ki-
nase activation is an early event in melanoma progression. Clin Cancer Res, 
2002; 8: 3728–33

e920957-11
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Tian Y. et al.: 
Resistance to BRAF inhibitors in melanoma
© Med Sci Monit, 2020; 26: e920957

REVIEW ARTICLES

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



 18. Makrodouli E, Oikonomou E, Koc M et al: BRAF and RAS oncogenes regu-
late Rho GTPase pathways to mediate migration and invasion properties 
in human colon cancer cells: A comparative study. Mol Cancer, 2011; 10: 
118

 19. Arozarena I, Calvo F, Crespo P: Ras, an actor on many stages: Posttranslational 
modifications, localization, and site-specified events. Genes Cancer, 2011; 
2: 182–94

 20. Klein RM, Spofford LS, Abel EV et al: B-RAF regulation of Rnd3 participates 
in actin cytoskeletal and focal adhesion organization. Mol Biol Cell, 2008; 
19: 498–508

 21. Lu H, Liu S, Zhang G et al: Oncogenic BRAF-mediated melanoma cell inva-
sion. Cell Rep, 2016; 15: 2012–24

 22. Houles T, Gravel SP, Lavoie G et al: RSK Regulates PFK-2 activity to pro-
mote metabolic rewiring in melanoma. Cancer Res, 2018; 78: 2191–204

 23. Vazquez F, Lim JH, Chim H et al: PGC1a expression defines a subset of hu-
man melanoma tumors with increased mitochondrial capacity and resis-
tance to oxidative stress. Cancer Cell, 2013; 23: 287–301

 24. Denko NC: Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat 
Rev Cancer, 2008; 8: 705–13

 25. Kumar SM, Yu H, Edwards R et al: Mutant V600E BRAF increases hypox-
ia inducible factor-1alpha expression in melanoma. Cancer Res, 2007; 67: 
3177–84

 26. Kim G, McKee AE, Ning YM et al: FDA approval summary: Vemurafenib for 
treatment of unresectable or metastatic melanoma with the BRAFV600E 
mutation. Clin Cancer Res, 2014; 20: 4994–5000

 27. Matallanas D, Birtwistle M, Romano D et al: Raf family kinases: old dogs 
have learned new tricks. Genes Cancer, 2011; 2: 232–60

 28. Chapman PB, Hauschild A, Robert C et al: Improved survival with vemu-
rafenib in melanoma with BRAF V600E mutation. N Engl J Med, 2011; 364: 
2507–16

 29. Ballantyne AD, Garnock-Jones KP: Dabrafenib: first global approval. Drugs, 
2013; 73: 1367–76

 30. Fallahi-Sichani M, Becker V, Izar B et al: Adaptive resistance of melanoma 
cells to RAF inhibition via reversible induction of a slowly dividing de-dif-
ferentiated state. Mol Syst Biol, 2017; 13: 905

 31. Smith MP, Brunton H, Rowling EJ et al: Inhibiting drivers of non-mutational 
drug tolerance is a salvage strategy for targeted melanoma therapy. Cancer 
Cell, 2016; 29: 270–84

 32. Smith MP, Wellbrock C: Molecular pathways: Maintaining MAPK inhibitor 
sensitivity by targeting nonmutational tolerance. Clin Cancer Res, 2016; 22: 
5966–70

 33. Paraiso KH, Xiang Y, Rebecca VW et al: PTEN loss confers BRAF inhibitor 
resistance to melanoma cells through the suppression of BIM expression. 
Cancer Res, 2011; 71: 2750–60

 34. Smalley KS, Lioni M, Dalla Palma M et al: Increased cyclin D1 expression 
can mediate BRAF inhibitor resistance in BRAF V600E-mutated melanomas. 
Mol Cancer Ther, 2008; 7: 2876–83

 35. Johannessen CM, Boehm JS, Kim SY et al: COT drives resistance to RAF in-
hibition through MAP kinase pathway reactivation. Nature, 2010; 468: 
968–72

 36. Gibney GT, Smalley KS: An unholy alliance: Cooperation between BRAF 
and NF1 in melanoma development and BRAF inhibitor resistance. Cancer 
Discov, 2013; 3: 260–63

 37. Watson IR, Li L, Cabeceiras PK et al: The RAC1 P29S hotspot mutation in 
melanoma confers resistance to pharmacological inhibition of RAF. Cancer 
Res, 2014; 74: 4845–52

 38. Guzeloglu-Kayisli O, Kayisli UA, Al-Rejjal R et al: Regulation of PTEN (phos-
phatase and tensin homolog deleted on chromosome 10) expression by es-
tradiol and progesterone in human endometrium. J Clin Endocrinol Metab, 
2003; 88: 5017–26

 39. Steck PA, Pershouse MA, Jasser SA et al: Identification of a candidate tu-
mour suppressor gene, MMAC1, at chromosome 10q23.3 that is mutated 
in multiple advanced cancers. Nat Genet, 1997; 15: 356–62

 40. Stahl JM, Cheung M, Sharma A et al: Loss of PTEN promotes tumor devel-
opment in malignant melanoma. Cancer Res, 2003; 63: 2881–90

 41. Dankort D, Curley DP, Cartlidge RA et al: Braf(V600E) cooperates with PTEN 
loss to induce metastatic melanoma. Nat Genet, 2009; 41: 544–52

 42. Nathanson KL, Martin AM, Wubbenhorst B et al: Tumor genetic analyses of 
patients with metastatic melanoma treated with the BRAF inhibitor dab-
rafenib (GSK2118436). Clin Cancer Res, 2013; 19: 4868–78

 43. Damsky WE, Curley DP, Santhanakrishnan M et al: b-catenin signaling con-
trols metastasis in Braf-activated Pten-deficient melanomas. Cancer Cell, 
2011; 20: 741–54

 44. Hodis E, Watson IR, Kryukov GV et al: A landscape of driver mutations in 
melanoma. Cell, 2012; 150: 251–63

 45. Ackermann J, Frutschi M, Kaloulis K et al: Metastasizing melanoma forma-
tion caused by expression of activated N-RasQ61K on an INK4a-deficient 
background. Cancer Res, 2005; 65: 4005–11

 46. Ferguson B, Konrad Muller H, Handoko HY et al: Differential roles of the pRb 
and Arf/p53 pathways in murine naevus and melanoma genesis. Pigment 
Cell Melanoma Res, 2010; 23(6): 771–80

 47. Clark AM, Reynolds SH, Anderson M, Wiest JS: Mutational activation of 
the MAP3K8 protooncogene in lung cancer. Genes Chromosomes Cancer, 
2004;41: 99–108

 48. Gómez L, Barrios C, Kreicbergs A et al: Absence of mutation at the GAP-
related domain of the neurofibromatosis type 1 gene in sporadic neuro-
fibrosarcomas and other bone and soft tissue sarcomas. Cancer Genet 
Cytogenet, 1995; 81: 173–74

 49. Andersen LB, Fountain JW, Gutmann DH et al: Mutations in the neurofi-
bromatosis 1 gene in sporadic malignant melanoma cell lines. Nat Genet, 
1993; 3: 118–21

 50. Pratilas CA, Taylor BS, Ye Q et al: (V600E)BRAF is associated with disabled 
feedback inhibition of RAF-MEK signaling and elevated transcriptional out-
put of the pathway. Proc Natl Acad Sci USA, 2009; 106: 4519–24

 51. Halaban R: RAC1 and melanoma. Clin Ther, 2015; 37: 682–85

 52. Krauthammer M, Kong Y, Ha BH et al: Exome sequencing identifies recur-
rent somatic RAC1 mutations in melanoma. Nat Genet, 2012; 44: 1006–14

 53. Cardama GA, Alonso DF, Gonzalez N et al: Relevance of small GTPase Rac1 
pathway in drug and radio-resistance mechanisms: Opportunities in can-
cer therapeutics. Crit Rev Oncol Hematol, 2018; 124: 29–36

 54. McArthur GA, Chapman PB, Robert C et al: Safety and efficacy of vemu-
rafenib in BRAF(V600E) and BRAF(V600K) mutation-positive melanoma 
(BRIM-3): Extended follow-up of a phase 3, randomised, open-label study. 
Lancet Oncol, 2014; 15: 323–32

 55. Hauschild A, Grob JJ, Demidov LV et al: Dabrafenib in BRAF-mutated meta-
static melanoma: A multicentre, open-label, phase 3 randomised controlled 
trial. Lancet, 2012; 380: 358–65

 56. Lito P, Pratilas CA, Joseph EW et al: Relief of profound feedback inhibi-
tion of mitogenic signaling by RAF inhibitors attenuates their activity in 
BRAFV600E melanomas. Cancer Cell, 2012; 22: 668–82

 57. Yao Z, Torres NM, Tao A et al: BRAF mutants evade ERK-dependent feed-
back by different mechanisms that determine their sensitivity to pharma-
cologic inhibition. Cancer Cell, 2015; 28: 370–83

 58. Czyz M: Fibroblast growth factor receptor signaling in skin cancers. Cells, 
2019; 8(6): pii: E540

 59. Abel EV, Basile KJ, Kugel CH et al: Melanoma adapts to RAF/MEK inhibitors 
through FOXD3-mediated upregulation of ERBB3. J Clin Invest, 2013; 123: 
2155–68

 60. Nazarian R, Shi H, Wang Q et al: Melanomas acquire resistance to 
B-RAF(V600E) inhibition by RTK or N-RAS upregulation. Nature, 2010; 
468: 973–77

 61. Grimm J, Hufnagel A, Wobser M et al: BRAF inhibition causes resilience of 
melanoma cell lines by inducing the secretion of FGF1. Oncogenesis, 2018; 
7: 71

 62. Hartman ML, Czyz M: MITF in melanoma: mechanisms behind its expres-
sion and activity. Cell Mol Life Sci, 2015; 72: 1249–60

 63. Harris ML, Baxter LL, Loftus SK, Pavan WJ: SOX proteins in melanocyte de-
velopment and melanoma. Pigment Cell Melanoma Res, 2010; 23: 496–513

 64. Shakhova O, Zingg D, Schaefer SM et al: SOX10 promotes the formation 
and maintenance of giant congenital naevi and melanoma. Nat Cell Biol, 
2012; 14: 882–90

 65. Graf SA, Busch C, Bosserhoff AK et al: SOX10 promotes melanoma cell in-
vasion by regulating melanoma inhibitory activity. J Invest Dermatol, 2014; 
134: 2212–20

 66. Sun C, Wang L, Huang S et al: Reversible and adaptive resistance to 
BRAF(V600E) inhibition in melanoma. Nature, 2014; 508: 118–22

 67. Han S, Ren Y, He W et al: ERK-mediated phosphorylation regulates SOX10 su-
moylation and targets expression in mutant BRAF melanoma. Nat Commun, 
2018; 9: 28

e920957-12
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Tian Y. et al.: 
Resistance to BRAF inhibitors in melanoma

© Med Sci Monit, 2020; 26: e920957
REVIEW ARTICLES

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



 68. Haq R, Shoag J, Andreu-Perez P et al: Oncogenic BRAF regulates oxidative 
metabolism via PGC1a and MITF. Cancer Cell, 2013; 23: 302–15

 69. Yuan P, Ito K, Perez-Lorenzo R et al: Phenformin enhances the therapeutic 
benefit of BRAF(V600E) inhibition in melanoma. Proc Natl Acad Sci USA, 
2013; 110: 18226–31

 70. Roesch A, Fukunaga-Kalabis M, Schmidt EC et al: A temporarily distinct 
subpopulation of slow-cycling melanoma cells is required for continuous 
tumor growth. Cell, 2010; 141: 583–94

 71. Zhang G, Frederick DT, Wu L et al: Targeting mitochondrial biogenesis to 
overcome drug resistance to MAPK inhibitors. J Clin Invest, 2016; 126: 
1834–56

 72. Sullivan RJ, Flaherty K: MAP kinase signaling and inhibition in melanoma. 
Oncogene, 2013; 32: 2373–79

 73. Devitt B, Liu W, Salemi R et al: Clinical outcome and pathological features 
associated with NRAS mutation in cutaneous melanoma. Pigment Cell 
Melanoma Res, 2011; 24: 666–72

 74. Jakob JA, Bassett RL, Ng CS et al: NRAS mutation status is an independent 
prognostic factor in metastatic melanoma. Cancer, 2012; 118: 4014–23

 75. Su F, Bradley WD, Wang Q et al: Resistance to selective BRAF inhibition can 
be mediated by modest upstream pathway activation. Cancer Res, 2012; 
72: 969–78

 76. Atefi M, Titz B, Tsoi J et al: CRAF R391W is a melanoma driver oncogene. 
Sci Rep, 2016; 6: 27454

 77. Kaplan FM, Kugel CH, Dadpey N et al: SHOC2 and CRAF mediate ERK1/2 
reactivation in mutant NRAS-mediated resistance to RAF inhibitor. J Biol 
Chem, 2012; 287: 41797–807

 78. Romano E, Pradervand S, Paillusson A et al: Identification of multiple mech-
anisms of resistance to vemurafenib in a patient with BRAFV600E-mutated 
cutaneous melanoma successfully rechallenged after progression. Clin 
Cancer Res, 2013; 19: 5749–57

 79. Arora R, Di Michele M, Stes E et al: Structural investigation of B-Raf para-
dox breaker and inducer inhibitors. J Med Chem, 2015; 58: 1818–31

 80. Le K, Blomain ES, Rodeck U, Aplin AE: Selective RAF inhibitor impairs ERK1/2 
phosphorylation and growth in mutant NRAS, vemurafenib-resistant mela-
noma cells. Pigment Cell Melanoma Res, 2013; 26: 509–17

 81. Corcoran RB, Dias-Santagata D, Bergethon K et al: BRAF gene amplification 
can promote acquired resistance to MEK inhibitors in cancer cells harbor-
ing the BRAF V600E mutation. Sci Signal, 2010; 3(149): ra84

 82. Shi H, Moriceau G, Kong X et al: Melanoma whole-exome sequencing iden-
tifies (V600E)B-RAF amplification-mediated acquired B-RAF inhibitor resis-
tance. Nat Commun, 2012; 3: 724

 83. Poulikakos PI, Persaud Y, Janakiraman M et al: RAF inhibitor resistance is 
mediated by dimerization of aberrantly spliced BRAF(V600E). Nature, 2011; 
480: 387–90

 84. Luco RF, Allo M, Schor IE et al: Epigenetics in alternative pre-mRNA splic-
ing. Cell, 2011; 144: 16–26

 85. Wang J, Yao Z, Jonsson P et al: A secondary mutation in confers resistance 
to RAF inhibition in a-mutant brain tumor. Cancer Discov, 2018; 8: 1130–41

 86. Torres-Collado AX, Knott J, Jazirehi AR: Reversal of resistance in targeted 
therapy of metastatic melanoma: Lessons learned from vemurafenib (BRAF-
specific inhibitor). Cancers (Basel), 2018; 10(6): pii: E157

 87. Wu PK, Park JI: MEK1/2 inhibitors: Molecular activity and resistance mech-
anisms. Semin Oncol, 2015; 42: 849–62

 88. Gilmartin AG, Bleam MR, Groy A et al: GSK1120212 (JTP-74057) is an inhib-
itor of MEK activity and activation with favorable pharmacokinetic prop-
erties for sustained in vivo pathway inhibition. Clin Cancer Res, 2011; 17: 
989–1000

 89. Duncan JS, Whittle MC, Nakamura K et al: Dynamic reprogramming of the 
kinome in response to targeted MEK inhibition in triple-negative breast 
cancer. Cell, 2012; 149: 307–21

 90. Ussar S, Voss T: MEK1 and MEK2, different regulators of the G1/S transi-
tion. J Biol Chem, 2004; 279: 43861–69

 91. Emery CM, Vijayendran KG, Zipser MC et al: MEK1 mutations confer re-
sistance to MEK and B-RAF inhibition. Proc Natl Acad Sci USA, 2009; 106: 
20411–16

 92. Long GV, Fung C, Menzies AM et al: Increased MAPK reactivation in early 
resistance to dabrafenib/trametinib combination therapy of BRAF-mutant 
metastatic melanoma. Nat Commun, 2014; 5: 5694

 93. Villanueva J, Infante JR, Krepler C et al: Concurrent MEK2 mutation and 
BRAF amplification confer resistance to BRAF and MEK inhibitors in mela-
noma. Cell Rep, 2013; 4: 1090–99

 94. Nikolaev SI, Rimoldi D, Iseli C et al: Exome sequencing identifies recurrent 
somatic MAP2K1 and MAP2K2 mutations in melanoma. Nat Genet, 2011; 
44: 133–39

 95. Deng W, Gopal YN, Scott A et al: Role and therapeutic potential of PI3K-
mTOR signaling in de novo resistance to BRAF inhibition. Pigment Cell 
Melanoma Res, 2012; 25: 248–58

 96. Gopal YN, Deng W, Woodman SE et al: Basal and treatment-induced activa-
tion of AKT mediates resistance to cell death by AZD6244 (ARRY-142886) 
in BRAF-mutant human cutaneous melanoma cells. Cancer Res, 2010; 70: 
8736–47

 97. Shi H, Kong X, Ribas A, Lo RS: Combinatorial treatments that overcome 
PDGFRb-driven resistance of melanoma cells to V600EB-RAF inhibition. 
Cancer Res, 2011; 71: 5067–74

 98. 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 cotar-
geting MEK and IGF-1R/PI3K. Cancer Cell, 2010; 18: 683–95

 99. Zorea J, Prasad M, Cohen L et al: IGF1R upregulation confers resistance to 
isoform-specific inhibitors of PI3K in PIK3CA-driven ovarian cancer. Cell 
Death Dis, 2018; 9: 944

 100. Mendoza MC, Er EE, Blenis J: The Ras-ERK and PI3K-mTOR pathways: Cross-
talk and compensation. Trends Biochem Sci, 2011; 36: 320–28

 101. Chan XY, Singh A, Osman N, Piva TJ: Role Played by Signalling Pathways in 
Overcoming BRAF Inhibitor Resistance in Melanoma. Int J Mol Sci, 2017; 
18(7): pii: E1527

 102. Shi H, Hugo W, Kong X et al: Acquired resistance and clonal evolution in 
melanoma during BRAF inhibitor therapy. Cancer Discov, 2014; 4: 80–93

 103. Chandarlapaty S, Sawai A, Scaltriti M et al: AKT inhibition relieves feedback 
suppression of receptor tyrosine kinase expression and activity. Cancer Cell, 
2011; 19: 58–71

 104. Shen CH, Kim SH, Trousil S et al: Loss of cohesin complex components 
STAG2 or STAG3 confers resistance to BRAF inhibition in melanoma. Nat 
Med, 2016; 22: 1056–61

 105. Kim MH, Kim J, Hong H et al: Actin remodeling confers BRAF inhibitor re-
sistance to melanoma cells through YAP/TAZ activation. EMBO J, 2016; 35: 
462–78

 106. Fisher ML, Grun D, Adhikary G et al: Inhibition of YAP function overcomes 
BRAF inhibitor resistance in melanoma cancer stem cells. Oncotarget, 2017; 
8: 110257–72

 107. Kidger AM, Keyse SM: The regulation of oncogenic Ras/ERK signalling by 
dual-specificity mitogen activated protein kinase phosphatases (MKPs). 
Semin Cell Dev Biol, 2016; 50: 125–32

 108. Cagnol S, Rivard N: Oncogenic KRAS and BRAF activation of the MEK/ERK 
signaling pathway promotes expression of dual-specificity phosphatase 4 
(DUSP4/MKP2) resulting in nuclear ERK1/2 inhibition. Oncogene, 2013; 32: 
564–76

 109. Packer LM, East P, Reis-Filho JS, Marais R: Identification of direct transcrip-
tional targets of (V600E)BRAF/MEK signalling in melanoma. Pigment Cell 
Melanoma Res, 2009; 22: 785–98

 110. van Herpen CML, Agarwala SS, Hauschild A et al: NRASBiomarker results 
from a phase II study of MEK1/2 inhibitor binimetinib (MEK162) in patients 
with advanced- or -mutated melanoma. Oncotarget, 2019; 10: 1850–59

 111. Chu P, Pardo J, Zhao H et al: Systematic identification of regulatory pro-
teins critical for T-cell activation. J Biol, 2003; 2: 21

 112. Kim H, Frederick DT, Levesque MP et al: Downregulation of the ubiquitin 
ligase RNF125 underlies resistance of melanoma cells to BRAF inhibitors 
via JAK1 deregulation. Cell Rep, 2015; 11: 1458–73

e920957-13
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Tian Y. et al.: 
Resistance to BRAF inhibitors in melanoma
© Med Sci Monit, 2020; 26: e920957

REVIEW ARTICLES

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


