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Epigenetic inhibitors eliminate senescent melanoma
BRAFV600E cells that survive long-term BRAF inhibition
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Abstract. It is estimated that ~50% of patients with melanoma
harbour B-Raf (BRAF)V600 driver mutations, with the most
common of these being BRAFV600E, which leads to the
activation of mitogen-activated protein kinase proliferative
and survival pathways. BRAF inhibitors are used extensively
to treat BRAF-mutated metastatic melanoma; however,
acquired resistance occurs in the majority of patients. The
effects of long-term treatment with PLX4032 (BRAFV600
inhibitor) were studied in vitro on sensitive VO60OE
BRAF-mutated melanoma cell lines. After several weeks
of treatment with PLX4032, the majority of the melanoma
cells died; however, a proportion of cells remained viable and
quiescent, presenting senescent cancer stem cell-like charac-
teristics. This surviving population was termed SUR cells,
as discontinuing treatment allowed the population to regrow
while retaining equal drug sensitivity to that of parental cells.
RNA sequencing analysis revealed that SUR cells exhibit
changes in the expression of 1,415 genes (P<0.05) compared
with parental cells. Changes in the expression levels of a
number of epigenetic regulators were also observed. These
changes and the reversible nature of the senescence state
were consistent with epigenetic regulation; thus, it was inves-
tigated as to whether the senescent state could be reversed
by epigenetic inhibitors. It was found that both parental and
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SUR cells were sensitive to different histone deacetylase
(HDAC) inhibitors, such as SAHA and MGCDO0103, and
to the cyclin-dependent kinase (CDK)9 inhibitor, CDKI-73,
which induced apoptosis and reduced proliferation both in
the parental and SUR populations. The results suggested
that the combination of PLX4032 with HDAC and CDK9
inhibitors may achieve complete elimination of SUR cells
that persist after BRAF inhibitor treatment, and reduce the
development of resistance to BRAF inhibitors.

Introduction

It is estimated that ~50% of patients with melanoma harbour
B-Raf (BRAF)V600 driver mutations, the most common of
which being BRAFV600E; this mutation leads to the activation
of mitogen-activated protein kinase (MAPK) proliferative and
survival pathways (1). BRAF inhibitors, alone or in combination
with MAPK kinase (MEK) inhibitors, are extensively used to
treat BRAF-mutated metastatic melanoma; however, acquired
resistance unfortunately occurs in the majority of patients (2).
Resistance mechanisms involve mutations or changes in gene
expression that result in the reactivation of MAPK signalling,
or the activation of other proliferative and survival pathways,
such as PI3K signaling (3-7). Increasing evidence suggests
that these resistant states exist prior to treatment and may
be selected by treatment with BRAF inhibitors (8,9). These
subpopulations can contribute to tumour progression by
presenting a slow-cycling behaviour or phenotype associated
with epithelial-to-mesenchymal transition. This plasticity may
allow a rapid and dynamic response, generating a phenotype
that could more effectively tolerate drug treatment, underlying
the limited cell death observed in vitro and in vivo during
targeted therapy (8).

Acquired drug resistance could also be driven by epigenetic
events; it has been shown that epigenetic alterations contribute
to chemotherapy resistance in different types of tumours,
including breast, colorectal and ovarian cancers (10-13). Recent
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evidence suggests that chromatin architecture reprogramming
could be also implicated in drug resistance to MAPK inhibi-
tors in melanoma cells (14,15). Several groups have reported
that treatment with different epigenetic inhibitors, such as
histone deacetylate (HDAC) inhibitors (16,17), bromodomain
and extra-terminal motif (BET) inhibitors (18) and DNA
methyltransferase (DNMT) inhibitors (19), in combination
with BRAF inhibitors, could overcome resistance.

Aside from the resistant cells that are able to proliferate
in the presence of MAPK inhibitors, our and other previous
studies have shown that BRAF and MEK inhibitors can lead
to the enrichment of a drug-tolerant tumour cell population
that persists in a slow-cycling or quiescent state (9,20-22).
This evidence now may be of greater clinical relevance, as
combined BRAF and MEK inhibitor treatment has been
recently approved in the adjuvant setting for patients with
stage III recurrent BRAFV600-mutated melanoma, as it was
reported to result in a significantly reduced risk of recur-
rence (23). If a population of persisting melanoma cells is
present, once the treatment is discontinued, they could give
rise to relapses.

Our previous study described a persistent mela-
noma cell population [surviving (SUR) cells], obtained
following long-term PLX4032 treatment, of sensitive
BRAFV600E-mutated melanoma cell lines (20). SUR cells
express the cancer stem cell markers CD271 and ATP-binding
cassette B5, and present senescence-associated character-
istics, such as senescence-associated (SA) p-galactosidase
activity. Discontinuing MAPK inhibitor treatment of SUR
cells permits their regrowth, and they eventually regain drug
sensitivity equal to parental cells, demonstrating the plas-
ticity of the SUR phenotype. SUR cells exhibit an increased
tumorigenicity compared with parental cells when injected
subcutaneously in NOD/SCID-y (NSG) mice, yet retain mela-
noma differentiation antigens (Ags) and human leukocyte Ag
class I expression, and are therefore susceptible to Ag-specific
cytotoxic T lymphocytes lysis (20).

It was hypothesized that the SUR phenotype may be deter-
mined by epigenetic changes. Thus, the aim of the present
study was to determine if treatment with epigenetic inhibitors
could efficiently eliminate the SUR population. SUR cell
sensitivity to different epigenetic inhibitors was analysed, and
it was found that both parental and SUR cells were sensitive
to HDAC inhibitors. It is proposed that the combination of
PLX4032 with epigenetic inhibitors could be efficacious to
achieve complete elimination of SUR cells that persist after
long-term BRAF inhibitor treatment.

Materials and methods

Cell lines and drugs. The MEL-XY3 and MEL-XY13 cell
lines have already been described (20). MEL-XX12 and
MEL-XX15 were obtained in-house from metastatic mela-
noma biopsies. Both cell lines present the BRAFV600E
mutation. MEL-XX12 was established from a 58-year-old
female diagnosed with cutaneous melanoma in the right side
of the back. The patient developed a local recurrence in the
back which was excised at the Hospital Naval Dr Pedro Mallo
(Buenos Aires, Argentina). The patient provided oral consent
(as the patient was hospitalised in a different institution at
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the time of collection, oral rather than written consent was
obtained) for the collection of part of the fresh tumour to be
used for the establishment of experimental cell lines for cancer
research purposes. The MEL-XX15 cell line was established
from a 38-year-old female diagnosed with cutaneous mela-
noma in the right forearm. The cell line was derived from a
metastatic subcutaneous nodule excised from the breastbone
site at 4 years after diagnosis. Surgery was conducted at the
Instituto Alexander Fleming (Buenos Aires, Argentina), and
the patient provided signed informed consent for surgery and
the use of part of the tumour sample for scientific research.
Ethical approval of the informed consent for surgery was
granted by the Comité de Etica en Investigacién del Instituto
Alexander Fleming prior to the isolation and establishment of
these two cell lines.

Melanoma cell lines were cultured in DMEM (Gibco;
Thermo Fisher Scientific, Inc.; MEL-XY3 cells only) or
melanoma medium [DMEM:F-12 (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 2 mM glutamine, 20 nM
sodium selenite, 100 xM ascorbic acid, 0.3 mg/ml galactose,
0.15 mg/ml sodium pyruvate, 5 yg/ml insulin; all cell lines]
plus 10% fetal calf serum (AusGeneX), 100 IU/ml penicillin
and 10 pg/ml streptomycin. All cells were maintained at 37°C
in a 5% CO, humidified atmosphere. Mycoplasma detec-
tion was regularly assayed by PCR. PLX4032, GDC-0973,
MGCDO0103, SAHA, S63845, panobinostat and tubacin were
purchased from MedChemExpress LLC. IBETI151, JQ-1,
OTX-015, decitabine, EPZ-6438 and GSK126 were purchased
from Selleck Chemicals. MC1568, sodium butyrate and
trichostatin A (TSA) were purchased from Sigma-Aldrich
(Merck KGaA). CDKI-73 was a gift from Dr Shudong Wang
(University of South Australia).

Generation of SUR cells. SUR cells were generated by
exposing parental cells to 10 zM PLX4032 or 10 uM PLX4032
+ 1 uM GDC-0973 combined treatment for 5 weeks. Media
was changed twice weekly.

RNA sequencing (RNA-seq). RNA-seq was performed for
MEL-XY3 and SUR MEL-XY3 cells following PL.X4032
exposure using the Illumina Hiseq 4000 sequencing platform
(Illumina, Inc.) with >20 million high-quality single-end
reads per sample (sequencing was performed by BGI
Americas). Quality control of reads was performed with
FASTX-Toolkit (http:/hannonlab.cshl.edu/fastx_toolkit/) and
FastQC (http://www.bioinformatics.babraham.ac.uk/proj-
ects/fastqc/). Reads were aligned to the latest human Hg38
reference genome using the STAR spliced read aligner (24).
Fragment counts were derived using the HTSeq package (25).
Differentially expressed genes were identified by a ranking
based on adjusted P-values <0.005 and a false discovery rate
(FDR) =<0.1 using the R package edgeR (R version 3.2) (26,27).
Gene set enrichment analysis (GSEA) (28) was performed
using GSEA software from Broad Institute (https:/www.
gsea-msigdb.org/gsea/index.jsp). The present RNA-seq dataset
was compared against a Molecular Signature Database gene set
composed of a Gene Ontology (GO; http:/geneontology.org/)
gene set library (C5 collection), with an FDR <0.25 and P<0.01.
The data discussed in this publication have been deposited in
Gene Expression Omnibus (GEO) (29) and are accessible via
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GEO accession number GSE126960 (https:/www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE126960).

Normalized RNA-seq data were retrieved from GSE50509
dataset of the GEO database (29,30). Graphs were plotted
using GraphPad Prism software (GraphPad Software, Inc.). A
two-tailed paired t-test was performed to analyse the statis-
tical significance of the given samples.

Reverse phase protein array (RPPA). RPPA experiments
were performed to analyze protein expression in MEL-XY3
cells, in MEL-XY3 cells treated for 7 days with PLX4032,
in MEL-XY3 SUR cells and in MEL-XY3 SUR cells 7 days
after drug removal, at which point the cells had resumed
proliferating. RPPA was performed at the Victorian Centre for
Functional Genomics RPPA platform at the Peter MacCallum
Cancer Centre (Melbourne, Australia). Protein lysates were
prepared in biological duplicates from cell lines freshly lysed
in Zeptosens Cell Lysis Buffer 1 (CLBI; Bayer AG) and quan-
tified using a Pierce™ Coomassie Plus Bradford Protein Assay
Kit (Thermo Fisher Scientific, Inc.); triplicate measurements
were performed for each sample. Employing a Sciclone/Caliper
ALH3000 liquid handling robot (PerkinElmer, Inc.), samples
were serially diluted in 10% CLB1:90% CSBLI1 spot-
ting buffer (Zeptosens AG; Bayer AG) and spotted onto
ZeptoChips (Zeptosens AG; Bayer AG) in duplicate using a
Nano-plotter-NP2.1 noncontact microarray system (GeSiM
mbH). Chips were blocked under non-contact conditions for
1 h with BB1 buffer (Zeptosens AG; Bayer AG) and incubated
with prevalidated primary antibodies (1:500) for 20 h (details
of the antibodies used by the RPPA platform can be found at
https://research.unimelb.edu.au/infrastructure/acrf-translational-
reverse-phase-protein-array-platform), and Zenon™
Alexa Fluor® 647 anti-rabbit secondary antibody (1:1,000;
cat. no. Z-25308; Thermo Fisher Scientific) for 4 h. Chips were
read on a Zeptosens instrument (Zeptosens AG; Bayer AG),
and ZeptoView software version 3.1 was utilized to calculate
the relative fluorescence intensity. All samples were normal-
ized to the background values reported in the negative control
containing secondary antibody only. Duplicates were aver-
aged, samples normalised by global rank invariant method and
the data log2-normalised; log2 fold changes compared to the
parental MEL-XY3 cell line were presented. The RPPA heat
map was generated with Plotly software (https:/chart-studio.
plot.ly/create/#/).

Western blotting. Cell pellets were lysed with RIPA buffer
(150 mM sodium chloride, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 50 mM Tris pH 8.0) plus protease inhibitor
(cat. no. P8340) and phosphatase inhibitor (cat. no. P5726;
both Sigma-Aldrich; Merck KGaA) at recommended rates.
Western blotting was conducted as described previously (20).
Total protein was determined using a BCA assay (Bio-Rad
Laboratories, Inc.). Blocking of membranes was performed at
room temperature for 1 h; primary antibody incubations were
performed overnight at 4°C, with secondary antibody incuba-
tions performed at room temperature for 1 h. Labelled bands
were detected by Clarity ECL kit (Bio-Rad Laboratories,
Inc.) and images were captured by the ChemiDoc MP
Bio-Rad image system. Antibodies directed against HDAC6
(1:1,000; cat. no. 7558), DNMT3a (1:1,000; cat. no. 3598),
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DNMT3b (1:1,000; cat. no. 67259) and enhancer of zeste
homolog 2 (1:2,000; EZH2; cat. no. 5246) were purchased
from Cell Signaling Technology, Inc. Anti-f3-actin antibody
(1:3,000; cat. no. AC-74) was acquired from Sigma-Aldrich
(Merck KGaA). The secondary antibodies used were
horseradish peroxidase-conjugated goat anti-mouse IgG
(H+L) and goat-anti-rabbit IgG (H+L) antibodies (1:3,000;
cat. nos. 1706516 and 1706515; Bio-Rad Laboratories, Inc.).

Transmission electron microscopy (TEM). MEL-XY3
cells, MEL-XY3 SUR cells, and MEL-XY3 SUR cells
at 2 and 7 days after PLX4032 removal were analyzed by
TEM. Cells were harvested, fixed for 4 h at 4°C in 2.5%
glutaraldehyde, post-fixed in 1% (v/v) osmium tetroxide.
Subsequently, samples were embedded in Durcupan Epoxy
resin (Sigma-Aldrich; Merck KGaA), and ultrathin sections
(70-90 nm) were mounted on copper grids and stained with
uranyl acetate. Stained samples on grids were visualized using
a Zeiss EM 109T TEM (Carl Zeiss AG), and digital micro-
graphs were captured with a Gatan ESI000W digital camera
(Gatan, Inc.) in the LANAIS-MIE facility (Buenos Aires,
Argentina).

Cell viability assay. Cells were seeded at a density of
3,000 cells/well into 96-well plates in complete medium.
After 24 h, different inhibitors were added, and cells were
maintained at 37°C in a 5% CO, humidified atmosphere. For
each inhibitor, 7 different concentrations were assayed, starting
from 10 M (decitabine, JQ-1), 20 uM (IBET-151, OTX-015,
563845, CDKI-73, EPZ-6438 and GSK126), 500 nM (pano-
binostat), 1.581 uM (TSA), 63.245 uM (SAHA, MGCDO0103,
sodium butyrate), 94.868 yM (MC1568) and 316.22 yuM
(tubacin), with subsequent 3.16-fold serial dilutions. After
72 h, cell viability was assessed using CellTiter-Glo® reagent
(Promega Corporation). Luminescence was recorded with a
POLARSstar Omega microplate reader (BMG Labtech). Data
generated using this assay are presented in Fig. 2.

Alternatively, after 72 h, cells were stained with 2 pg/ml
Hoechst for 15 min at room temperature to visualize the nuclei
and plates were scanned (six randomly selected fields/well)
using an automated In Cell Analyzer 2200 microscope
(GE Healthcare Life Sciences). Quantitative analysis of
the acquired images was performed using In Cell Analyzer
1000 Workstation 3.7.3 (GE Healthcare Life Sciences). Data
generated using this assay are presented in Fig. 4. Non-linear
regression analysis and ICs, determination were performed
using GraphPad Prism 5 software.

In order to study the effect of inhibitors for longer
periods of time, 50,000 cells were seeded in MW24 plates
in complete medium. After 24 h, DMSO, 10 uM PLX4032,
2 uM MGCDO0103 or 10 pM PLX4032 + 2 uM MGCDO0103
were added, and cells were maintained at 37°C for 10 days,
changing media every 3 days. At day 10, cells were fixed with
4% paraformaldehyde at room temperature for 15 min and
stained with 0.05% cristal violet solution at room temperature
for 20 min.

Analysis of apoptosis and cell cycle. Cell cycle and apoptosis
were analysed using BD FACS Canto II or BD FACScalibur
flow cytometers (both BD Biosciences). Cells were seeded in a
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MW12 plate (50,000 cells/well) and 24 h later, the tested drugs
were added to the media. Apoptotic cells were quantified using
Annexin V/propidium iodide (PI) staining according to the
manufacturer's protocol (BD Biosciences) incubating cells
for 15 min at room temperature. For cell cycle analysis, cells
were stained with PI staining solution (50 ug/ml PI, RNAse
100 pg/ml, 0.1% Triton-X, 1 mM Na,Citrate) for 30 min on
ice. The cell cycle was analysed using Pl-stained cells, and the
cell cycle was fitted to viable cells using FlowJo v10.2 software
(FlowJo LLC) to exclude dead cells from analysis. Experiments
were performed in triplicate and 20,000 events were acquired
for each point.

NRAS status of MEL-XY3 BRAF inhibitor resistant (RES)
cells. MEL-XY3 RES cells were obtained from resistant
colonies generated in one experiment when MEL-XY3 were
treated with PLX4032 for several weeks to obtain SUR cells.
The NRAS status of MEL-XY3 RES cells was determined
after DNA extraction with DNAzol™ (Invitrogen; Thermo
Fisher Scientific, Inc.), PCR amplification and Sanger
sequencing (performed by Macrogen, Inc.). For PCR ampli-
fication, GoTaq polymerase (Promega coproration) was used
and the thermocycling conditions used were: Initial denatu-
ralization for 2 min at 95°C, then 35 cycles of denaturation
at 95°C for 30 sec, annealing at 60°C for 30 sec and extension
at 72°C for 30 sec, with a final extension at 72°C for 5 min.
The primers used were: Forward, 5'-CCCCTTACCCTCCAC
ACC-3" and reverse, 5'-CACAAAGATCATCCTTTCAGA
GAA-3.

Three-dimensional (3D) spheroid cultures. A total of 3,000
cells were seeded in 96-well ultra-low attachment plates to
induce anchorage-independent spheroid formation. After 72 h,
multiple spheroids were harvested and embedded in 0.5 ml of
collagen solution (Cultrex bovine collagen 1; Trevigen, Inc.) in
a 24-well plate, and left to solidify at 37°C. After 15 min, 1 ml
of media was added on top of the collagen layer in order to
obtain a final concentration of 10 xuM PLX4032,2 uM SAHA,
2 uM MGCDO0103 and 2 yM CDKI-73. Spheroids were main-
tained at 37°C in a 5% CO, humidified atmosphere. Following
5 days of treatment, spheroids were photographed using a
Nikon Ti inverted microscope (magnification, 40x) and Image
J software v3.5.0 (National Institutes of Health) was used to
establish the spheroid diameter.

To assess the viability of cells grown in a 3D culture,
spheroids were prepared. After 72 h, spheroids were grown for
an additional 72 h in the presence of drugs without collagen.
For each condition, 24 spheroids were disaggregated with
trypsin-EDTA, stained with Annexin V/PI and analysed by
flow cytometry as aforementioned. Three independent experi-
ments were performed. Percentage of viability was determined
normalizing the percentage of viable cells (Annexin V/PT) to
DMSO treated cells.

Statistical analysis. Experiments were performed with at
least two independent repeats; representative experiments
were selected for inclusion in figures. GraphPad Prism version
5.0 software was used to graph data and perform statistical
analysis. Data are presented as the mean + SD. The significance
of differences between experimental data was determined via
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ANOVA with Tukey's multiple comparison tests. The signifi-
cance level was set as P<0.05.

Results

Molecular characterization of SUR cells. Preliminary char-
acterization of SUR cells obtained after 5 weeks of PLX4032
treatment has been previously described (20). In order to obtain
a more complete picture of the changes that accompany the
transition from the actively dividing MEL-XY3 tumour cells
to the resting SUR cells, TEM was performed to characterize
SUR cell morphology and intracellular structure. Parental
MEL-XY3 cells presented round nuclei and smooth plasma
membranes (Fig. S1A). In contrast, SUR cells presented
irregular nuclei, a large degree of membrane blebbing and
an increased number of probably fragmented mitochondria
(Fig. S1B). After drug removal, SUR cells started to resemble
parental cells, with less distorted nuclei and a smoothed plasma
membrane, even though a large number of mitochondria were
still observed (Fig. SIC and D).

Next, SUR cells were subjected to RNA-seq analysis
and their expression profiles were compared to the parental
population (Fig. 1A). Considerable differences in gene
expression were observed as 1,415 genes had significantly
modified expression levels; 784 genes were downregulated
and 631 genes were upregulated in SUR cells (P<0.05). GSEA
revealed that SUR cells exhibited significantly enriched GO
molecular signatures associated with cell adhesion (cell-cell
adhesion, homophilic cell adhesion via plasma membrane
adhesion molecules, cell-cell adhesion via plasma membrane
adhesion molecules and calcium-dependent cell-cell adhesion
via plasma membrane cell-adhesion molecules). In contrast,
gene sets associated with proliferation and the cell cycle were
downregulated (cell cycle, cell division and DNA replication;
FDR <0.25, P<0.01), as predicted based on their phenotype.

RPPA experiments validated the downregulation of
proteins related to cell cycle progression (cyclin D1, cyclin El,
retinoblastoma protein total and phosphorylation levels, S6
ribosomal protein phosphorylation) in SUR cells. At 7 days
after drug removal, the levels of cell cycle proteins started
to return towards those of the parental MEL-XY3 cells
(Figs. 1B and S2), confirming the reversibility of the SUR
phenotype. Phosphorylated ERK1 levels decreased in SUR
cells and returned to higher levels once the BRAF inhibitor
was removed from culture media, indicative of continued but
reversible suppression of MAPK signalling in SUR cells. Other
proteins were upregulated in SUR cells, including proteins
associated with proliferation pathways and drug resistance
(Fig. 1B). These included Src and phosphorylated NDRGI,
which have been linked to resistance to MAPK inhibitors and
chemotherapy, respectively (31,32). PI3K protein was increased
in SUR cells, possibly indicating a survival mechanism
compensating for the loss of MAPK signalling. Even though
there was an increase in the expression levels of these proteins
or phosphorylated proteins, SUR cells remained in a quies-
cent state, suggesting that these changes were insufficient to
promote proliferation and complete drug resistance. Once the
drug was removed from culture media, the expression levels of
these upregulated proteins decreased. Expression levels were
similar in cells maintained with PLX4032 for 7 days and SUR
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Figure 1. Characterization of SUR cells. (A) Gene set enrichment analysis of RNA sequencing data. The Gene Ontology molecular signatures ‘Homophilic
cell adhesion via plasma membrane adhesion molecules’ and ‘Cell-cell adhesion” were positively associated in SUR cells, while ‘DNA replication” and ‘Cell
cycle’ were negatively associated (false discovery rate <0.25; P<0.01). Red indicates positive association with SUR cells, whereas blue indicates negative
association with SUR cells. (B) Reverse phase protein array heatmap representing the levels of proteins in MEL-XY3 cells treated for 7 days with PLX4032,
SUR cells and SUR cells at 7 days after drug removal, normalized to MEL-XY3 parental cell expression levels. Proteins with log2 fold change >1 or <1 were
shown. (C) Western blot analysis of epigenetic modifiers. DNMT3, DNA methyltransferase; ES, enrichment score; EZH2, enhancer of zeste homolog 2; HDAC,
histone deacetylase; SUR, surviving cells following long-term PLX4032 treatment.

cells, but a more pronounced change was observed in SUR
cells.

In order to look for epigenetic changes in SUR cells with
respect to the parental line XY3, the expression of different
epigenetic enzymes were evaluated via western blotting. SUR
cells presented a strong decrease in the expression of EZH2
(Fig. 1C). DNMT?3b expression was slightly decreased in
SUR cells, whereas DNMT3a expression remained stable.
In contrast, HDAC6 was markedly increased in SUR cells
compared with parental cells. Consistently, RNA-seq data
from GSE50509 from patients with metastatic melanoma
resistant to BRAF inhibitors revealed significant upregulation
of several HDACs after BRAF inhibitor treatment, including
HDACS6 (P<0.05; Fig. S3). These results demonstrated that
SUR cells presented altered expression of epigenetic modifiers
and, together with the apparently reversible changes observed
in gene and protein expression, these data suggested that the

SUR phenotype emerging after MAPK inhibition could be
associated with epigenetic regulation.

Sensitivity of SUR cells to epigenetic inhibitors. To investi-
gate whether SUR cells could be eliminated, the sensitivity
of MEL-XY3 parental and SUR cells to different epigenetic
inhibitors were analysed in vitro. Both cell types shared similar
sensitivity to the assayed drugs. SUR cells were resistant to
EZH2 histone methylase inhibitors (EPZ-6438 and GSK126),
BET inhibitors (IBET151,JQ-1 and OTX-015), DNMT inhibi-
tors (decitabine), HDAC class II inhibitors (MC1568) and
HDACS6 inhibitors (tubacin; Fig. 2). Moreover, SUR cells were
resistant to inhibition of the antiapoptotic protein member of
Bcl-2 family myeloid cell leukaemia-1 (S63845).

However, parental and SUR MEL-XY3 cells were sensi-
tive to certain pan-HDAC inhibitors, including SAHA (ICs,:
MEL-XY3 1.3 uM, SUR 6.98 uM), panobinostat (ICs:
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Figure 2. Sensitivity of MEL-XY3 and MEL-XY3 SUR cells to epigenetic inhibitors. Viability was determined with a CellTiter-Glo assay after 72 h of drug
treatment. DNA methyltransferase (decitabine), bromodomain and extra-terminal motif inhibitors (IBET151, OTX-015, JQ-1), enhancer of zeste homolog 2
(GSK 126, EPZ-6438), myeloid chronic leukaemia-1 (S63845), cyclin-dependent kinase 9 (CDKI-73) and histone deacetylase inhibitors (panobinostat, SAHA,
NaB, TSA, tubacin, MGCDO0103, MC1568) were assayed. Representative inhibition curves of 2 independent experiments are shown. Lines represent the
nonlinear regression curve fit. Red, parental cells; blue, SUR cells. NaB, sodium butyrate; SUR, surviving cells following long-term PLX4032 treatment; TSA,
trichostatin A.
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Figure 3. Apoptosis and cell cycle distribution after treatment with histone deacetylase and cyclin-dependent kinase 9 inhibitors. Cells were treated for 72 h
with 2 uM SAHA, 2 yM MGCDO0103 or 2 yM CDKI-73, alone or in combination with PLX4032. Percentages of Annexin V* apoptotic (A) MEL-XY3 cells
and (B) MEL-XY3 SUR cells are shown. "P<0.05, ““P<0.001 vs. DMSO alone. Cell cycle distribution of (C) MEL-XY3 cells and (D) MEL-XY3 SUR cells.
(E) MEL-XY3 parental and SUR cells treated with DMSO, PLX4720 (10 xuM), MGCDO0103 (2 #M) or the two inhibitors in combination for 10 days. After
treatment, cells were fixed and stained with crystal violet. Photographs are representative of three independent experiments. SUR, surviving cells following

long-term PLX4032 treatment.

MEL-XY3 35 nM, SUR 269 nM) and sodium butyrate (ICs,:
MEL-XY3 1.2 uM, SUR 21 yM), whilst not exhibiting sensi-
tivity to others, such as TSA. In addition, they were sensitive
to MGCDO0103 (IC,,: MEL-XY3 0.63 uM, SUR 1.20 uM), an
HDAC inhibitor which preferentially inhibits class I enzymes,
with the exception of HDACS (33). Further, both parental and
SUR cells were sensitive to the CDK9 inhibitor CDKI-73
(ICsy: MEL-XY3 0.15 uM, SUR 0.99 uM; Fig. 2).

EventhoughPLX4032didnotinduceapoptosisinMEL-XY3
parental cells or SUR cells, treatment with HDAC inhibitors
and CDKD inhibitors induced apoptosis both in parental and
(to a lesser degree) SUR cells (Figs. 3A and B, and S4A). No
significant differences were observed in the proportion of
necrotic (Annexin V*/PI*) and apoptotic (Annexin V*/PT’) cells
between the different treatments (data not shown).

PLX4032 induced GI cell cycle arrest in MEL-XY3 and
SUR cells maintained in the presence of the different inhibi-
tors tested (Figs. 3D and S4B). MGCDO0103 alone markedly
increased the proportion of G2 cells, whereas SAHA and
CDKI-73 alone did not notably alter cell cycle distribution
(Fig. 3C). Although some melanoma cells were still viable
after 72 h of treatment, after 10 days of treatment with
MGCDO0103, both parental MEL-XY3 cells and SUR cells
were completely eliminated (Fig. 3E). Additionally, the pres-
ence of a sub-G0/G1 population was observed in cell cycle
analysis, indicating the presence of dead cells, consistent with
Annexin V/PI staining and the results obtained after 10 days
of treatment (data not shown).

To determine whether the findings from the MEL-XY3
and MEL-XY3 SUR cells could be extended to other
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Figure 4. Sensitivity of SUR melanoma cell lines to MGCDO0103. (A) Sensitivity to MGCDO0103 of parental (red) and SUR (blue) cells obtained from
BRAF-mutated melanoma cell lines. Viability was determined after 72 h of drug treatment. Lines represent the nonlinear regression curve fit. Percentage of
Annexin V* apoptotic cells after 72 h treatment with 10 xM PLX4032, 2 xM MGCDO0103 or combined treatment is shown for (B) MEL-XX12, (C) MEL-XX12
SUR, (D) MEL-XY13, (E) MEL-XY13 SUR, (F) MEL-XX15, (G) MEL-XX15 SUR, (H) MEL-XY3 SURPLXGDC and (I) MEL-XY3 RES cells. ‘P<0.05,
“P<0.01, ""P<0.001. RES, resistant to PLX4032; SUR, surviving cells following long-term PLX4032 treatment; SURPLXGDC, cells that survive long-term

PLX4032 and GDC-0973 treatment.

V600BRAF-mutated cell lines, the effects of MGCDO0103
against three other BRAFV600E melanoma cells, and their
corresponding SUR populations obtained after treatment with
PLX4032 for 5 weeks, were evaluated. SUR cells obtained
from MEL-XX12, MEL-XY13 and MEL-XX15 cells were
sensitive to MGCDO0103 (IC5,: MEL-XX12 SUR 0.25 mM,
MEL-XY13 SUR 0.82 mM and Mel-XX15 SUR 1.04 mM;
Fig. 4A) as well as their parental cells. Apoptotic cell death
was induced both in parental and SUR cells obtained from
the different cell lines (Fig. 4B-G) by MGCDO0103, alone or
in combination with PLX4032. Additionally, MEL-XY3 SUR
cells obtained after combined BRAF and MEK inhibitor treat-
ment were sensitive to MGCDO103 (ICs,: 0.27 mM; Fig. 4A),
with apoptosis induced (Fig. 4H).

Although MEL-XY3 cells predominantly turned into
SUR cells following PL.X4032 treatment, a permanent BRAF

inhibitor-resistant MEL-XY3 RES cell population capable
of proliferating in the presence of PLX4032 was obtained in
one of the experiments, when MEL-XY3 cells were cultured
for several weeks in the presence of PLX4032. These cells
presented a Q61K mutation in NRAS, a mutation already
reported to confer resistance to BRAF inhibitors (4). These
cells underwent apoptosis when treated with MGCDO0103
(Figs. 4A and I, and S4C).

To determine the efficacy of the epigenetic inhibitors in a
3D growth model, the effects of HDAC and CDKO inhibitors
in spheroids that mimic tumour architecture were evaluated.
Spheroids were incubated in a collagen matrix with the different
drugs in order to analyse their impact on cell proliferation and
migration. Treatment with PLX4032 significantly reduced
spheroid diameter both in parental and SUR cells, consistent
with cell cycle arrest observed after PLX4032 treatment



INTERNATIONAL JOURNAL OF ONCOLOGY 56: 1429-1441, 2020

SAHA

MEL-XY3

MEL-XY3
+ PLX4032

MEL-XY3

MEL-XY3 SUR
+ PLX4032
L3

1004

.
>

Viability (%)
2

Viability (%)

]
1

o

il
&

o“’eo Qf& & <

1437

CDKI-73 B

4

Spheroid diameter (a.u.)

@)

+ PLX4032

)

e

Spheroid diameter (a.u.)

Frrrrrrrreeren
AIRARRRNANNNNE

+ PLX4032
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was determined by Annexin V/PI staining and flow cytometry. “P<0.05, “P<0.01,

PLX4032 treatment.

(Fig. 5A-C). Moreover, the results suggested that BRAF
inhibitor treatment also inhibited the migration of cells into
the surrounding collagen matrix, as the spheroids appeared
more compact. HDAC and CDKDY inhibitors both significantly
reduced the diameter of MEL-XY3 spheroids (Fig. 5A and B);
combined treatment with PLX4032 did not alter the effects
observed with monotherapy. SUR cell spheroid diameter
(Fig. 5A and C) was decreased by CDKO9 inhibitor treatment;
however, HDAC inhibitors did not significantly alter SUR
cell spheroid diameter, except when they were combined with
PLX4032. SUR cell spheroids treated with HDAC inhibitors
may exhibit invasive behaviour, with morphology suggestive of
an invasive phenotype. It has been previously demonstrated that

Aok

P<0.001. a.u., arbitrary units; SUR, surviving cells following long-term

several HDAC inhibitors, such as SAHA, TSA, valproic acid and
sodium butyrate, promote melanoma cell invasion in vitro via
the upregulation of N-cadherin and inhibition of Ras homolog
A activity (34). Using flow cytometry, it was found that parental
and SUR cell spheroids treated with MGCDO0103 alone or in
combination with PLX4032 for 72 h had significantly reduced
viability, whereas PLX4032 treatment alone did not lead to
significant loss of viability (Fig S4D; Fig. 5D and E;).

Discussion

Our previous study described SUR cells, a population of
BRAF-mutated melanoma cells that persists after MAPK
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inhibitor treatment, and which represent a reversible state char-
acterized by changes in gene expression, cell cycle arrest and
SA B-galactosidase activity (20). To expand upon this previous
study, the present study involved a molecular characterization
of SUR cells by RNA-seq and RPPA experiments. RNA-seq
showed that SUR cells exhibited decreased expression of
proliferation-associated genes and increased expression of cell
adhesion molecules. This is consistent with their phenotype;
SUR cells do not proliferate and are strongly attached to culture
dishes. At 7 days after removal of MAPK inhibitor, SUR cells
revert to a proliferative state (20). RPPA data showed that the
expression levels of proteins that are up- or downregulated in
SUR cells compared with parental cells return to their basal
expression levels after drug removal, suggesting phenotypic
plasticity (21,35). Previous studies showed that aberrant
expression of epigenetic modifiers such as EZH2, SET domain
bifurcated histone lysine methyltransferase 1, G9a histone
methyltransferase and HDACs led to adaptive resistance in
cancer cells, including melanoma (21,35,36). In the present
study, SUR cells presented changes in the protein expression
levels of different epigenetic enzymes, such as EZH2 and
HDACS6. These findings suggested that the SUR phenotype
could be determined by epigenetic changes. It has been
suggested that changes in nuclear morphology and structure
could cause global epigenetic changes (37). The alterations
observed by TEM in the nuclear morphology of SUR cells
may be consistent with this hypothesis.

Previously, our study showed that SUR cells present SA
characteristics, such as increased SA B-galactosidase activity
and changes in the expression levels of several proteins
associated with senescence, such as pl6ink4 and p21 (20).
Induction of senescence by BRAF inhibition with PLX4032
has also been reported by other groups (38,39). The acquisi-
tion of a senescent phenotype could contribute to resistance
to apoptosis; cells that are resistant to apoptosis often exhibit
an increase in senescence features (40). The induction of a
senescent state could explain the limited proapoptotic effect
of BRAF inhibition, which was observed in the different SUR
cell lines. Furthermore, it has been shown that melanoma cells
treated with PLX4032 present an SA secretory phenotype,
which leads to the secretion of factors that stimulate naive
melanoma cells and fibroblasts, thereby limiting the antitu-
morigenic effect of BRAF inhibition (41). On the other hand,
epigenetic control is a key factor in the induction of senescence.
Recently, it has been proposed that oncogene-induced senes-
cent melanocytes can bypass the senescent state through the
activation of epigenetic modifying agents (including histone
demethylases such as lysine-specific histone demethylase 1
and Jumonji domain-containing protein 2C), re-entering into
the cell cycle as malignant melanoma cells (42). Moreover,
the inhibition of these enzymes in melanoma cells restored
senescence.

In the present study, in vitro SUR cell sensitivity to
different epigenetic inhibitors was analysed, including DNMT,
BET, HDAC, EZH2 and CDKO9 inhibitors. It was found that
both HDAC inhibitors (SAHA and MGCDO0103) and a CDK9
inhibitor (CDKI-73) were able to induce apoptosis in SUR
cells. Although parental cells were more sensitive than SUR
cells to HDAC and CDKD9 inhibitors, following 10 days of
treatment with MGCDO0103, complete elimination of SUR
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cells was observed in vitro. It should be stressed that parental
non-treated cells are actively proliferating, whereas SUR cells
are in a resting state; therefore the observed differences in the
sensitivity to the assayed drugs may be based on these condi-
tions. The main aim was to find drugs or combinations that
resulted in complete elimination of SUR cells. The fact that
the same inhibitors also effectively eliminated the parental
cells is a therapeutic advantage that may increase the efficacy
of first-line treatment. Regarding the spheroid growth assay
results, PL.X4032 efficiently reduced spheroid diameter in
parental and SUR cells, and this effect was not reverted by the
presence of the other inhibitors.

Different types of epigenetic inhibitors are currently being
applied for cancer treatment. Decitabine inhibits DNMTs,
producing DNA hypomethylation (43). It is approved for
treatment of haematological malignancies, such as myelo-
dysplastic syndrome, chronic myelomonocitic leukaemia and
acute myeloid leukaemia. An EZH2 inhibitor, tazemetostat,
has exhibited promising results in a phase I clinical trial,
both in lymphoma and solid tumours such as sarcoma (44).
Different BET inhibitors have been tested for the treatment
of haematological malignancies and solid tumours, presenting
limited efficacy as single agents; however, recent studies have
proposed combination treatments to obtain improved clinical
results (45,46).

To date, monotherapy with HDAC inhibitors has had
limited success in the treatment of solid tumours; however,
combination therapy has shown more encouraging results (47).
It has been previously shown in different tumour models that
drug-tolerant persister cells can be eliminated by HDAC inhibi-
tors such as TSA (36,48). SAHA, also known as vorinostat,
is a pan-HDAC inhibitor. Even though treatment of patients
with advanced melanoma with SAHA as a monotherapy
did not produce encouraging results (49), combination or
sequential treatment with BRAF inhibitors could be a prom-
ising alternative. Wang et al (16) demonstrated that BRAF
inhibitor-resistant melanoma cells present increased reactive
oxygen species (ROS) levels, and that this characteristic
produces vulnerability to HDAC inhibitors, as HDAC inhibi-
tors yield a further increase in ROS levels, thereby leading to
DNA damage and apoptosis. They proposed a sequential treat-
ment (BRAF + MEK inhibitors followed by SAHA) to reach
lethal ROS levels, with the benefit of avoiding toxicity due to
combined treatment. A phase I clinical trial analysing SAHA
in resistant BRAF-mutated advanced melanoma is currently
ongoing (clinical trial no. NCT02836548). In the present study,
it was observed that SAHA alone induced greater apoptosis
than the combination of SAHA + PLX4032 in SUR cells,
consistent with Wang er al (16); however, this effect was not
significant.

Epigenetic alterations have been described in the patho-
genesis of autoimmunity (50). Evidence suggests that HDAC
inhibitors, including SAHA, may also be applicable to the
treatment of autoimmune diseases (51). HDAC inhibitors
have been shown to inhibit inflammatory mediator produc-
tion (including cytokines, chemokines and nitric oxide) and
lead to M2 polarization of macrophages (52). Moreover,
experiments conducted in murine models suggest that DNMT
inhibitors could be deployed in the treatment of autoimmune
diseases (53,54).
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MGCDO0103, also known as mocetinostat, is a class  and IV
(isoforms 1, 2, 3 and 11) HDAC-selective inhibitor (33).
Preclinical studies have shown potent antitumor activity of
MGCDO0103 against various human cancer cell lines and human
tumour xenografts in mice (33). A clinical trial demonstrated
MGCDO103 clinical activity and acceptable safety profiles in
patients with haematological malignancies (55). MGCDO0103
increases antigen presentation and decreases immune-suppres-
sive cell types (56). Currently, mocetinostat is being tested in
combination with durvalumab, an anti-programmed cell death
(PD)-ligand 1 antibody, in patients with non-small cell lung
cancer (clinical trial no. NCT02805660). Further, a phase
1b clinical study of MGCDO0103 in combination with ipilim-
umab (anti-cytotoxic T-lymphocyte-associated protein 4) and
nivolumab (anti-PD-1) in patients with stage IV unresectable
melanoma is being conducted (cat. no. NCT03565406). The
present results showed that SUR cells present a stronger
response to MGCDO0103 than SAHA, with the advantage that
MGCDO0103 is a more selective inhibitor. MGCDO0103 induced
cytotoxicity in populations of SUR cells obtained from
different melanoma cell lines, as well as in a PLX4032-resistant
cell line harbouring an acquired NRAS mutation.

Although it was observed that HDAC6 was upregulated
in SUR cells, these cells were not highly sensitive to HDAC6
inhibition. HDAC6 may not be the primary driver of cell
survival in the SUR cells. Other alterations were observed,
including EZH2 downregulation. SAHA and MGCDO0103 are
pan and class I/TV HDAC inhibitors, respectively, and they
were effective in the elimination of SUR cells. These drugs
can not only directly inhibit HDAC, but could have additional
effects on HDAC-associated molecules.

CDKDJ, the catalytic subunit of positive transcription
elongation factor b, is a key regulatory kinase of RNA
polymerase II (57). Recently, it was reported that CDK9
is essential for maintaining gene silencing at heterochro-
matic loci, validating its role as an epigenetic target. CDK9
targeting reactivates tumour-suppressor genes and induces a
cellular immune response that may sensitize to checkpoint
inhibitors (57). CDKI-73 is a very potent CDK®9 inhibitor that
showed high cytotoxicity against different human cancer cell
lines (58), and the present findings indicated that it effectively
eliminates SUR cells.

The main limitation of the present study is the lack of
in vivo experiments. It would be of major interest to perform
in vivo experiments to validate the observed in vitro results.
One potential experiment would be to grow xenograft tumours
derived from human melanoma cells in the skin of immuno-
compromised NSG mice. After the tumours have established,
the mice should be treated with the BRAF inhibitor PLX4032
to reduce the size of the tumours and allow generation of
SUR cells in vivo. Afterwards, mice should be treated with
DMSO, PLX4032, MGCDO0103 or PLX4032 + MGCDO0103.
It is predicted that tumours from mice treated with either
MGCDO0103 alone or in combination with BRAF inhibitor will
not regrow, as these treatments should effectively kill the SUR
cell population based on the present in vitro results.

In conclusion, in the present study a molecular characteriza-
tion of SUR cells was performed, and evidence indicating that
the SUR phenotype may be determined by epigenetic changes
was found. Subsequently, it was investigated as to whether SUR
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cells were sensitive to epigenetic inhibitors, with the results
suggesting that co-targeting of BRAF and HDAC/CDKO9 can
efficiently eliminate BRAF-mutated melanoma cells, whilst
also eliminating the SUR population that remains viable after
prolonged MAPK inhibitor treatment. The present study is
limited to in vitro and 3D spheroid models; future preclinical
studies will aid in designing therapeutic modalities that may
provide a solid base for clinical trials aiming to overcome the
persistence of melanoma cells after MAPK inhibition.
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