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Diverse Mechanisms of BRAF
Inhibitor Resistance in Melanoma
Identified in Clinical and Preclinical
Studies

Stephen A. Luebker* and Scott A. Koepsell

Department of Pathology and Microbiology, University of Nebraska Medical Center, Omaha, NE, United States

BRAF inhibitor therapy may provide profound initial tumor regression in metastatic
melanoma with BRAF V600 mutations, but treatment resistance often leads to disease
progression. A multi-center analysis of BRAF inhibitor resistant patient tissue samples
detected genomic changes after disease progression including multiple secondary
mutations in the MAPK/Erk signaling pathway, mutant BRAF copy number gains, and
BRAF alternative splicing as the predominant putative mechanisms of resistance, but
41.7% of samples had no known resistance drivers. In vitro models of BRAF inhibitor
resistance have been developed under a wide variety of experimental conditions to
investigate unknown drivers of resistance. Several in vitro models developed genetic
alterations observed in patient tissue, but others modulate the response to BRAF
inhibitors through increased expression of receptor tyrosine kinases. Both secondary
genetic alterations and expression changes in receptor tyrosine kinases may increase
activation of MAPK/Erk signaling in the presence of BRAF inhibitors as well as activate
PIBK/Akt signaling to support continued growth. Melanoma cells that develop resistance
in vitro may have increased dependence on serine or glutamine metabolism and
have increased cell motility and metastatic capacity. Future studies of BRAF inhibitor
resistance in vitro would benefit from adhering to experimental parameters that reflect
development of BRAF inhibitor resistance in patients through using multiple cell lines,
fully characterizing the dosing strategy, and reporting the fold change in drug sensitivity.
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INTRODUCTION

Melanoma makes up 6% of estimated new cancer cases in men and 4% in women, and incidence has
been increasing since 1975 (1). BRAF mutations occur in more than 50% of cutaneous melanomas,
and BRAF V600E occurs most frequently, which confers constitutive monomeric activation of
BRAF kinase activity (2, 3). The identification of oncogenic BRAF signaling increased interest
in targeted inhibitors toward mutant BRAF variants, and the FDA has approved two targeted
BRAF inhibitors, vemurafenib in 2011 and dabrafenib in 2013, for treatment of non-resectable
BRAF V600E/K mutant melanoma. Despite the rapid response and short-term increases in patient
survival, resistance to BRAF inhibition persists. In 2017, combination therapy of dabrafenib plus
the MEK inhibitor, trametinib was FDA approved for treatment of melanoma to forestall the
development of BRAF inhibitor resistance. This review summarizes the potential events driving
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BRAF inhibitor resistance detected in patient tissue and contrasts
them with in vitro studies of BRAF inhibitor resistance through
comparison of methods and results.

BRAF Inhibitor Resistance in Patients With

Melanoma

Phase-3 clinical trials of vemurafenib treatment for BRAF
V600E/K melanoma demonstrated improvements in median
progression-free survival relative to dacarbazine (6.9 months
vs. 1.6 months) and increased median overall survival (13.6
vs. 9.7 months) (4). Phase-3 clinical trials of dabrafenib
treatment for BRAFV600E melanoma observed improvements
in median progression free survival relative to dacarbazine
(5.1 vs. 2.7 months) (5). Phase-3 clinical trials of dabrafenib
and trametinib combination therapy vs. dabrafenib alone found
increased median progression-free survival (11.1 vs. 8.8 months)
and increased median overall survival (25.1 vs. 18.7 months)
(6). Treatment with BRAF/MEK inhibitors often provides
remarkable disease regression initially, but resistance to therapy
frequently develops within 12 months as indicated by median
progression-free survival.

BRAF inhibitor resistance in melanoma is supported through
recovery of MAPK/Erk signaling or activation of PI3K/Akt
signaling. These pathways may be activated through mutations,
copy-number alterations, or changes in expression. A summary
diagram including these signaling pathways and a breakdown
of common alterations supporting BRAF inhibitor resistance are
illustrated in Figure 1. A multi-center analysis of BRAF inhibitor
resistance combining three comprehensive genome sequencing
studies of pre-treatment and post-progression cases of melanoma
identified resistance driving events in 58.3% (77/132) of samples
obtained from 100 individuals, but failed to identify any known
mechanism of resistance in the remaining 41.7% of samples
(7). Johnson et al. provide a complete breakdown of the
frequency of the resistance mechanisms within this combined
data set. Multiple resistance mechanisms were observed within
individual samples and unique resistance mechanisms were
observed between samples from the same patient. BRAF
amplification and alternative splicing were observed most
frequently followed by NRAS mutations and MEK1/2 mutations.
Mutations in the PI3K/Akt pathway are less frequently observed
in patient samples. Despite increased median progression-free
survival when treating patients with dabrafenib plus trametinib
relative to dabrafenib alone, treatment resistance still develops.
Patients treated with dabrafenib/trametinib combination therapy
developed alterations in the same genes that support single-agent
resistance including MEK1/2 mutations, BRAF amplification,
BRAF alternative splicing, and NRAS mutations between pre-
treatment and post-progression samples (8, 9). Clinical studies
of BRAF inhibitor resistance leave an incomplete picture of the
diverse set of mechanisms supporting BRAF inhibitor resistance.
This review summarizes recent studies in which BRAF inhibitor
resistance was induced stochastically in cell lines via prolonged
exposure to a BRAF inhibitor. Major mechanisms identified in
these studies are included in Figure 1 and discussed in more
detail in this review.

BRAF Inhibitor Resistance in Melanoma

Cell Lines

Receptor Tyrosine Kinase Expression

Receptor tyrosine kinases may act as upstream activators
of MAPK/Erk signaling, and increased expression in BRAF
inhibitor resistant cells has been described in multiple studies.
Shaffer et al. demonstrated that resistance to BRAF inhibitors
in WM989 and WM983B cells occurs through non-heritable,
transient expression of multiple resistance-associated genes
including receptors like AXL receptor tyrosine kinase (AXL),
epidermal growth factor receptor (EGFR), fibroblast growth
factor receptor 1 (FGFR1), and platelet-derived growth factor
receptor beta (PDGFRB) among others (10). Other studies
have detected expression changes in these genes but do not
point to a single pattern of expression change. Nazarian et al.
demonstrated that increased expression of PDGFRB conferred
resistance to M229 and M238 cells, but Jazirehi et al. found
that resistant M238 cells had increased expression of EGFR and
decreased expression of PDGFRB (11, 12). Shao et al. found
resistant WM?793 and M238 cells both had increased PDGFRB
but decreased Insulin-like growth factor 1 receptor (IGF1R)
expression (13). Increased PDGFRB expression has also been
described in resistant A375 cells (14). In two other studies
using A375 cells, increased expression of fibroblast growth
factor receptor 3 (FGFR3) expression was associated with BRAF
inhibitor resistance (15, 16). Resistant A375 cells have also been
shown to increase expression of IGF1R while resistant SKMEL28
cells increased expression of PDGFRB (17). In a separate
study, resistant SKMEL28 cells had increased expression of both
EGFR and PDGFRB (18). Jazirehi et al. found that resistant
M249 cells had increased expression of EGFR, KIT proto-
oncogene receptor tyrosine kinase (KIT), MET proto-oncogene
receptor tyrosine kinase (MET), and PDGFRB with decreased
IGFIR (11). Resistance-associated gene expression may occur
through loss of SOX10 expression and gain of JUN, AP-1,
and TEAD transcription factor activity (10). EGFR expression
may be regulated through MITF expression, but both increased
and decreased MITF expression have been observed in BRAF
inhibitor resistant cell lines (19, 20). Sun et al. demonstrated
that miR-7 was significantly downregulated in resistant A375 and
MEL-CV cells, and exogenous expression could reduce resistance
with EGFR, IGFIR, CRAF, and AXL as potential targets (21).
Overall, changes in growth factor expression are inconsistent
between studies using the same cell lines. Increased expression
of any growth factor receptor that activates MAPK/Erk may
potentially drive resistance in melanoma.

Secondary MAPK/Erk Mutations

In addition to upstream activation of MAPK/Erk through
receptor tyrosine kinases, increased MAPK/Erk signaling
may be achieved through direct alteration to members of
the RAS/RAF/MEK/Erk signaling cascade. Secondary BRAF
mutations and alternative BRAF splicing have been shown to
induce vemurafenib resistance in multiple cell lines (19, 22).
In a patient derived xenograft model, increased BRAF V600E
expression sustained resistance, and cells demonstrated
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FIGURE 1 | Mechanisms supporting BRAF inhibitor resistance in melanoma. Receptor tyrosine kinases (RTK) include AXL receptor tyrosine kinase (AXL), epidermal
growth factor receptor (EGFR), fibroblast growth factor receptor 1 (FGFR1), fibroblast growth factor receptor 3 (FGFR3), platelet-derived growth factor receptor beta
(PDGFRB), MET proto-oncogene receptor tyrosine kinase (MET), and KIT proto-oncogene receptor tyrosine kinase (KIT). Growth factors (GF) correspond to the
specific receptor tyrosine kinase. The MAPK/Erk pathway includes the Ras GTPases (N/K/HRAS), Serine/threonine-protein kinase B-raf (BRAF), RAF proto-oncogene
serine/threonine-protein kinase (CRAF), mitogen-activated and extracellular signal-regulated kinase kinase 1 or 2 (MEK1/2), extracellular signal-regulated kinase 1 or 2
(ERK1/2), cancer Osaka thyroid (COT), and dual specificity protein phosphatase 4 (DUSP4). The PIBK/Akt pathway includes phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA), phosphatidylinositol 3-kinase regulatory subunit 1 or 2 (PIK8R1/2), phosphatidylinositol 4,5-bisphosphate (PIP2),
phosphatidylinositol 3,4,5-trisphosphate (PIP3), phosphatase and tensin homolog (PTEN), AKT serine/threonine kinase 1 or 2 (AKT1/2), mammalian target of
rapamycin complex 1 (MTORCH1). Src signaling factors include SRC proto-oncogene non-receptor tyrosine kinase (SRC) and focal adhesion kinase 1 (FAK1).
Transcription factors include signal transducer and activator of transcription 3 (STAT3), TEA domain transcription factor protein family (TEAD), activator protein 1
complex (AP-1), Jun proto-oncogene AP-1 transcription factor subunit (JUN), SRY-box 10 (SOX10), melanocyte inducing transcription factor (MITF), cyclic AMP
responsive element binding protein family (CREB), FOS like 1 AP-1 transcription factor subunit (FOSL1), GLI family zinc finger 1 or 2 (GLI1/2), transforming growth
factor beta (TGFB), SMAD family member 3 (SMADS3). Cell cycle regulators included cyclin D1 (CCND1), cyclin dependent kinase 4 or 6 (CDK4/6). Non-canonical Wnt
signaling mediators include receptor like tyrosine kinase (RYK), frizzled class receptor 7 (FZD7), and Wnt family member 5A (WNT5A).

drug-dependence for continued proliferation (23). Resistant
tumors derived from 1205LU cells in a mouse xenograft model
contained distinct alternative BRAF splicing events in two
tumors and HRAS Q61K mutation in one tumor (24). Other
alterations within RAS/RAF/MEK/Erk cascade have been
observed in SKMEL28, A375, COLO829, and M249 cells,
including COT overexpression and NRAS Q61K mutation
(12, 17). Dabrafenib resistant A375 and MEL-RMU cells were
found to have mutations in MEK1 and NRAS as previously

described in vemurafenib resistant cells (25, 26). NRAS
mutations may also make cell lines cross-resistant to MEK
inhibitors due to elevated PI3K/Akt signaling (27). Resistant
A375 cells were found to have an NRAS G13R mutation, high
expression of CRAF, and increased Akt phosphorylation (28).
Resistant A375 cells with a KRAS K117N also had elevated
expression of CRAF and activation of Akt (29). Resistant M249
cells and M376 cells with secondary NRAS mutations had
increased Akt activation (30). Resistant WM793 cells with
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secondary NRAS Q61K mutation require CRAF expression and
SHOC?2 scaffold protein to re-activate MAPK/Erk (31). In vitro
models of BRAF inhibitor resistance indicate that secondary
mutations may support increased activation of MAPK/Erk in
the presence of inhibitor or support sustained growth through
activation of PI3K/Akt signaling.

Alternative Resistance Pathways

Downstream effectors of PI3K/Akt activation promote survival of
resistant cells. PI3K/Akt activation upregulates AEBP1 through
increased CREB binding, and increased AEBP1 leads to IxBa
degradation and NF-kB activation (32). A375, SKMEL28, and
WM239 cells resistant to either dabrafenib or vemurafenib
all had increased expression of Mcl-1 relative to their pre-
treatment counterparts, which promotes cell survival through
inhibition of apoptosis, and Mcl-1 expression may be regulated
by STAT, cAMP, and NF-kB binding sites (33). Growth factor
receptors may also cross activate PI3K/Akt separately or
in addition to MAPK/Erk activation. Resistance induced in
SKMEL28 cells increased expression of EGFR and activated
Akt (34). Resistant LM17 cells had increased IGFIR expression
as well as increased Akt phosphorylation (35). Increased
expression of WNT5A in A375 and MEL-264 was correlated
with increased phosphorylation of Akt and activation of RYK
and FZD7 receptors supporting non-canonical Wnt signaling
(36). PI3K/AKkt activation in multiple BRAF inhibitor resistant
melanoma cell lines also up-regulates of FOSL1, which drives
secretion of multiple factors from tumor cells that support
surrounding tumor growth (37). Melanoma cells may support
the resistance of surrounding cells in addition to other stromal
cells. Hepatocyte growth factor (HGF) secretion by surrounding
stromal cells in co-culture supports tumor growth in the
presence of BRAF inhibitors through activation of the MET
receptor tyrosine kinase and downstream MAPK/Erk activation
(38). The adaptive resistance of melanoma cells may be
supported through both neighboring cancer and non-cancer
cells. MAPK/Erk signaling and/or PI3K/Akt signaling may be
activated in BRAF inhibitor resistant cells frequently through
common mechanisms.

Phenotypic Changes in BRAF Inhibitor

Resistant Cell Lines

Increased Motility and Invasion

Resistant cell lines acquire a more invasive phenotype
characterized by increased cell motility and metastatic capacity.
Multiple studies have noted increased invasive capacity of BRAF
inhibitor resistant melanoma cell lines, and recent proteomic
studies of melanoma cell lines before and after developing
BRAF inhibitor resistance have specifically characterized
differences in kinase expression and changes in phosphorylation.
Quantitative phosphoproteomics of vemurafenib resistant LM-
MEL-28 cells demonstrated increased activation of MAPK/Erk
signaling and de-phosphorylation of key cytoskeletal regulators
(39). Activity-based protein profiling of kinases in WM164,
WM793, A375, and 1205LU cells detected increased ATP
uptake by FAKI, SLK, LYN, PRKDC, and KCC2D, but overall
changes between cell lines showed differences in differential

phosphorylation (40). Phospho-array analysis and quantitative
phosphoproteomics identified increased EGFR phosphorylation
in vemurafenib resistant A375 and COLO829 cell lines leading to
Src family kinase phosphorylation and STAT3 activation, which
was associated with increased invasion and phosphorylation
of cytoskeletal proteins (41). The increase in cytoskeletal
remodeling also has downstream effects in cell signaling. For
example, actin remodeling has been shown to increase YAP/TAZ
nuclear localization in BRAF inhibitor resistant melanoma
cells, and YAP/TAZ nuclear localization increases expression of
EGFR, AKT, and MYC (42). The expression of receptor tyrosine
kinases is associated with the invasive behavior of melanoma
cell lines through increased metalloprotease expression.
EGFR signaling was found to drive resistance in SKMEL28
cells, and resistance was also associated with upregulation of
MMP2 and downregulation of the MMP regulator, TIMP2
(43). Increased expression of EGFR in SKMEL28 cells was
also correlated with increased activation of Non-canonical
Hedgehog Signaling (GLI1, GLI2, TGFf, and SMAD3), and
inhibition of GLI1 and GLI2 increased vemurafenib sensitivity
while decreasing invasiveness (44). Dabrafenib resistant A375
cells had increased expression of epithelial to mesenchymal
transition markers including CD90 and decreased expression of
E-cadherin with increased cell motility (45). A separate study of
dabrafenib resistant A375 cells also detected increased secretion
of VEGFA and MMP9, which was associated with increased
invasiveness (46).

Metabolism

Alterations in the metabolism of BRAF inhibitor resistant cells
have also been described, including increased dependence on
serine or glutamine. Vemurafenib resistant SKMEL28 were
dependent on serine metabolism, and knockout of PHGDH or
depletion of serine in the media reduced viability of resistant cells
(47). Additionally, vemurafenib resistant M229 and M249 cells or
vemurafenib/selumetinib dual treatment resistant M249 cells had
increased glutamine uptake and were dependent on glutamine
for survival independently of the underlying mechanism of
resistance (48). More complex metabolic reprogramming may
occur during the development of BRAF inhibitor resistance.
Gene set enrichment of KEGG pathways using quantitative
phosphoproteomic analysis of vemurafenib resistant LM-MEL-
28 cells detected enrichment in DNA replication and cell cycle but
decreases in glycolysis/gluconeogenesis, fatty acid metabolism,
valine/leucine/isoleucine degradation, pyruvate metabolism, and
tryptophan metabolism (39).

Future Directions of in vitro Research

McDermott et al. have recently published a general review of
important considerations for developing in vitro resistance to
targeted inhibitors and chemotherapeutic agents in cancer cell
lines (49). Important considerations for in vitro models of BRAF
inhibitor resistance in melanoma cell lines include choice of
cell line, dosing strategy, and resistant cell selection criteria.
Examples of current methods that have been applied to A375 cells
are summarized in Table 1. This review focuses on studies that
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pErk

FGFR3 phosphorylation

0.085-4.8

4 months

None

ncreasing continuous  0.2-2

Vemurafenib
Vemurafenib
Vemurafenib
Vemurafenib
Vemurafenib
Vemurafenib
Vemurafenib
Vemurafenib
Vemurafenib
Vemurafenib

Yadav et al. (15)

pErk and pAkt
pErk and pAkt

pErk

EGFR phosphorylation

BRAF splicing
MITF loss

0.155-5.76
>10-fold

NA
NA

2 months

NA
NA

None

ncreasing continuous  0.1-2

Girotti et al. (41)
Jietal (19)

None

ncreasing continuous  0.5-10

None

ncreasing continuous  up to 3

Continuous

Muller et al. (20)

Undetermined Undetermined

3 months

None

25

Sharma et al. (40)
Wang et al. (18)
Sun et al. (21)

pPERK and pAKT

PDGFRB overexpression

0.57-28.9

NA
NA

3 months

None

Increasing continuous  up to 2.5

EGFR, IGF1R, and CRAF overexpression pERK
EGFR and MET overexpression

KRAS K117N

6 months

None

Increasing continuous  up to 2

PERK

Low density seeding colonies 8 weeks

1-3
None

Increasing continuous  NA

Increasing continuous
Pulsed

Obenauf et al. (37)
Su et al. (29)

pPERK and pAKT

PERK

86-119-fold

0.1-3

3 months
1 year

Undetermined

None

0.2-10

Fofaria et al. (33)

develop resistant cell lines through drug treatment and excludes
studies of primary resistance or genetically induced resistance.

Selecting Cell Lines

The first major consideration in this type of model is the
degree of heterogeneity between cells. There is a great deal of
cell-to-cell heterogeneity in melanoma in vivo (51). Sub-clones
may harbor mutations conferring primary resistance to BRAF
inhibitors. Selection of single-cell derived clones may reduce the
heterogeneity observed within a single cell line. Studies show
that there are genetic differences between cell lines and tumors
in vivo, and only a few cell lines are most frequently used (52-
56). In vitro resistance studies would benefit from using multiple
cell lines to compare resistance mechanisms and potential novel
combination therapy outcomes. The use of multiple cell lines also
helps verify findings by highlighting mechanisms observed across
cells types as opposed to findings that are specific only to that
clone or test system.

Treatment Strategy

The treatment strategy employed to induce resistance in cell lines
in vitro may or may not represent how the drug is administered
clinically. Vemurafenib is administered as 960 mg tablets twice
daily and reaches an average maximum plasma concentration
of 4.8 = 3.34pug/ml after 8h and 61.4 + 22.76 ug/ml after
168 h with a half-life of 34.1 & 19.66h (57). Dabrafenib is
administered as 150 mg oral tablets twice daily and reaches
an average maximum plasma concentration of 986 ng/ml in
a median 2h with a half-life of 5h (58). Both dabrafenib
and vemurafenib quickly reach a high plasma concentration
and have long half-lives, which would be best represented by
continuously treating cells to develop resistance. Fofaria et al.
employed a pulsed treatment strategy, which includes a treatment
window followed by a recovery period, to generate vemurafenib
resistant cell lines (33). A pulsed treatment strategy does not
reflect how the drug is administered clinically. However, it
has been shown that lower vemurafenib plasma concentration
was significantly associated with higher likelihood of tumor
progression, and patients had high inter-individual variability
in vemurafenib plasma concentration (13.0-109.8 pg/ml) (59).
Others have noted that the melanoma cell lines may become
dependent on the presence of the BRAF inhibitor for continued
growth and continuous treatment is often required, which may
potentially be mitigated through a pulsed treatment method (13,
28, 34, 60). Mechanisms regulating development of resistance
in each type of model may be different, and clear distinctions
should be made between which type of model was employed.
Data obtained from studies that use drug exposure methods
never observed in patients should be interpreted with caution.

Defining Resistance

There is no standard for defining when a cell line is drug resistant.
The selection criteria used to define treatment resistance critically
influences results. Ideally the fold change in drug sensitivity
should be reported along with the duration of drug exposure.
Treatment durations for studies of A375 cells range from 6
days to 1 year of treatment, and fold change in drug sensitivity
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ranges from 3x to more than 100x (Table 1). Correlation to drug
levels observed in patients should also be considered. Care must
also be taken when reporting drug sensitivity since common
colorimetric assays may not be accurate or reproducible due
to variations in growth rate; a cell counting based method
should be employed when possible (61, 62). Multiple studies
have observed changes in cell line growth rate after developing
treatment resistance, which may be dependent on the presence
of drug (13, 34, 47, 60). Growth rate changes may confound the
measurement of drug sensitivity between treatment resistant and
pre-treatment cells.

CONCLUSION

Although treatment with BRAF inhibitors provides rapid
response in most patients, treatment resistance persists. The
few clinical studies of BRAF inhibitor resistance in patients
indicate that genetic alterations that activate MAPK/Erk make
up half of resistance mechanisms. Preclinical studies of BRAF
inhibitor resistance in melanoma support the mechanisms
observed in patients and indicate that the development of
resistance is more complex than single mutations. In vitro
models may be very helpful in studying mechanisms in the
other half of patients with no known genetic driver of BRAF
inhibitor resistance. Overall, BRAF inhibitor resistance depends
on oncogenic signaling through reactivation of MAPK/Erk or
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