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Abstract

BRAF inhibitors are insufficient monotherapies for BRAF-mutated cancer; therefore, we investigated which inhibitory pathway
would yield the most effective therapeutic approach when targeted in combination with BRAF inhibition. The oncogenic BRAF
inhibitor, PLX4720, increased basal autophagic flux in BRAF-mutated cells compared to wild-type (WT) BRAF cells. Interest-
ingly, early autophagy inhibition improved the effectiveness of PLX4720 regardless of BRAF mutation, whereas late autophagy
inhibition did not. Although ATG5 knockout led to PLX4720 resistance in both WT and BRAF-mutated cells, the MEK inhibitor
trametinib exhibited a synergistic effect on PLX4720 sensitivity in WT BRAF cells but not in BRAF-mutated cells. Conversely, the
prolonged inhibition of endoplasmic reticulum (ER) stress reduced basal autophagy in BRAF-mutated cells, thereby increasing
PLX4720 sensitivity. Taken together, our results suggest that the combined inhibition of ER stress and BRAF may simultaneously
suppress both pro-survival ER stress and autophagy, and may therefore be suitable for treatment of BRAF-mutated tumors whose
autophagy is increased by chronic ER stress. Similarly, for WT BRAF tumors, therapies targeting MEK signaling may be a more
effective treatment strategy. Together, this study presents a rational combination treatment strategy to improve the efficacy of
BRAF inhibitors depending on BRAF mutation status.
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INTRODUCTION livan et al., 2020). Although the use of BRAF inhibitors initially
results in effective treatment of cancer patients with oncogenic
Activating BRAF mutations have been implicated in up to BRAF mutations, the effectiveness of the treatment is limited
70% of all melanomas, 10-15% of colorectal cancers, and by the onset of acquired resistance to BRAF inhibitors (Lu-
several malignant gliomas (Davies et al., 2002). These muta- ebker and Koepsell, 2019). The mechanisms of resistance
tions lead to the constitutive activation of the RAF-MEK-ERK to BRAF inhibitors are complex and multifaceted; however,
signaling cascade, which drives cancer growth (Pisapia et al., recent studies have indicated that autophagy might play an
2020). The first B-Raf-targeting drug, sorafenib, is a broad- important role in acquiring resistance to BRAF inhibitor (Xie
spectrum kinase inhibitor with higher potency against RAF-1 et al., 2015).
than BRAF (Wilhelm et al., 2004), but was ineffective in BRAF Autophagy participates in the progression of various dis-
mutant melanomas (Eisen et al., 2006). Thus, second-gen- eases by acting as an important catabolic process that main-
eration inhibitors such as PLX4720 and dabrafenib, target- tains cellular homeostasis (Ichimiya et al., 2020). Since au-
ing mutant BRAF, have been developed (Tsai et al., 2008). tophagy can both promote and inhibit tumor growth, there has
However, these inhibitors caused a problem of MAPK para- been controversy over whether or how autophagy should be
doxical activation by RAF dimerization in wild type (WT) BRAF manipulated in cancer therapy. Previously, we reported that
melanomas (Hatzivassiliou et al., 2010). The third generation autophagy deficiency enhances susceptibility to cellular trans-
BRAF inhibitors (referred to as pan-RAF inhibitors) such as formation (Hwang et al., 2018); however, induced autophagy
LY3009120 was developed to address this problem by inter- may contribute toward tumor survival during cancer progres-
fering with the monomeric and dimeric RAF complexes (Sul- sion (Choi, 2012). The identification of autophagy as a resis-
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tance mechanism against anticancer drugs has reinforced the
use of autophagy inhibitors as a novel cancer treatment strat-
egy (Poklepovic and Gewirtz, 2014). However, the role of au-
tophagy as a mechanism of acquiring resistance to anticancer
drugs requires further confirmation.

Recent studies have reported that melanomas harboring
mutant BRAF exhibit an increase in the basal autophagic rate
for maintaining cellular homeostasis (Corazzari et al., 2013).
In addition, autophagy plays a positive role in overcoming se-
nescence and enhancing the growth of mutant BRAF-induced
melanomas in mice (Xie et al., 2015) and has been shown to
be consistently induced in melanoma patients receiving onco-
genic BRAF inhibitors (Ma et al., 2014). Our previous study
implicated autophagy in acquired resistance to BRAF inhibi-
tors (Ahn and Lee, 2013); therefore, the combination of au-
tophagy and BRAF inhibition may be particularly effective in
BRAF mutant cancers, in which induced autophagy may serve
as a survival mechanism during cancer progression (Zahedi
et al., 2019).

In this study, we investigated the mechanisms via which au-
tophagy is upregulated by BRAF inhibitors and how the sensi-
tivity of tumor cells to BRAF inhibitors could be improved. We
found that BRAF inhibition induced autophagy via the nuclear
translocation of transcription factor EB (TFEB) in BRAF-mu-
tated cells. In addition, our results suggest that the combined
inhibition of endoplasmic reticulum (ER) stress and BRAF may
be suitable for the treatment of BRAF mutant cancer cells,
whereas therapeutic kinase inhibitors that target MEK may be
a more effective treatment strategy for BRAF WT cells.

MATERIALS AND METHODS

Reagents and antibodies

Rabbit polyclonal anti-LC3 antibodies were purchased
from Sigma-Aldrich (St. Louis, MO, USA), while anti-phospho-
MEK, anti-phospho-ERK, ant-phospho-elF2a, and anti-XBP-
1s antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA). SDS—polyacrylamide gel electrophore-
sis reagents were purchased from Bio-Rad (Hercules, CA,
USA). Hydroxychloroquine (HCQ), chloroquine (CQ), and
rapamycin were obtained from Sigma-Aldrich. SBI-0206965
was purchased from Cell Signaling Technology. PLX4720 and
trametinib were obtained from Selleck Chemicals (Houston,
TX, USA).

Cell lines and cell culture

Three melanoma cell lines (A375P, G-361, and SK-MEL-2)
and one colon carcinoma cell line (HCT116) were obtained
from the American Type Culture Collection (ATCC; Manassas,
VA, USA) or Korean Cell Line Bank (KCLB; Seoul, Korea).
Among the two BRAF mutant cell lines, A375P is homozygous
for V60OE, whereas G-361 is heterozygous. Two RAS mu-
tant cell lines, SK-MEL-2 (NRAS: Q61R/Q61R) and HCT116
(KRAS: G13D/+), are homozygous for WT BRAF. These cell
lines were maintained at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM, Thermo Fisher Scientific, Carlsbad, CA,
USA) supplemented with 10% fetal calf serum (Thermo Fisher
Scientific), and penicillin—streptomycin (Thermo Fisher Scien-
tific). For the experiments, cells were cultured in T-75 tissue
culture flasks until they reached 60-70% confluency.
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Plasmid DNA and transient transfection

The ATG5 CRISPR/Cas9 construct was obtained from
ToolGen (Seoul, Korea). EGFP-LC3 was a gift from Karla
Kirkegaard (Addgene plasmid #11546). pCl-neo-mApg5 was
a gift from Noboru Mizushima (Addgene plasmid #22956). pt-
fLC3 was a gift from Tamotsu Yoshimori (Addgene plasmid
#21074). pEGF-TFEB (Addgene #38119) and pCIP-Flag-Tfe-
bAA (Addgene #79014) were gifts from Reuben Shaw (UCSD,
San Diego, CA, USA). Cells were transiently transfected with
expression plasmids encoding the indicated proteins using Li-
pofectamine 2000 (Thermo Fisher Scientific).

Establishment of the ATG5 knockout (KO) cell line

ATG5 KO cells were established using the ATG5 CRISPR/
Cas9 construct, as described previously (Hwang et al., 2018),
with the following target single guide (sg) RNA: 5-AAG ATG
TGC TTC GAG ATG TGT GG-3'. The following primer sets
were used to evaluate ATG5 KO: forward, 5-GCT TCG AGA
TGT GTG GTT TG-3' and reverse, 5-CAG TGG TGT GCC
TTC ATA TT-3". PCR products were verified through electro-
phoresis using 2% agarose gel.

Cell survival assay

The effect of each treatment on cell viability was deter-
mined through WST-1 assay. Briefly, cells were seeded at
5x10° cells per well into 96-well plates and were treated with
the indicated reagents for the indicated days. Next, WST-1 (10
uL/well) was added into each well and cultured for additional 4
h. Absorbance was measured at 450 nm using a SpectraMax
190 microplate reader (Molecular Devices, Sunnyvale, CA,
USA). Assays were performed in quadruplicate for each treat-
ment and the average absorbance was normalized to that of
the control (100%) to determine relative cell viability.

Analysis of autophagic flux using a tandem mRFP-GFP-
LC3 reporter

Cells were seeded in a 60-mm dish and transiently trans-
fected with ptfLC3 (tandem mRFP-GFP-LC3) plasmids at
70-80% confluency. After 24 h, cells were re-plated in 4-well
chamber slides and treated with the indicated reagents before
being fixed in 10% neutral-buffered formalin for 10 min, rinsed
three times with DPBS for 5 min, and mounted on slides us-
ing VECTASHIELD Antifade mounting media (#H-100, Vec-
tor Laboratories, Burlingame, CA, USA). Slides were imaged
using an Axio Imager Z1 upright trinocular fluorescence mi-
croscope equipped with an Axiocam 506 color (Carl Zeiss,
Thornwood, NY, USA). Approximately 20 transfected cells
were quantitatively analyzed per treatment. The ptfLC3 plas-
mids simultaneously detect LC3-positive immature autopha-
gosomes (yellow) and mature autolysosomes (red) (Kimura
et al., 2007). The numbers of LC3 puncta per cell were calcu-
lated using ImageJ software (NIH, Bethesda, MD, USA).

Preparation of cell lysates and immunoblot analysis

To prepare whole-cell lysates, cells were scraped into lysis
buffer containing 1% Triton X-100 and then were centrifuged
at 15,000xg and 4°C for 10 min. Protein concentration in the
lysates was quantified using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). Inmunoblot analysis was per-
formed as previously described (Hwang et al., 2018). Chemi-
luminescent signals were captured using a Bio-Rad Chemi-
Doc XRS+ instrument and quantified using Bio-Rad Image
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Fig. 1. Effects of PLX4720 on cell growth and autophagy in cells with different BRAF mutational status. (A) Whole-cell lysates were immu-
noblotted with antibodies against phospho-ERK, ERK, phospho-MEK and MEK. Cells were BRAF homozygous or heterozygous for wild-
type (WT), or V60OE (E) mutation. (B) Cell viability, measured through WST-1 assay, relative to vehicle controls in four cell lines exposed
to PLX4720 (0.1-10 uM) for 72 h. Values represent the mean + SD of quadruplicate determinants from one of three representative experi-

ments.

Lab software, version 5.2.1 (Bio-Rad).

Synergy measurements

The combination index (Cl) was calculated according to the
method of Chou and Talalay (Chou, 2010) using CompuSyn
software (downloaded from http://www.combosyn.com/), with
values of <1, =1, and >1 indicating synergism, additive effects,
and antagonism, respectively.

RESULTS

Effects of PLX4720 on cell lines with different BRAF
mutational status

BRAF activating mutations drive tumorigenesis by consti-
tutively activating the MAPK pathway (Cantwell-Dorris et al.,
2011). As expected, the two BRAF mutant cell lines (A375P
and G-361) had high basal levels of MEK/ERK phosphory-
lation (Fig. 1A), whereas much lower levels were observed
in the two wild-type (WT) BRAF cell lines bearing activating
RAS mutations (SK-MEL-2 and HCT116), despite the MAPK
signaling cascade being a downstream regulator of RAS acti-
vation. The cell survival assay revealed that sensitivity to the
BRAF inhibitor, PLX4720, correlated well with the BRAF muta-
tional status of the cell lines (Fig. 1B). In particular, the BRAF
mutant cells were much more sensitive to PLX4720 than the
WT BRAF cells. MEK is a common downstream effector of
RAF; therefore, MEK inhibitors have the potential to target
all tumors dependent on MAPK signaling. We observed that
the MEK inhibitor trametinib and ERK inhibitor SCH772984
showed efficacy against all cell lines tested, irrespective of
BRAF mutation (Supplementary Fig. 1). Interestingly, A375P
cells displayed stronger resistance to both MEK and ERK in-
hibitors than the other three cell lines.

Association of autophagy with mutant BRAF

Tumor cells harboring mutant BRAF have been shown to
exhibit an increased basal rate of autophagy (Rather et al.,
2020). In this study, we investigated the link between sensi-
tivity to BRAF inhibitors and basal autophagy by comparing
the basal autophagic flux in four cell lines with different BRAF
mutational status using LC3 conversion and tfLC3 imaging as-
says. As shown in Fig. 2A, levels of the autophagic marker

https://doi.org/10.4062/biomolther.2020.203

LC3-1l were elevated in two BRAF-mutated cell lines (A375P
and G-361) but were lower in two WT BRAF cell lines (SK-
MEL-2 and HCT116). To confirm these observations, we mea-
sured autophagic flux using ptfLC3 plasmids. Overall, a higher
number of autolysosomes were observed in the BRAF mutant
cells compared to WT BRAF cells (Fig. 2B). In addition, we
assessed the effect of PLX4720 on autophagic flux by visual-
izing tandem mRFP-GFP-tagged LC3. Increased autophago-
some formation was evident in all cell lines, but particularly
BRAF-mutated cells, after PLX4720 treatment in the presence
of the autophagy inhibitor HCQ (Fig. 2C). PLX4720-induced
autophagy was also confirmed in A375P cells in the pres-
ence of HCQ by LC3 western blotting, in which autophagic
flux was calculated based on the LC3-Il band normalized to
B-actin (Fig. 2D). Importantly, the LC3-I band is not an index of
autophagic flux, and therefore, the LC3-1l band should not be
normalized to the LC3-I band for the evaluation of autophagic
flux (Zhang et al., 2016).

TFEB nuclear translocation and autophagy induction in
BRAF-mutated cells treated with PLX4720

FEB regulates the expression of most ATG genes, along
with genes involved in lysosomal biogenesis (Settembre et al.,
2012). Unphosphorylated TFEB has been reported to translo-
cate from the cytoplasm to the nucleus, and act as a transcrip-
tion factor that coordinates expression of lysosomal hydro-
lases, membrane proteins and genes involved in autophagy
(Settembre et al., 2011). In BRAF mutant cancer, constitutive
TFEB phosphorylation by the BRAF downstream effector ERK
has been shown to cause its cytoplasmic retention, leading
to the down-regulation of autophagy—lysosome target genes
(Li et al., 2019). Consistently, BRAF inhibition with PLX4720
treatment strongly triggered the nuclear translocation of TFEB
in BRAF-mutated A375P cells in this study, but only weakly
triggered translocation in WT BRAF SK-MEL-2 cells (Fig. 3A).
To further explore the role of TFEB in autophagy induction,
we investigated the effect of the forced overexpression of
constitutively active S142A/S211A-TFEB mutant (TFEBAA)
in A375P and SK-MEL-2 cells. We found that TFEBAA was
mainly localized in the nucleus of both A375P and SK-MEL-2
cells (Fig. 3B). Moreover, we observed an increase in GFP-
LC3 puncta in A375P cells co-transfected with TFEBAA and
ptf-LC3 (Fig. 3C). In addition, The TFEBAA overexpression
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Fig. 2. Effects of PLX4720 on autophagy in cells with different BRAF mutational status. (A) Protein levels of autophagic markers were
evaluated in four cell lines with different BRAF mutational status by monitoring LC3 conversion using western blotting. LC3 quantification re-
flects the LC3II/LC3I ratio. Protein levels were normalized to B-actin. (B) Representative histograms and quantification of basal autophagy.
Autophagic flux was measured using the ptfLC3 plasmid that simultaneously expresses mRFP- and GFP-tagged LC3 protein. Quantification
of the ratio of autophagosomal to autolysosomal LC3 puncta (n=20). (C) Cells were transfected with the ptfLC3 plasmid and treated with
PLX4720 (1 uM) or HCQ (10 uM) for 24 h alone or in combination. Autophagosomes (yellow) show GFP-mRFP colocalization. Autolyso-
somes appear red. Right panel: quantification of the ratio of autophagosomal to autolysosomal LC3 puncta (n=20). (D) Cells were treated
with PLX4720 (1 uM) or HCQ (10 uM) for 24 h alone or in combination. LC3 conversion was detected by immunoblot analysis. Autophagic
flux was calculated using the LC3-Il band normalized to B-actin. Lower panel: autophagic flux based on the LC3-Il band calculated as the

difference between the HCQ-treated and untreated groups.

caused an increase in short-term proliferation of A375P cells
after PLX4720 treatment as compared with mock-transfected
cells (Fig. 3D). Together, these findings suggest that BRAF
inhibitors induce autophagy via the nuclear translocation of
TFEB, resulting in resistance to BRAF inhibition in BRAF-
mutated cells.

Pharmacologic inhibition of early-stage autophagy
enhances the efficacy of BRAF inhibition

Since our results showed that basal autophagy was en-
hanced in BRAF-mutated cells, we assessed the sensitivity of
BRAF mutant cells to BRAF and autophagy inhibition by treat-
ing BRAF-mutated and WT cells with early- (SBI-0206965)
or late- (HCQ) stage autophagy inhibitors in the presence of
a BRAF inhibitor. SBI-0206965 is an ATP-competitive ULK1
kinase inhibitor that has been shown to effectively inhibit
early-stage autophagy (Egan et al., 2015), whereas HCQ is

437

thought to inhibit autophagosome fusion with lysosomes at
the late stage of autophagy (Piao and Amaravadi, 2016). The
exposure of cells to these autophagy inhibitors reduced cell
viability in a dose-dependent manner in all cell lines (Fig. 4).
Combined treatment with PLX4720 and SBI-0206965 resulted
in significantly greater cytotoxicity than either treatment alone
(Supplementary Fig. 2A); however, this combination treatment
was not effective in colon carcinoma cell line, HCT116, sug-
gesting that the efficacy can be variable depending on the cell
types. On the other hand, PLX4720 sensitivity was not sig-
nificantly improved by the addition of HCQ (Supplementary
Fig. 2B). To assess whether the combined efficacy is due to
a synergistic effect, we calculated ClI values using the Chou—
Talalay method (Table 1) (Chou, 2010). Our data indicate that
early autophagy inhibition improves the effectiveness of BRAF
inhibitors, irrespective of BRAF inhibitor sensitivity.

www.biomolther.org
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Fig. 3. TFEB nuclear translocation and autophagy induction in PLX4720-treated A375P cells. (A) Cells were transiently transfected with
pEGFP-TFEB, exposed to PLX4720 (1 uM) for 24 h, and then fixed and counter-stained with Hoechst 33342 to identify the nucleus. (B)
Cells were transiently transfected with FLAG-tagged TFEBAA (constitutively active S142A/S211A-TFEB mutant), and then fixed and coun-
ter-stained with Hoechst 33342 to identify the nucleus. (C) A375P and SK-MEL-2 cells were co-transfected with FLAG-tagged TFEBAA and
pEGFP-LC3 before being stained with anti-FLAG antibodies. TFEBAA localization and LC3 puncta formation were detected by fluorescence
microscopy. Lower panel: quantification of GFP-LC3 puncta per cell. Data are expressed as mean + SD. **p<0.01 as compared with mock-
transfected cells, as determined by unpaired t-test. (D) A375P cells were transfected with mock or FLAG-tagged TFEBAA for 24 h. The cells
were washed, treated with increasing concentrations of paclitaxel ranged from 0.1 to 0.5 uM for 72 h. Cell viability was determined by the
WST-1 assay. All values are relative to the vehicle control and are presented as mean + SD (n=4). **p<0.01 as determined by the Dunnett’s
t-test compared to control cells. Values represent the mean + SD of quadruplicate determinants from one of three representative experi-

ments.

Synergistic effects of combined treatment with PLX4720
and MEK inhibitor on cell survival

The constitutive re-activation of downstream MEK/ERK sig-
naling is thought to be the primary mechanism underlying in-
trinsic resistance to BRAF inhibitors (Lito et al., 2013). There-
fore, a popular approach for treating cancer patients with
BRAF mutations involves simultaneous targeting of BRAF and
MEK (Cheng et al., 2018), although resistance to combined
therapy is still observed in these patients (Holderfield et al.,
2014). We found that the MEK inhibitor trametinib increased
the efficacy of PLX4720 more effectively than autophagy in-
hibitors in both BRAF-mutated and WT cells (Table 1, Supple-
mentary Fig. 3).
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Establishment and validation of ATG5 KO cell lines

To further elucidate the role of autophagy in PLX4720-in-
duced cell death, we established a cell line knocked-out for
ATG5, which is necessary for autophagosome elongation.
ATG5 KO in the A375P cell line was established as described
previously (Kim et al., 2016) and CRISPR/Cas9 genome edit-
ing was employed to establish ATG5 KO in SK-MEL-2 cells.
ATG5 sgRNA and target site were shown in Fig. 5A. Six clones
were probed for ATG5 protein expression using immunoblot
assays (Supplementary Fig. 4) and the lack of autophagy in
ATG5 KO SK-MEL-2 cells was confirmed by LC3 conversion
(Fig. 5B). LC3-Il was not observed in ATG5 KO cells. From
the initial screening, ATG5 gene disruption was confirmed in



>

140
120

)

-
® O
o o
TR—

[e2]
o

1 —e— A375P
40 —=— G-361
—A— SK-MEL-2
—o— HCT116

Relative cell viability
(% control

N
o
1

o

T
01 05 1 5 10 20 40
SBI-0206965 (uM)

o

Yeom etal. Combined BRAF and Autophagy Inhibition

B 120
2 100%
Q —
.S 3 80
] § 60
S 204 A375P
- —=— (G-361
K 204 —2— SK-MEL-2
—o— HCT116
O T T T T hd had ha
0 1 2 5 10 25 50 75

Hydroxychloroquine (uM)

Fig. 4. Growth response to autophagy inhibitors in cell lines with different BRAF mutational status. Four cell lines were also treated with
increasing concentrations of either early autophagy inhibitor SBI-0206965 (A) or late autophagy inhibitor HCQ (B) for 72 h. Cell growth was
evaluated using a WST-1 assay. The relative viability of cells treated with the vehicle alone was regarded as 100%. Values represent the
mean + SD of quadruplicate determinants from one of three representative experiments.

Table 1. Combination index (Cl) for early or late-stage autophagy or MEK inhibitors combined with PLX4720 in BRAF WT and mutant cells

PLX4720 (uM)

Cell line
0.1 0.5 1 5
SBI (M)
A375P 10 0.76 0.50 0.50 0.68
G-361 10 0.92 0.78 0.73 0.87
SK-MEL-2 10 0.46 0.47 0.40 0.41
HCT116 10 1.52 1.56 1.43 1.19
HCQ (uM)
A375P 10 3,287.86 1.91 1.45 7.51
G-361 10 2.51 2.36 2.33 2.09
SK-MEL-2 10 2,97 5.16 1.75 2.52
HCT116 10 1.09 0.97 0.86 1.08
Trametinib (M)
A375P 0.1 0.03 0.12 0.20 0.66
G-361 0.1 0.15 0.14 0.14 0.15
SK-MEL-2 0.1 0.02 0.02 0.02 0.05
HCT116 0.1 0.26 0.27 0.26 0.25

Four cell lines were treated with increasing PLX4720 doses in combination with SBI-0206965 (10 uM), HCQ (10 yM) or trametinib (0.1 uM)
for 3 days. Cell viability was assessed using WST-1 assays. The Chou-Talalay equation was used to calculate the IC5, and determine syn-
ergism. Cl values of <1, =1, and >1 indicate synergy, additives, and antagonism, respectively.

one clone (#2-10) by genomic DNA sequencing (Fig. 5C) and
the lack of functional autophagy in this clone was further veri-
fied by the conversion of non-autophagic LC3-I into autopha-
gic LC3-Il in response to 250 nM rapamycin, an autophagy
inducer (Fig. 5D). As expected, autophagic LC3-Il was not
detectable in the ATG5 KO cells and there was pronounced
non-autophagic LC3-1 accumulation. Treatment with CQ, an
established inducer of autophagosome accumulation, led to
the prominent accumulation of LC3-Il in SK-MEL-2 cells but
not its ATG5 KO cells.

Combination of PLX4720 and trametinib exerts a
synergistic effect on reducing the survival of ATG5 KO
SK-MEL-2 cells

Next, we investigated the effect of PLX4720 on MEK/ERK
activation status in both ATG5 KO A375P and SK-MEL-2 cells
(Fig. 6A). Consistent with a previous study (Poulikakos et al.,
2010), PLX4720 completely inhibited MEK/ERK phosphory-
lation in BRAF-mutated A375P cells but induced MEK/ERK

phosphorylation in WT BRAF SK-MEL-2 cells. However, the
changes in MEK/ERK phosphorylation caused by PLX4720
did not differ between ATG5 KO and parental cells, irrespec-
tive of BRAF mutation. The MEK inhibitor trametinib also dras-
tically reduced MEK/ERK phosphorylation in both A375P and
SK-MEL-2 cells regardless of ATG5 KO (Fig. 6B). Although
MEK and ERK activation were inhibited by PLX4720 or tra-
metinib in ATG5 KO cells, these cells showed stronger resis-
tance to both inhibitors than their parental cells (Fig. 6C, 6D),
suggesting that functional autophagy is required for the cyto-
toxic action of PLX4720 and trametinib against tumor cells.
Neither autophagy inhibitor (SBI-0206965 and HCQ) altered
cell survival between autophagy-proficient (parental) and defi-
cient (ATG5 KO) cells (Fig. 6E, 6F).

We also examined the effect of early or late-stage autoph-
agy or MEK inhibitors on ATG5 KO cells in the presence of
BRAF inhibition (Table 2, Supplementary Fig. 5). As expected,
ATG5 KO abolished the synergistic effects of combined treat-
ment with PLX4720 and SBI-0206965. In addition, HCQ had
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no synergistic effect with PLX4720 in ATG5 KO A375P or SK-
MEL-2 cells, consistent with its effects in parental cells. Inter-
estingly, trametinib exerted a synergistic effect on sensitivity to
BRAF inhibitors in cells bearing WT BRAF but not activating
BRAF mutants when ATG5 was knocked out.

ER stress inhibition enhances the cytotoxic effect of
PLX4720 in A375P cells

Oncogenic BRAF has been reported to induce chronic ER
stress, thereby enhancing basal autophagy (Rather et al.,
2020). Also, ER stress has been shown to provoke and pre-
cede BRAF inhibitor-induced autophagy (Ma et al., 2014). In
this study, PLX4720 treatment significantly upregulated sev-
eral critical ER stress markers, including XBP-1s and p-elF2a
(normalized to B-actin expression), in A375P cells compared to
the untreated control (Fig. 7A). Relatively high basal p-eiF2a
levels were observed in SK-MEL-2 cells but there was no
change in the expression of ER stress markers after PLX4720
treatment. Three weeks of 4-phenylbutyric acid (4-PBA; ER
stress inhibitor) treatment attenuated the upregulation of ER
stress markers in response to PLX4720 in A375P cells, thus
relieving the ER stress induced by BRAF inhibition.

Next, we determined whether ER stress inhibition with
chemical chaperones would decrease basal autophagy and
increase PLX4720 susceptibility. The tfLC3 imaging assay
revealed yellow and red fluorescent LC3 puncta, indicative
of autophagosome and autolysosome accumulation, respec-
tively (Fig. 7B). Three weeks of pre-exposure to 4-PBA sig-
nificantly reduced PLX4720-induced autolysosome accumula-
tion in A375P cells but not SK-MEL-2 cells. Therefore, 4-PBA
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appears to alleviate chronic ER stress in BRAF mutant cells
and consequently reduce autophagic activity. In addition, we
found that 4-PBA enhanced the sensitivity of BRAF mutant
A375P cells to low concentration PLX4720 (0.05-1 uM; Fig.
7C), indicating a cytoprotective role for autophagy induced by
chronic ER stress.

DISCUSSION

Tumor cells harboring oncogenic BRAF mutations have
been shown to display an increased basal rate of autophagy
(Corazzari et al., 2013). Consistently, this study confirmed an
overall increase in the number of autolysosomes in BRAF mu-
tant cells. Although RAS-driven cancer cells are also known
to upregulate basal autophagy (Kinsey et al., 2019), the two
RAS mutant cell lines exhibited a lower rate of basal autoph-
agy than the two BRAF mutant cell lines, indicating that RAS
and BRAF oncogenes differentially regulate the autophagic
properties of the examined cancer cells. Many studies have
revealed that chemotherapies such as BRAF inhibitors can
induce autophagy to confer a significant growth advantage to
cancer cells (Ma et al., 2014). Here, we found that PLX4720
generally increased the number of autolysosomes in BRAF
mutant cells compared to BRAF WT cells and also triggered
the nuclear translocation of TFEB much more strongly in
BRAF mutant cells than in WT BRAF cells. TFEB phosphory-
lation by mTORC1 or ERK, the oncogenic downstream effec-
tor of BRAF, has been shown to lead to its cytoplasmic reten-
tion and impair autophagy-lysosomal function (Settembre et
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trol and are presented as mean + SD (n=4).

al., 2012; Li et al., 2019). Therefore, our results suggest that
PLX4720 suppresses ERK by inhibiting oncogenic BRAF, in
turn allowing the nuclear localization of TFEB and increasing
the production of autophagy-lysosomal factors in BRAF mu-
tant cells. The differences in autophagy induction by PLX4720
observed between BRAF mutant and WT cells may be due to
the cytoplasmic retention of TFEB via paradoxical ERK activa-
tion in BRAF WT cells.

There have been conflicting reports regarding the role of
autophagy in carcinogenesis; for instance, autophagy has
been shown to promote growth of oncogenic BRAF-driven
tumorigenesis (Xie et al., 2015), whereas reduced autophagy-
related gene expression was observed in metastatic mela-
noma patients with oncogenic BRAF (Liu et al., 2014). Our
previous study reported that autophagy deficiency enhanced
susceptibility to cellular transformation (Hwang et al., 2018),
suggesting a cytotoxic role for autophagy; however, various
recent studies have suggested that autophagy may suppress
tumor initiation but also promote tumor progression (Yang et
al., 2014). Despite finding that PLX4720 and trametinib in-
duced equivalent levels of MEK/ERK inhibition in ATG5 KO
and parental cells, this study showed that ATG5 KO promoted
resistance to both PLX4720 and trametinib in A375P and SK-
MEL-2 cells, regardless of BRAF mutation. These results sug-
gest that basal autophagy is required for the cytotoxic action
of BRAF and MEK inhibitors against tumor cells. Conversely, a
previous study indicated that BRAF inhibitor-induced autoph-
agy is a pro-survival mechanism that limits BRAF inhibitor-

induced cell death (Ma et al., 2014). While induced autophagy
may contribute toward tumor development, basal autophagy
may play a role in tumor suppression (Choi, 2012); however,
the underlying molecular mechanisms remain unknown.

Due to the apparent pro-survival role of autophagy in
PLX4720-induced cell death, it has been suggested that au-
tophagy inhibition may improve the response of tumor cells
to BRAF inhibition (Levy et al., 2014). In fact, autophagy in-
hibition was shown to be effective when combined with an
oncogenic BRAF inhibitor in patients who express the BRAF
VE600E mutant (Levy et al., 2014); however, we found that
early or late autophagy inhibition can exert differe