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BRAF Inhibitors and Radiation Do Not Act Synergistically
to Inhibit WT and V600E BRAF Human Melanoma
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Abstract. Background/Aim: Recent evidence suggests that
melanoma patients treated with BRAF inhibitors experience
radiosensitization with an increased frequency of sideeffects. This could also imply increased effectiveness when
treating melanoma. Materials and Methods: To test whether
the BRAF inhibitors dabrafenib and vemurafenib together
with ionizing radiation more effectively inhibit melanoma
cells, primary human melanoma tumor cell lines expressing
wild-type (WT) or mutant V600E BRAF were analyzed by
cell survival, cell death, and cell-cycle testing. Results: All
melanoma cell lines examined were radioresistant in these
assays. BRAF inhibitor treatment alone suppressed cell
survival more effectively than radiation in all the mutant
V600E BRAF cell lines, and vemurafenib, but not
dabrafenib, also inhibited cell survival in the WT BRAF cell
lines at clinically relevant concentrations. However, when
cells were treated with BRAF inhibitor followed by radiation,
there was no increased effect on the suppression of cell
survival. Vemurafenib induced more necrosis than radiation
in most melanoma cell lines, irrespective of BRAF status, but
this effect was not additive with the combination treatment.
BRAF inhibitors and radiation had variable, but independent
effects on the induction of cell-cycle arrest. Conclusion:
These results suggest that BRAF inhibitors and ionizing
radiation do not act synergistically to inhibit the growth of
primary human melanoma cells.

Therapeutic options for patients with melanoma have been
rapidly evolving. The identification of activating point
mutations in the gene encoding the serine-threonine protein
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kinase BRAF in over 60% of melanomas (1, 2) greatly
altered the treatment landscape, as small-molecule inhibitors
directed against V600 mutant BRAF were subsequently
developed. Mutant BRAF constitutively activates the
mitogen-activated protein kinase (MAPK) pathway,
increasing cell proliferation and preventing apoptosis (1, 3).
The substitution of valine by glutamic acid at codon 600
(BRAF V600E) is the most common BRAF gene mutation in
cutaneous melanoma (4-7), and the BRAF V600E-selective
inhibitors vemurafenib (8) and dabrafenib (9) have been
shown to reduce the kinase activity of this protein.
Vemurafenib (10, 11) and dabrafenib (12) are currently
used as standard treatment for patients with metastatic BRAF
V600-mutated melanoma. Although overall survival is
improved with BRAF-inhibitor therapy alone and in
combination with mitogen-activated protein kinase kinase
(MEK) inhibitors (13), drug resistance remains a major
factor that limits BRAF-inhibitor clinical efficacy, and
strategies to overcome this will improve clinical outcome.
BRAF inhibitors have been reported to induce
radiosensitization in melanoma patients, with vemurafenib
increasing radiosensitivity more than dabrafenib and an
increased frequency of side effects (14). Currently, there is
no standard approach to the concomitant use of BRAF
inhibitor therapy with radiotherapy. The aim of this study
was to investigate whether a potential synergy between
BRAF inhibitor therapy and radiotherapy on melanoma cells
exists. Primary human melanoma cell lines expressing WT
or V600E mutant BRAF were treated with BRAF inhibitors,
with or without MEK inhibitors, followed by ionizing
radiation, and cell survival was analyzed. Cell death and cell
cycle responses were also evaluated following treatment with
BRAF inhibitors and radiation.

Materials and Methods

Cell lines and BRAF mutational analyses. Primary human melanoma
cells (from primary tumors) were collected in the Department of
Dermatology of the University Hospital of Erlangen following
approval by the institutional review board. Single cell suspensions
were generated by digesting tissue samples with collagenase (Sigma,
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Table I. Clinically relevant human plasma concentrations and experimental concentrations used in the present study for BRAF inhibitors vemurafenib
and dabrafenib and MEK inhibitors trametinib and cobimetinib.
Drug name (marketed as)

Vemurafenib (Zelboraf®)
Dabrafenib (Tafinlar®)
Trametinib (Mekinist®)
Cobimetinib (Cotellic®)

Experimental concentration
60 μM
1 μM
30 nM
300 nM

Darmstadt, Germany), hyaluronidase (Sigma, Darmstadt, Germany),
and DNAse (Roche, Mannheim, Germany). Continuous cell culture
was performed in RPMI (Lonza, Cologne, Germany) supplemented
with 20% fetal calf serum (FCS, PAA, Freiburg, Germany), Lglutamine (2 mM, Lonza), HEPES (PAA), pyruvate (PAA),
nonessential amino acids (PAA), and gentamicin (20 μg/ml, PAA)
with 1 to 2 passages per week. To avoid changes in cell physiology
over time, cells were used at a low passage number (<10). For
experiments, cells were cultured in RPMI supplemented with 10%
FCS, L-glutamine, and gentamicin. The BRAF gene in each cell line
was confirmed by pyrosequencing to show the presence (V600E) or
absence (WT) of the BRAF V600E mutation.

Drug treatments and radiation. Drugs were purchased from Hoelzel
Diagnostika (Cologne, Germany). Stock concentrations of the
BRAF inhibitors vemurafenib (100 mM) and dabrafenib (10 mM)
and the MEK inhibitors trametinib (10 mM) and cobimetinib
(10 mM) were prepared in dimethylsulfoxide (DMSO) and stored
at –80˚C. Cells were treated with either drug or vehicle (DMSO) for
the indicated times at the concentrations listed. Ionizing radiation
(2, 6, or 10 Gy) was generated by a General Electric Isovolt 160
with a dose rate of 4 Gy/min.

Cell survival. Cell survival assays were performed in duplicate wells
in 96-well flat-bottom plates. Four hours following seeding, cells
were treated with drug or vehicle, and the WST-1 assay (Roche,
Mannheim, Germany) was executed at the indicated time points.
Plates were read at a wavelength of 450 nm with a Wallac Victor 2
plate reader operated by Wallac 1420 Manager software. For
radiation experiments, cells were irradiated 20 hours following drug
treatment, and the WST-1 response was measured the following day.

Cell death. For analyses of cell death, cells were cultured in 6-well
plates and treated with drugs 4 hours later. After 20 hours, cells
were irradiated, and, after an additional day, harvested with trypsin.
Early apoptotic cell death was measured by annexin V (eBioscience,
Darmstadt, Germany) single-positive staining, and necrotic death
was measured by propidium iodide (eBioscience, Darmstadt,
Germany) positive staining according to the manufacturer’s
instructions. Cells were measured with a BD FACS Canto II flow
cytometer operated with BD FACS Diva software. All flow
cytometry analyses were performed with FlowJo Version 10
software with gating on singlet events.

Cell cycle. For cell cycle analyses, cells were treated and harvested
as per the cell death analyses, but instead washed in PBS, fixed in
70% ethanol on ice for 20 min, washed twice in PBS, and stained
with propidium iodide (50 μg/ml) in PBS containing RNase
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Plasma concentration
100 μM
2 μM
40 nM
500 nM

Reference for plasma concentration
(20)
(21)
(22)
(23)

(20 μg/ml, Qiagen, Hilden, Germany). Cells were measured in a
linear range with a BD FACS Canto II flow cytometer operated with
BD FACS Diva software. Singlet events were gated with FlowJo
Version 10 software.

Statistics. All statistical analyses were performed with IBM SPSS
Statistics 20 software.

Results

Dabrafenib and vemurafenib rapidly inhibited primary
human mutant V600E BRAF melanoma cells at clinically
relevant concentrations. Primary human melanoma cell lines
expressing wildtype BRAF (TZ05, TZ07, and TZ08) or
mutant V600E BRAF (TZ02, TZ03, TZ04, and TZ06) were
treated for 2 days with dabrafenib, vemurafenib, or vehicle
(DMSO) at concentrations equivalent to the published
plasma concentrations of melanoma patients treated with
these drugs (Table I) as well as lower concentrations, which
may better correspond with the amount of drug that reaches
the tumor cells in vivo. Responses in the WST-1 cell survival
assay showed that the mutant V600E BRAF cell lines were
more sensitive to dabrafenib than the WT BRAF cell lines in
the range of 10 nM to 3 μM (Figure 1A). Vemurafenib
inhibited all the cell lines tested at a concentration of 60 μM,
with all 4 mutant V600E BRAF cell lines sensitive to
concentrations as low as 1 μM (Figure 1B). For further
experiments, the clinically relevant concentrations of 1 μM
for dabrafenib and 60 μM for vemurafenib were used.
Subsequently, a time course of melanoma cell line
responses to BRAF inhibitors was established. Whereas the
mutant BRAF cell lines were inhibited by dabrafenib at all
time points examined, the WT BRAF cell lines showed
minimal or no response (Figure 1C). The mutant V600E
BRAF cell lines were also inhibited by a single treatment of
vemurafenib by day 1, and this inhibition was sustained at
days 2, 3, and 4 (Figure 1D). The WT BRAF cell line TZ07
showed minimal inhibition to vemurafenib, while TZ08 was
inhibited 20% and TZ05 60% by day 2, responses that were
sustained until day 4 (Figure 1D).

BRAF inhibitors and MEK inhibitors reduced melanoma
cell survival more effectively than radiation. Based on the
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Figure 1. Primary human melanoma cell survival responses to BRAF inhibitors. WT and mutant V600E BRAF melanoma cell lines were exposed to
increasing concentrations of (A) dabrafenib and (B) vemurafenib, and the WST-1 responses were measured following 2 days of drug treatment.
Melanoma cell lines treated with (C) 1 μM dabrafenib and (D) 60 μM vemurafenib were also examined at the indicated time points. Data are
presented as mean±SEM of 2 to 4 separate experiments performed in duplicate.

results of the BRAF inhibitor dose-response and time course
experiments, melanoma cell lines were treated with a
combination of drugs and varying doses of ionizing
radiation (0, 2, 6, and 10 Gy). The MEK inhibitors
trametinib and cobimetinib were also tested alone and in
combination with BRAF inhibitors according to their use as
a clinical treatment for melanoma patients, i.e. vemurafanib
with cobimetinib, or dabrafenib with trametinib. Results
from the representative cell lines TZ03 (for mutant V600E
BRAF) and TZ07 (for WT BRAF) are illustrated in Figures
2, 3 and 4.
All mutant V600E BRAF melanoma lines tested were
sensitive to BRAF inhibitors, MEK inhibitors, and the
combination treatments in the WST-1 assay (Figures 1 and
2). WT BRAF cell lines were less sensitive to BRAF
inhibitors than the mutant BRAF cell lines, with the
exception of TZ05, which was inhibited by vemurafenib
(Figure 1). MEK inhibitors and the combination BRAF
inhibitor/MEK inhibitor treatments suppressed the WT BRAF
cell lines in a manner similar to the mutant BRAF cell lines
(Figure 2). In all cell lines tested, the responses to

combination BRAF inhibitor/MEK inhibitor treatment were
similar to the responses to MEK inhibitor alone (Figure 2).
Regardless of BRAF mutation status, all melanoma cell
lines tested were radio-resistant (Figure 2). For cell lines that
were sensitive to vemurafenib or dabrafenib, BRAF inhibitor
treatment alone inhibited cell survival better than radiation
alone (Figure 2). MEK inhibitor treatment suppressed cell
survival more than radiation in all cell lines (Figure 2).
To test for a synergistic effect of BRAF inhibitors and
ionizing radiation, the WST-1 response of cells to radiation
was compared with the response to radiation following drug
treatment. Although the mutant V600E BRAF cell lines had
a reduced cell survival in the presence of BRAF inhibitor
plus radiation compared with radiation alone (Figure 2 A),
this effect was not synergistic because it was similar to the
response to BRAF inhibitor treatment alone. All cell lines
tested had reduced cell survival in the presence of radiation
plus a MEK inhibitor (with or without a BRAF inhibitor)
compared with radiation alone, but this effect was also not
additive because it was similar to MEK inhibitor treatment
alone (Figure 2).
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Figure 2. WST-1 cell survival responses of melanoma cell lines to radiation, BRAF inhibitors, and MEK inhibitors. Mutant V600E BRAF (A) and
WT BRAF (B) melanoma cell lines were treated with vemurafenib, dabrafenib, trametinib, cobimetinib, vemurafenib plus cobimetinib, or dabrafenib
plus trametinib prior to radiation at 0, 2, 6, or 10 Gy. Data are presented as mean±SEM of 3 separate experiments performed in duplicate. A twoway ANOVA was conducted on the influence of drug and radiation on cell survival. The effect of drugs (p<0.05), but not radiation or the interaction
effect, was statistically significant for all cell types.

Figure 3. Melanoma cell death responses to BRAF inhibitors and radiation. Mutant V600E BRAF (A) and WT BRAF (B) melanoma cell lines were
treated with vemurafenib or dabrafenib followed by 0 or 6 Gy radiation, and early apoptosis and necrosis were measured by flow cytometry.
Annexin+/propidium iodide– singlet events (white) and propidium iodide+ singlet events (black) as a percent of the total cell population are shown
as mean±SEM of 3 separate experiments. Asterisks indicate statistical significance compared with corresponding control (*p<0.05 in a one-way
ANOVA followed by a Bonferroni post-hoc test).

Dabrafenib and vemurafenib did not alter the melanoma cell
death response to radiation. The cell death profile was
analyzed by annexin+/propidium iodide– staining for early
apoptosis and by propidium iodide+ staining for necrosis in
the melanoma cell lines following treatment with the BRAF
inhibitors vemurafenib or dabrafenib, 6 Gy radiation, or a
combination of BRAF inhibitor plus radiation. Radiation
alone did not increase apoptotic or necrotic cell death in all
cell lines tested (Figure 3). Dabrafenib treatment significantly
increased apoptotic, as well as necrotic cell death in the
mutant V600E BRAF cell line TZ06, but not in the other cell
lines (Figure 3 and data not shown). Vemurafenib
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significantly increased necrosis in all of the melanoma cell
lines, except TZ04, regardless of BRAF status, but it did not
alter apoptosis (Figure 3 and data not shown).
The cell death responses to BRAF inhibitor treatment plus
radiation were not significantly different from the responses
to BRAF inhibitor alone (Figure 3). Taken together, these
results suggest that BRAF inhibitors do not sensitize
melanoma cells to radiation.

Radiation and BRAF inhibitors independently induced cellcycle arrest in melanoma cells. To determine whether BRAF
inhibitors and radiation induce changes in the primary
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Figure 4. Cell-cycle analyses of melanoma cell lines following treatment with BRAF inhibitors and radiation. Mutant V600E BRAF (A) and WT
BRAF (B) melanoma cell lines were treated with vemurafenib or dabrafenib followed by 0 or 6 Gy radiation, and the cell cycle was assessed. Data
are presented as mean±SEM of 3 separate experiments.

melanoma cell cycle, WT and mutant V600E BRAF
melanoma cell lines were treated with drugs or vehicle
followed by 6 Gy radiation. The cell cycle was examined in
fixed cells by propidium iodide labeling and analyzed by
flow cytometry 24 hours post-irradiation. As shown in Figure
4, radiation increased G2 cell-cycle arrest in all melanoma
cell lines.
Dabrafenib increased G1 cell-cycle arrest in all the mutant
V600E BRAF cell lines (Figure 4 A). Vemurafenib increased
G1 arrest in TZ02, TZ03, TZ04, and TZ05 and G2 arrest in
TZ06 and TZ07 (Figure 4 and data not shown).
BRAF inhibitor treatment prior to radiation led to a cell
cycle profile similar to BRAF inhibitor alone in melanoma
lines that were sensitive to BRAF inhibitors in this assay
(Figure 4). For cell lines that were not sensitive to BRAF
inhibitors, the combination treatment of BRAF inhibitor plus
radiation yielded a cell cycle profile similar to radiation
alone (Figure 4B).

Discussion

The results presented here show that dabrafenib rapidly and
selectively inhibited cell survival of primary human mutant
V600E BRAF melanoma cell lines, and that vemurafenib
inhibited mutant BRAF as well as some WT BRAF melanoma
lines. All cell lines tested were resistant to 10 Gy of ionizing
radiation. BRAF inhibitor plus ionizing radiation did not inhibit
cell survival better than either treatment alone in any of the cell
lines tested. Although vemurafenib increased necrotic cell
death in 6 of the 7 melanoma lines, it had no effect on
apoptosis. Dabrafenib only increased necrotic and apoptotic
cell death in the mutant V600E BRAF line TZ06. These

discrepancies between dabrafenib and vemurafenib may be due
to the higher specificity of dabrafenib to mutant BRAF
compared to vemurafenib, which also binds WT BRAF and
CRAF (15, 16). We found that radiation and BRAF inhibitors
induced varying but independent effects on cell cycle arrest.
No synergistic or additive effects of BRAF inhibitors and
radiation were observed in any of the assays. Based on the
results presented here, we would expect that the antitumor
effects of BRAF inhibitors and radiotherapy are not enhanced
by concomitant use.
A previous in vitro study has shown that vemurafenib can
induce radiosensitization in mutant BRAF cancer cell lines.
Radiosensitivity was observed in 4 melanoma cell lines
harboring the V600E BRAF mutation, but not in WT lines,
when treated with vemurafenib and ionizing radiation in a
colony-forming assay (17). Differences in results may be due
to the individual nature of human tumor cell lines, the
passage number at which the cell lines were used, as well as
the assays. A colony-forming assay will discriminate between
cells that are senescent, which are generally detected as dying
in shorter-term assays, versus cells that have been damaged
and no longer have the ability to replicate (also detected as
dying in shorter-term assays). Since we did not observe any
short-term additive effects with BRAF inhibitors plus
radiation on cell survival, cell death, or cell cycle, no longerterm additive effects are expected with these experimental
conditions. An additive effect of the BRAF inhibitor
PLX4720 and ionizing radiation was also observed in various
mutant V600E BRAF cancer cell lines but not in WT lines
(18, 19). However, these studies are difficult to compare with
ours, as they did not use dabrafenib or vemurafenib, and they
only included one melanoma cell line.
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In summary, our data suggest that the BRAF inhibitors
dabrafenib and vemurafenib do not synergize with ionizing
radiation to inhibit the growth of primary human melanoma
cells. Neither synergistic nor additive effects of BRAF
inhibition and ionizing radiation were observed in assays of
cell survival, cell death, and cell cycle. Although BRAF
inhibitors may lead to radiosensitivity side-effects in
patients, our study does not support the possibility that this
may carry over into a potential treatment regimen in
melanoma.
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