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Abstract: Drug-resistant melanoma is very difficult to treat, and a novel approach is needed to overcome resistance.
The present study aims at identifying the alternate pathways utilized in the dual drug-resistant mouse melanoma
cells (B16F10R) for their survival and proliferation. The dual drug-resistant mouse melanoma, B16F10R, was es-
tablished by treating the cells with a combination of U0126 (MEK1/2 inhibitor) and LY294002 (PI3K-AKT kinase
inhibitor) in a dose-escalating manner till they attained a resistance fold factor of >2. The altered phosphoproteome
in the B16F10R, as compared to the parental BL6F10C, was analyzed using a high-resolution Orbitrap Fusion Tribrid
mass spectrometer. Histone deacetylases 2 (HDAC2) was validated for its role in drug resistance by using its inhibi-
tor, valproic acid (VPA). In the B16F10R cells, 363 altered phosphoproteins were identified, among which 126 were
hyperphosphorylated, and 137 were hypophosphorylated (1.5-fold change). Pathway analysis shows the altered
phosphoproteins are from RNA metabolism and cell cycle proteins. Inhibition of HDAC2 by VPA induces apoptosis in
B16F10C and B16F10R. The present study highlights the role of HDAC2, a cell cycle regulator, in the development
of resistance to dual drugs in murine melanoma. Therefore, designing leads for targeting HDAC2 along with key
signaling pathways may be explored in treatment strategijes.

Keywords: B16F10, drug resistance, histone deacetylase 2, melanoma, phosphoproteomics, Ras pathway, model,
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Introduction after treatment with Ras protein inhibitors, mel-
anoma activates other pathways for prolifera-
tion and survival. Several factors contributing to
this chemo-resistance are proposed, including
increased efflux system, repair, and activation
of altered signaling pathways associated with

metabolism [3, 4].

Melanoma is the most dangerous form of skin
cancer. Compared to other cancers, melanoma
has a relatively extensive set of identified sig-
naling pathways and associated mutations
implicated in disease progression [1]. Metasta-
tic melanoma presents an aggressive behavior
and tends to metastasize rapidly, and it is con-
sidered to have intrinsic resistance to chemo-
therapy, leading to poor prognosis [2].

The RAS/RAF/MEK/ERK (MAPK) and the RAS/
PIBK/PTEN/AKT (AKT) are key signaling path-
ways that are frequently hyper activated and
deregulated in melanoma through gene altera-
tions [5]. In melanoma, both positive and nega-
tive associations are found between these two

The Ras signaling pathway proteins play crucial
roles in controlling the activity of several other
signaling pathways that regulate normal cellu-

lar proliferation. Deregulated Ras proteins sig-
nificantly contribute to the malignant pheno-
type of melanoma and are the most common
targets for melanoma. In many instances, even

pathways [6], with parallel activation and inter-
connection at different stages [7-9]. Therefore,
these signaling pathways are considered impor-
tant targets in tumor therapy.
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Targeted therapies using BRAF and MEK inhibi-
tors, i.e., upstream and downstream of the
MAPK pathway, are promising since they have
shown impressive clinical responses [10].
Similarly, co-inhibition of PI3K and AKT from
AKT pathway are also reported [11]. However,
within a year, the tumor becomes resistant to
such therapies suggesting the need for more
combination therapeutic targets [12]. The me-
chanism involving these combination therapies
is unknown. Therefore, the emerging concept is
to tackle the tumor resistance issue with com-
bined targeting of both MAPK and AKT signal
transduction pathways [13-15].

Understanding the signaling events is crucial
for, (i) studying the alterations leading to cell
survival in dual drug resistance, and (ii) among
the altered molecules identifying targets for
reversing the drug resistance [16]. Although
primary tumors, paraffin-embedded samples,
cancer cell lines, xenografts, tumor primary cell
cultures, and genetically engineered mice, are
currently used for this purpose [17, 18], the
most common method is the development of
specific drug-resistant cancer cell lines and
studying them at a molecular level [19-21]. The
frequently used models to study drug resis-
tance consists of, isogenic pairs of drug-resis-
tant and drug-sensitive (control) cell lines. De-
velopment of drug-resistant cell lines using a
single drug is already reported [19]. There are
limited studies on the development and ch-
aracterization of dual or multidrug resistance
cell line models. Therefore, the current study
explores a novel approach of simultaneously
inhibiting both signal transduction pathways,
i.e., MAPK and AKT, with a combination of two
drugs, U0126 (MEK inhibitor), and LY294002
(PI3K inhibitor), for the development of a novel,
dual drug resistant mouse melanoma B16F10
model, through gradual induction with the drug
combination.

Proteomic analysis is a high-throughput experi-
mental approach that involves studying large-
scale proteins-which are translated genetic
information-and identify their role in the struc-
ture, function, and control of biological pro-
cesses and pathways. Activation and suppres-
sion of proteins is influenced by the post-trans-
lational modifications (PTMs). For example,
phosphorylation of proteins alters the signal
transduction pathways and the ensuing re-
gulation of many cellular processes. Therefore,
a better understanding of the alterations in
the phosphoproteome of drug-resistant cancer
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cells and identifying the alternate targets to
overcome the drug resistance in them is the
need of the hour. Although it is known that the
ERK1/2 pathway regulates cellular processes
through phosphorylation of key proteins, most
studies on development of drug resistance by
inhibition of the Ras pathway are focused on
gene expression [22]. However, the counteract-
ing phospho-activation of other pathways for
survival is reported to be critical in the mecha-
nisms leading to resistance in melanoma [23].
Despite the recent progress in the study of the
underlying mechanisms involved in the devel-
opment of drug resistance in melanoma, little
is known about the phosphoproteomic profiling
of the inhibited Ras pathway. Therefore, this
study uses a phosphoproteomic approach for
the identification of novel protein biomarkers
that may serve as targets for reversal of drug
resistance. The comparison of the phospho-
proteomic profile of drug-resistant (B16F10R)
versus the drug-sensitive mouse melanoma
cells (B16F10C) by using high-resolution tan-
dem mass spectrometry (LC-MS/MS) was
adopted for the identification of the altered
proteins.

The present study aims at identification of al-
ternate signaling molecules, activated for cell
survival and proliferation, in a novel dual drug-
resistant mouse melanoma (B16F10) model.
U0126 (MEK inhibitor), and LY294002 (PI3K
inhibitor), which inhibit two parallel sites of Ras
pathway, MEK and PI3K, were used for the
development of dual drug resistance. High-re-
solution liquid chromatography-tandem mass
spectrometry was used to evaluate the pro-
teomic and phosphoproteomic expression of
the dual drug resistant cell line and its paren-
tal cell line. The alterations in the phosphopro-
tein profile in the drug resistant BA6F10R, as
compared to that of drug sensitive B16F10C,
identified key molecules which could be re-
sponsible for resistance towards the drugs
used to create this model, and the ensuing
cell survival. For validation, valproic acid (VPA)
an inhibitor specific for inhibition of histone
deacetylase (HDAC1 and HDAC2) was used.
VPA is known to elongate the G1 phase of the
cell cycle, inhibits HDAC expression and induc-
es cell apoptosis [24].

Materials and methods
Cell lines and culture conditions

A mouse melanoma cell line B16F10, pur-
chased from the National Centre For Cell
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Science (NCCS Pune, India), were cultured in
Dulbecco’s Modified Eagle Medium (DMEM),
containing 10% fetal bovine serum (FBS) and
1% antibiotics (100 U/mL penicillin G and 100
mg/mL streptomycin), in a humidified incubator
with 5% CO, at 37°C. U0126 (MEK inhibitor),
LY294002 (PI3K inhibitor), procured from
Calbiochem, USA, were dissolved in DMSO
(Himedia, India), aliquoted for one-time use,
and stored at -20°C. Valproic acid (VPA), was
purchased from Sigma-Aldrich (St. Louis, MO,
USA) and dissolved in DMEM medium just prior
to use.

Development of drug-resistant model

Drug-resistant melanoma sublines, B16F10R,
were established from parental melanoma cell
line (B16F10C) by treating the cells with a com-
bination of U0126 and LY294002 in a dose-
escalating manner as follows: a) To start with,
one-tenth the concentrations of the IC_ values
of U0126 and LY294002, were added to the
medium and, b) The medium was replaced
every 4th day with fresh media containing the
combination of drugs. c) Cell cultures were
passaged by trypsinization after 70% confluen-
cy. d) When cell death was minimal, the cells
were treated with an increase in the dose of
the drug combination. The procedure (a-d) was
repeated until the concentration of the drugs
combination reached IC_, values of the paren-
tal cells. The development of resistance to the
drug combination (ERK1/2 and AKT inhibitors)
was assessed by MTT assay. Cell lines were
regarded to be resistant to the drug if the fold
resistance factor was >2 and used for further
experiments [66].

Measurement of cell viability

Cell viability was measured by MTT assay using
the methods published earlier [67]. Cells were
treated with different concentrations of drugs
or vehicle (DMSO) for 72 h, and the 50% inhibi-
tion concentrations (IC ) were derived from the
dose-response curve. For the development of
the drug-resistant model, melanoma cells were
cultured in DMEM medium containing the in-
hibitors, U0126 and LY294002, as described
earlier. The fold resistance factor was calculat-
ed from IC, values using the following formula:
Fold resistance = IC, drug-resistant cells/IC,,
parental cells. Cell lines were regarded to be
resistant to a drug if the resistance factor was
>2 [66].
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Characterization of the drug-resistant cell line
models

Live/dead (PI/AQ) staining for cell survival

In 24-well plate, cells (5x10%) were seeded per
well and incubated overnight for attachment.
Cells were treated with indicated drugs for 24
h. Following incubation old media was re-
placed with media (0.5 mL) containing dyes
acridine orange (0.01 mg/mL; AO) and propidi-
um iodide (0.01 mg/mL; PIl) and incubated for
30 min at 37°C in the dark. Pl stains dead cells
red and AO stain live cells green. Cells were
visualized in phase-contrast microscopy using
ZOE Fluorescent Cell Imager (Bio-Rad, Her-
cules, CA).

Clonogenic survival assay for cell proliferation

B16F10C and B16F10R were trypsinized, co-
unted by trypan blue method and plated onto
culture dishes (35 mm) at a density of 300
cells/dish, and incubated for 14-15 days. After
incubation, culture dishes were washed with
1X PBS (Himedia, India), fixed with methanol:
acetone (1:1 v/v) and stained with Giemsa
(Sigma-Aldrich, St. Louis, MO, USA) for 1 h. The
remaining staining solution was removed, and
culture dishes were washed with distilled water
and dried at room temperature. Colonies (>50
cells) were counted under a stereomicroscope
(Stemi DV4, Carl Zeiss, Germany).

Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) and data analysis

To elucidate mechanisms involved, a system-
atic quantitative comparison of the phospho-
proteome of drug-resistant cells BL6F10R ver-
sus parental cells BI6F10C was performed by
mass spectrometry. To meet the high reproduc-
ibility of sample preparation two biological rep-
licates of parental and drug-resistant cells were
used. Schematic representation of the work-
flow is given in Figure 1.

Sample preparation for mass spectrometry
analysis: Cells were seeded in 100 mm tissue
culture dishes and incubated until 80% conflu-
ence. Culture dishes were washed 5 times with
chilled 1X PBS (Himedia, India) and serum-
starved in DMEM without FBS for 8 hours.
After serum starvation, dishes were washed 5
times with chilled PBS. PBS was removed, and
cells were lysed using cell lysis buffer (1 mL)
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room temperature for 20 min
in the dark. The lysate was
further subjected to acetone
precipitation, and the pellet
was dissolved in 50 mM
TEABC buffer. Trypsin (Worth-
ington Biochemical Corpora-
tion, Lakewood, NJ, USA) di-
gestion was performed (1:20
w/w-trypsin/sample ratio) for
16-18 h at 37°C.

TMT labeling: Trypsin-digested
peptides (800 pgms) from
each group were labeled with
Amine-Reactive Tandem Mass
Tag Reagents (TMT6 Label
Reagents; Thermo Scientific;
#90068) according to the
manufacturer’'s protocol. The
TMT labels were reconstituted

Figure 1. Schematic representation of the workflow for the quantitative
proteomic and phosphoproteomic analysis of parental B16F10 cells and
drug-resistant B16F10 cells. Cells were allowed to grow to 80% confluency
(control were vehicle-treated while resistant cells were treated with 10 uM
of U0126 and LY294002). Cells were lysed with lysis buffer and protein
samples were digested with trypsin followed by TMT labeling. Samples were
pooled after fractionation and phospho-peptides were enriched using TiO,
beads. The resulting samples were analyzed on an Orbitrap Fusion mass

spectrometer.

containing 4% SDS in 50 mM TEABC (Sigma-
Aldrich, India), and phosphatase inhibitors (1
mM sodium orthovanadate, 2.5 mM sodium
pyrophosphate, and 1 mM [-glycerophosph-
ate). Cells were harvested using plastic cell
scraper (Himedia, Mumbai) and transferred
into a centrifuge tube (2 mL) (Axygen, CA, USA).
All tubes were sonicated on ice (three cycles of
30 sec with 30% amplitude on a pulse of 5 sec
on and off each), and incubated on a dry block
at 95°C for 10 min. Tubes were centrifuged at
13,700 rpm for 30 min at room temperature.
The supernatant was aliquoted and stored at
-80°C until further analysis. Total protein con-
centration was determined using a bicincho-
ninic acid (BCA) protein assay kit (Pierce
Chemical, Rockford, IL) and BSA (stock 1 mg/
mL) was used as a standard.

For quantitative phosphoproteomics equal
amount of proteins (800 ug) from B16F10R
and B16F10C were reduced by using DTT (10
mM) at 60°C for 20 min. Alkylation was carried
out by treating with iodoacetamide (20 mM) at
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before labeling in 24 pL of
anhydrous acetonitrile (Sigma-
Aldrich, India) and added to
the appropriate sample for
labeling over 1 h incubation at
room temperature (RT). The
control cells were labeled with
reagent 126 and 128, and
resistant cells were labeled
with 129 and 131. After 15
min, 5% hydroxylamine (8 uL) was added to
quench each reaction. After quenching the
reaction, all samples were pooled together and
processed for fractionation by basic RPLC.

Basic reverse phase chromatography (bRPLC)-
based fractionation: Fractionation of the TMT
labeled pooled peptide digest was done using
bRPLC. The pooled digested sample was load-
ed on Waters XBridge column (Waters Corpor-
ation, Milford, MA, USA; 130 A, 5 pm, 250x4.6
mm) using a Hitachi LaChrom Elite HPLC sys-
tem, maintaining a flow rate of 0.5 mL/min.
The peptide separation was achieved using a
130-min gradient, at a flow rate of 0.5 mL/min
of solvent A (10 mM TEABC buffer, pH ~8.5)
and B (10 mM TEABC buffer, 90% acetonitrile,
pH ~8.5). The fractionation was continued at
97% solvent A for 20 min, followed by 3% sol-
vent B for 0-5 min, 10% solvent B for 5-10
min, 10-35% solvent B for 10-40 min, and
100% solvent B for 40-45 min gradient. Flow-
through fractions were collected in a 96-well
plate and were finally concatenated into 6 frac-
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tions. Pooled fractions were lyophilized and
stored at -80°C until they were subjected to
phosphopeptide enrichment.

Enrichment of phosphopeptides using Titani-
um dioxide (TiO,): The phosphoserine/threo-
nine peptides were enriched by TiO, and ana-
lyzed on an Orbitrap Fusion Tribrid mass spec-
trometer. The schematic workflow of TMT-bas-
ed phosphoproteomics analysis is shown in
Figure 1. TiO,-based phosphopeptide enrich-
ment of 6 fractions obtained was carried out
as described by Larsen and group [68]. Briefly,
TiO, beads were incubated with 2, 5-dihydroxy-
benzoic acid (DHB) solution (80% ACN, 1% TFA,
3% DHB) for 2-4 h at room temperature. Each
fraction was resuspended in DHB and incubat-
ed with pre-treated TiO, beads in the ratio 1:2
(TiO:peptides). Phosphopeptide-bound  TiO,
beads were washed once with wash solution 1
(80% ACN, 3% TFA), wash solution 2 (80% ACN,
1% TFA), and wash solution 3 (80% ACN, 0.1%
TFA). Peptides were eluted three times with 40
uL of elution buffer (4% ammonia, 40% ACN)
into collection tubes containing 40 uL of 3%
TFA. Samples were dried and desalted by using
C18 StageTip column and stored at -80°C
until LC-MS/MS analysis. LC-MS/MS analysis
of phosphoserine/threonine enriched sample
was carried out in duplicate and the acquired
mass spectrometry data was processed and
searched using MASCOT and SEQUEST search
algorithms.

LC-MS/MS and data analysis: LC-MS/MS anal-
ysis of the samples was performed using
Orbitrap Fusion Tribrid mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany)
interfaced with Easy-nLC-1200 (Thermo Scien-
tific, Bremen, Germany). The phosphopeptides
obtained after C18 cleaning were resuspended
in 0.1% formic acid (Solvent A) and loaded onto
the trap column (Thermo Scientific, 75 pmx2
cm, nanoViper, 3 um, 100A) filled with C18 at a
flow rate of 4 yL/min. The peptides were fur-
ther resolved onto an analytical column
(Thermo Scientific EASY-Spray RSLC C18 2 um
15%50 uym) with a flow rate of 300 nL/min,
using a step gradient of 5-35% solvent B (0.1%
formic acid in 80% acetonitrile) for the first 105
min, and 35-100% solvent B for 105-126 min.
The total run time was set to 130 min. Data
were acquired in data dependent acquisition
mode at a scan range of 400-1600, and in
positive mode with a maximum injection time
of 55 msec using an Orbitrap mass analyzer at

5885

a mass resolution of 60,000 at 400 m/z. Top
15 intense precursor ions were selected for
each duty cycle and subjected to higher energy
collision-induced dissociation with 34% nor-
malized collision energy.

Bioinformatics data analysis: The enriched
phosphoserine and phosphothreonine contain-
ing peptides were analyzed on Orbitrap Fusion
Tribrid mass spectrometer and LC-MS/MS data
were searched in SEQUEST and Mascot (ver-
sion 2.5.1; Matrix Science, London, United
Kingdom) search algorithm against RefSeq
mouse protein database (version containing
entries with common contaminants) using
Proteome Discoverer 2.1 (PD) (Thermo Fisher
Scientific, Bremen, Germany). The workflow for
PD search included spectrum selector, MA-
SCOT, SEQUEST search nodes, peptide valida-
tor, event detector, precursor quantifier, and
phosphorRS nodes. Oxidation of methionine,
phosphorylation at serine, threonine and tyro-
sine (+79.966 Da) and TMT labeling at lysine
were set as variable modifications, and carb-
amidomethylation of cysteine was set as a fix-
ed modification. The precursor mass tolerance
was set at 10 ppm, and 0.05 Da was set for
fragment ion tolerance. Trypsin was used as a
proteolytic enzyme with a maximum of one
missed cleavage. The data were searched
against the decoy database with a 1% false
discovery rate cutoff at the peptide level. The
abundance of information of proteins and phos-
phopeptides were extracted from PD into excel
files. The intensity values of the proteins in the
datasheet were normalized and fold changes in
resistant cells versus control cells were calcu-
lated. The cut-off values of different phospho-
proteins were appointed as follows: a relative
abundance of more than 1.5 was considered
hyperphosphorylated or lower than 0.66 times
was considered as hyophosphorylated. Using
the Mus musculus genome as a background
dataset biological network analyses of the dif-
ferentially expressed phosphoproteins were id-
entified using DAVID Pathway analysis tool [69],
Panther Pathway analysis tool [70], Human
Protein Reference Database (HPRD) [71] and
String Protein interaction analysis [72].

Validation of the altered phosphoproteins iden-
tified by LC-MS/MS

Validation of the proteins altered and identified
from phosphoproteome analysis, was done by
(i) Literature survey on the role of these pro-
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teins in drug resistance, and (ii) Specific inhibi-
tor of one of the key proteins was used and
changes in cell morphology and induction of
apoptosis were studied.

Literature-based validation

Gene databases, PubMed databases (https://
www.ncbi.nlm.nih.gov/gene), Uniport database
(https://www.uniprot.org) and Genecard (https:
//www.genecards.org) were searched for earli-
er reports on the roles of the altered proteins
(identified by LC-MS/MS) in drug resistance.
One of the proteins was used for further
validation.

MTT assay for evaluating cytotoxic effects of
VPA on B16F10R and B16F10C

B16F10C and B16F10R cells were treated with
varied concentrations (0.1-15 mM) of VPA for
72 h. From the dose-response curve, IC_, val-
ues were calculated using the formulay = b +
ax. An IC,, value is the concentration of the
drug which results in 50% cell death.

Western blot analysis for apoptotic proteins in
VPA treated melanoma cells

B16F10C and B16F10R cells were seeded
(1x10° cells) in 30 mm tissue culture dish and
allowed to adhere overnight. Cells were re-fed
with fresh media with or without VPA (2 mM).
After 24 h of incubation, cells were lysed using
a lysis buffer consisting of Tris-HCI (10 mM),
NaCl (100 mM), EDTA (1 mM), NaF (1 mM),
Triton-x-100 (1%), SDS (0.1%) and deoxycholate
(0.5%). Total protein was quantified using the
Bradford assay and equal amount of protein
was loaded for electrophoresis on 10% SDS-
polyacrylamide gels, and transferred onto nitro-
cellulose membranes, followed by immunode-
tection with the following antibody probes:
cleaved caspase 3, cleaved caspase 9, pyru-
vate dehydrogenase complex, and [-actin.
Detection was done by chemiluminescence.
Imagel) was used to calculate the intensity of
each band and statistically significant differ-
ence (P<0.05) was calculated using GraphPad
Prism 7.

Cell morphology by Papanicolaou (Pap) stain-
ing of cells after VPA treatment

Pap staining is intended to stain and check
cellular morphology in clinical pathology. Pap
stain comprises five dyes in three solutions:
Natural dye hematoxylin stains cell nuclei blue,
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Orange Green 6, first counter stain, stains
cytoplasm containing matured and keratinized
cells. Eosin Azure, second counter stain which
is a polychrome mixture of eosin Y, light green
SF and Bismarck brown gives a pink colour to
the cytoplasm. Light green SF stains blue to
the cytoplasm of metabolically active cells.

RAPID PAP stain kit (Bio Lab Diagnostics) was
used for cell staining. Control and drug-resis-
tant cells in the culture flask were trypsinized
and centrifuged. The cell pellet (approximately
1068 cells) was suspended in PBS (100 yL) and
transferred on a clean glass slide, smeared
uniformly, and immediately fixed by placing in
ice-cold ethanol (95%) for 20 min. Slides were
dipped into 80% and 50% ethanol for 30 sec
each, and rinsed with water gently. Excess
water was blotted out, the slide was kept on
staining rack, added few drops of nuclear stain
for 1 min. The slide was washed in running
water, then with wash buffer (3-5 drops) for 20
sec. The slide was dehydrated with dehydrant
solution for 1 min and then stained with cyto-
plasm stain for 1 min. The slide was washed
under tap water, dehydrated with dehydrant for
1 min, mounted with D.P.X and covered with a
coverslip. The cell morphology was observed
under a light microscope.

In silico docking of pyruvate on HDAC2

In silico docking of pyruvate on HDAC2 was
done as described earlier [58] where VPA was
docked on HDAC2.

Results

Schematic representation of the workflow is
given in Figure 1.

Dose-response curves of U0126, LY294002,
and their combination

The cytotoxic effects of varying concentrations
of U0126 (MEK1/2 inhibitor), LY294002 (PI3K-
AKT kinase inhibitor) and the drug combina-
tion, i.e., U0126 (10 uM) + LY294002 (10 uM),
on the B16F10 mouse melanoma cell lines was
analyzed by MTT assay after 72 h of treatment.
The dose-response curves of drug treatment
showed a dose-dependent decrease in cell via-
bility % (Figure 2). The cell viability % was lesser
(Figure 2C) in the drug combination than in the
individual drugs in B16F10 melanoma suggest-
ing that the combination of drugs had more
cytotoxic potential then the individual drugs.
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Figure 2. Dose-response curves of the drugs, U0126, and LY294002, and their combination. Effects of U0126 and
LY294002 on proliferation in BI6F10 mouse melanoma cells (A-C) was done by MTT assay after 72 h of treatment.
Data shown are mean * SEM of three replicate wells. The B16F10 cells were treated with 5-60 uM of U0126 (A)
and LY294002 (B). Drug combination (C) was done in the concentration range 5-50 pyM, i.e., 5 yM U0126 + 5 uM
Ly294002 to 50 uM U0126 + 50 uM Ly294002. A graph was plotted with concentration of the inhibitor (X-axis) vs
cell death % (Y-axis) and the IC50 values were calculated using the formulay =b + ax. The IC50 value is the concentra-

tion of the drug which results in 50% cell death.

Table 1. IC_, values of the inhibitors and their
combination against B16F10 cells

IC,, values (UM)

SI. No. Inhibitor

B16F10
1 Uo126 25.29+1.4
2 LY294002 16.43+1.2
3 U0126 + LY294002 10.19+1.0

B16F10 is mouse melanoma cell line. Drug combination
is U0126 (10 pM) + LY294002 (10 pM). IC; - Concen-
tration of compound required for 50% inhibition of cell
viability determined using MTT assay. The results repre-
sent the mean + standard deviations of three repeats.

As shown in Table 1, in B16F10 cells the IC,,
value of U0126, LY294002 and combination
treatment of UO0126 and LY294002 were
25.29+1.4 uM, 16.43+1.2 yM, and 10.19+1.0
pM, respectively. The IC_  values of the drug
combination were lower than the individual
drug treatment.

Assessment of resistance fold factor of drug-
resistant melanoma cell lines

The IC, value had increased to 21.08+1.8 uM
for BL6F10R (Supplementary Figure 1). BI6F10
attained a resistance fold factor of 2 after 15
months of drug combination treatment. Hence
B16F10 was considered drug-resistant and
designated as B16F10R (B16F10 resistant
sub-line) and used for further experiments.

Confirmation of resistance in B16F10R cells

The Live/Dead cell assay was performed with
the following: B16F10C untreated with drug
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combination, B16F10C treated with drugs com-
bination and dual drug resistant B1I6F10R. The
treatment of B16F10C with drug combination
showed cell death as compared to untreated
B16F10C cells (Figure 3A and 3B). Treatment
of B16F10R cells with the drug combination,
did not show any significant cell death (Figure
3C) and was comparable to untreated B16F10C
cells (Figure 3A).

Qualitative assessment of the clonogenic cell
survival assay showed that the B16F10C were
sensitive to the treatment of the drug combina-
tion (Figure 4B), with cell death after incubation
of the cells in the drug combination for 14 days
while the growth of the B16F10R cells was
unaffected (Figure 4C). This result was similar
to that of untreated B16F10C control cells
(Figure 4A). The resistant subline was prolifer-
ating as well as the untreated controls.

Quantitative proteomic and phosphoproteomic
analysis

Tandem Mass Tags (TMT)-based quantitative
phosphoproteomics was done to characterize
the signaling mechanisms in B16F10R cells
resistant to a combination of U0126 and
LY294002.

The proteome data obtained for LC-MS/MS
matched against the NCBI mouseRefSeq83
database using Proteome discoverer 2.1
(PD2.1), identified 9965 peptides belonging to
2990 proteins groups. The proteins within a
group were ranked according to the number of
peptide sequences, the number of protein
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(1) Bright field (i1) Green (AO)
A B16F10 control (no drugs)

B B16F10 control (with 10uM of U0126 and LY294002) 24 h

(iii) Red (PI)

(iv) Merge

C B16F10 drug resistant (with 10uM of U0126 and LY294002)

Figure 3. Live/Dead assay of B16F10C and B16F10R cells. The live/dead assay was performed by acridine orange
(AO) and propidium iodide (PI) staining. A shows the result of untreated control B16F10C cells; B shows the results
control B16F10C cells treated with the drug combination of U0126 (10 uM) and LY294002 (10 uM); C shows the
results B16F10R cells treated with the drug combination. Images were taken phase-contrast microscopy using ZOE
Fluorescent Cell Imager (Bio-Rad). Bright field images are from the normal light with no filter. Live cells appeared
green in color (AO stain) and dead cells appear red in color.

sequence motifs (PSMs), their protein scores,
and the sequence coverage.

Among the 221 altered proteins, 150 were
downregulated (fold change <0.66), while 71
were overexpressed (fold change >1.5). Over-
expressed proteins: metallothionein (MT) 1
(4.5 fold increase) and MT2 (3.1 fold increase)
have featured among the ten proteins with the
highest fold increase (Table 2).

Down-regulated proteins: Proteins such as
tropomyosin B chain isoform (0.25 fold de-
crease) and lysosomal acid lipase/cholesteryl
ester hydrolase precursor (0.36 fold decrease)
were among the 10 least altered proteins
(Table 2). In addition to these serine/threonine
protein phosphatase 2A (PP2R-1B), a dephos-
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phorylating enzyme, was found to be downregu-
lated by 0.59 fold (since only the top 10 down-
regulated are shown in Table 2, this enzyme is
not shown in Table 2).

The MASCOT and SEQUEST search algorithms
integrated on Proteome Discoverer suite of the
LC-MS/MS data identified 8915 phosphopep-
tide-spectral matches with a false discovery
rate (FDR) of 1%. PhosphoRS probability cutoff
of 75% was used for unambiguous localization
of phosphorylation sites, which lead to the
identification of 1844 unique phosphopeptides
corresponding to 1630 proteins. Among the
1630 proteins identified, 263 phosphoproteins
were differentially altered-126 were hyperphos-
phorylated (>1.5 fold) and 137 were hypophos-
phorylated (<0.66 fold) (Figure 5). The distribu-
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A B16F10
(Control) treated

S
=

Figure 4. Clonogenic assay with B16F10C and B16F10R cells. Abbreviation:
‘ULY’; combination treatment of U0126 (10 uM) and LY294002 (10 uM).
A shows the result of untreated control B16F10C cells; B and C show the
B16F10C and B16F10R cells with combination treatment U0126 (10 uM)
and LY294002 (10 uM). The experiment was done in duplicates and was
assessed qualitatively.

tion of phosphorylated residues was highest on
serine (85.8%) followed by threonine residues
(13%) and tyrosine residues (1.2%).

Bioinformatic analysis of the differentially phos-
phorylated proteins (n = 363 proteins) by the
DAVID functional annotation tool showed that
some of the altered proteins belonged to five
major pathways (Table 3). Some of the proteins,
i.e., RNA-binding protein 8A isoform (Rbm8a),
apoptotic chromatin condensation inducer in
the nucleus isoform 2 (Acinl), protein CASC3
(Casc3), RNA-binding protein with serine-rich
domain 1 isoform 1 (Rnpsl), serine/arginine
repetitive matrix protein (Srrm), and pinin 1
(Pnnl) were associated with more than one
pathway, while certain other proteins were
found exclusively in one pathway, i.e., cyclin-
dependent kinase 2 (Cdk2), histone deacety-
lase 2 (HDAC2), DNA replication licensing factor
MCM2 (Mcm?2), and structural maintenance of
chromosomes protein 3 (SMC3) associated
with the cell cycle. Yet another protein, which is
hyperphosphorylated by 1.73-fold is pyruvate
dehydrogenase E1 component subunit alpha
(PDHAZ1), which links glycolysis to the TCA cycle.
Hyperphosphorylation inactivates this enzyme
and pyruvate accumulates since it is not con-
verted to acetyl CoA.

Classification of the altered proteins based
on their biological processes, molecular func-
tions, and subcellular localization was per-
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B B16F10+ULY C B16F10R+ULY

formed using PANTHER soft-
ware [25]. This software com-
pared the phosphoproteomic
data against the Mus muscu-
lus database, and suggested
the involvement of the follow-
ing four major pathways in the
development of drug-resis-
tance: (i) RNA metabolism/
spliceosome, (ii) developmen-
tal process, (iii) metabolic pro-
cess, and (iv) cell cycle pro-
teins (Figure 6).

treatd

Comparison of the phospho-
proteins identified in the pres-
ent study with the Human
Protein Reference Database
(HPRD) database identified 74
novel phosphosites on 47 pro-
teins in the B16F10R as com-
pared to B16F10C. Complete
list of novel phosposites iden-
tified is given in Supplementary
Table 1. Literature-based validation of some of
the identified hyperphosphorylated proteins
showed that histone deacetylases 2 (HDAC2),
structural maintenance of chromosome 3
(SMC3), and proto-oncogene tyrosine-protein
kinase (SRC) are well reported for their role in
drug-resistance. The MS/MS spectra of the
hyperphosphorylated proteins, i.e., HDAC2,
SMC3, and SNW1 are shown in Figure 7.

STRING functional protein association net-
works tool identified: (i) RNA splicing-regulatory
proteins-Hnrnpa2bi, Snrnp70, Rom17, Rom17,
Tra2b, U2surp, Srsf4, Snwi, Acinl, and (ii) Cell
cycle proteins-HDAC2, Mcm2, Cdk2, SMC3
(Figure 8). Most of these proteins have multiple
phosphorylation sites such as HDAC2 (54222,
S424), SMC3 (S1067) and SNW1 (S4, S12).

Role of HDACZ2 in the drug resistance of
B16F10R

HDAC2 was one of the hyperphosphorylated
proteins in the B16F10R melanoma model
developed in this study. Valproic acid (VPA), a
well-established inhibitor of HDAC2, was used
for validation of its role in the survival of
B16F10R cells.

A dose-dependent curve of VPA treated
B16F10C and B16F10R cell lines showed a
concentration-dependent reduction in cell via-
bility (Figure 9).
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Table 2. Altered proteins in B1I6F10R cells as compared to the B16F10C cells

SI.  Gene . Fold Sl Gene - Fold
Description . Description
no. Symbol increase no. Symbol decrease
1 Mt1 Metallothionein-1 4.52 1 Tpm2 Tropomyosin beta chain isoform Tpm2.2st 0.25
2 Garnl3  GTPase-activating Rap/Ran-GAP 3.76 2 Tmprss13 Transmembrane protease serine 13 isoform 0.29
domain-like protein 3 isoform X1 X1
3 Akl Adenylate kinase isoenzyme 1 isoform 1 3.41 3 Ptma Prothymosin alpha 0.30
4 C4b Complement C4-B isoform X1 3.32 4 Sfrl Swi5-dependent recombination DNA repair 0.31
protein 1 homolog
5 Adh7  Alcohol dehydrogenase class 4 mu/ 3.28 5 Fdps Farnesyl pyrophosphate synthase isoform 1 0.34
sigma chain precursor
6 Lcorl Ligand-dependent nuclear receptor 3.20 6 Lipa Lysosomal acid lipase/cholesteryl ester 0.36
corepressor-like protein isoform X1 hydrolase precursor
7 Des Desmin 3.12 7 Irak4 Interleukin-1 receptor-associated kinase 4 0.37
8 Mt2 Metallothionein-2 3.06 8 Espn Espin isoform X1 0.37
9 Gripapl GRIP1-associated protein 1 isoform X1 3.02 9 Tceal  Transcription elongation factor A protein 1 0.37
isoform 3
10 C7 Complement component C7 precursor 2.95 10 Ndufabl Acyl carrier protein, mitochondrial isoform X1 0.38

The data obtained for LC-MS/MS was analyzed using Proteome discoverer 2.1, which compares the LC-MS/MS data against mouse database. Altered proteins include
both increased and decreased proteins. This table shows 10 proteins with highest fold increase and 10 proteins with highest fold decrease, their gene symbol, and their

fold change, i.e., concentration in B16F10R cells/concentration in B16F10C cells.

o

vate (a product of glycolysis) to

25 1 - - acetyl CoA, starting material of
2 4 : : TCA cycle, a source of energy

?3 15 : : n=126 to the cells.
o 1 | ___,' Further cell morphology analy-
'J 05 sis of B16F10R cells showed
;‘:" 0 - marked changes in morpholo-
2 s 600 800 1000 1200 1400 1600 1800 gy, upon treatment with VPA
_: | _- (Figure 11F). The VPA treated
o 1{ N cells showed varied morpholo-
o : gies like irregular star-like or
P : n=137 spindle-shaped (Figure 11E,
”i’ ; 11F) compared to untreated
~ B16F10R cells (Figure 11B,

Figure 5. Analysis of altered phosphoproteome in B16F10R cells. TiO -based
enrichment strategy was followed to enrich the phosphopeptides. The boxes
indicated altered, i.e., up-regulated (in red box) and down-regulated (in blue

box) proteins.

Western blot showed that (i) The level of cleav-
ed caspase_3 and caspase_9 were (markers
of apoptosis) higher in the B16F10R cells com-
pared to the B16F10C cells (Figure 10B, 10C).
(i) Treatment of B16F10C and B16F10R cell
lines with VPA (2 mM) increased the concentra-
tion of cleaved caspase_3 and cleaved cas-
pase_9 (Figure 10A-C) significantly (P<0.05)
as compared to the untreated cells, suggesting
that inhibition of HDAC2 with VPA induces
apoptosis of the cells. (iii) In addition, there
was a decrease in the pyruvate dehydrogenase
enzyme complex (PDH), which converts pyru-
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Number of phosphopeptides

11C). The number of cells in
the VPA treated B16F10R was
considerably less than in un-
treated B16F10R (Figure 11A,
11D).

In silico docking of valproic acid on HDAC2

The in silico docking of pyruvate on HDAC2
showed an inhibitory constant of 1.77 mM and
binding affinity -3.75. Pyruvate binds with
HDAC2 at Arginine39 with two interactions
(Figure 12).

Discussion

Development of resistance to anticancer thera-
py is a major challenge in the successful treat-
ment of cancer. In many instances, these drug-
resistant tumors also often exhibit cross-resis-
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Table 3. Categorization of the phosphoproteins altered in B16F10R cells based on the pathways they

are associated with

Sl. KEGG Pathway Protein

Name of the protein

No. count

1 Spliceosome 11 Ddx46, Rom17, Rom8a, SNW1, U2surp, Acinl, Srsfl, Srsf4, Snrnp70, Tra2a, Tra2b
2 RNA transport 11 Rbm8a, Thocb, Acinl, Casc3, Eif3b, Eif4gl, Eif4b, EifSb, Pnn, Rnpsi, Srrm1

3 mRNA surveillance pathway 7 Fip1l1, Rbm8a, Acinl, Casc3, Pnn, Rnps1, Srrm1

4 Protein processing in endoplasmic reticulum 5 Dnaja2, Nsfllc, Sec61b, Canx, Rrbpl

5 Cell cycle 4 Cdk2, HDAC2, Mcm2, Smc3

DAVID Functional Annotation Chart software was used for the categorization of the altered phosphoproteins into various cellular pathways. KEGG: Kyoto Encyclopedia of

Genes and Genomes is bioinformatics software for associating genomes to metabolism.

RNA metabolic process(G0:0016070)

RNA splicing, via transesterification reactions(G0O:0000375)

developmental process(G0:0032502)

mRNA processing(G0:0006397)

mRNA splicing, via spliceosome(G0:0000398)

l metabolic process(G0:0008152)

nucleobase-containing compound metabolic process(G0:0006139)

primary metabolic process(G0:0044238)

l regulation of cell cycle(GO:0051726)

Figure 6. Biological function analysis of the phosphoproteins altered in BI6F10R. Annotation enrichment analysis
of altered phosphoproteins in B16F10R was done using the Panther Multiple Pie Chart tool.

tance to other pathway inhibitors. Therefore, it
is crucial to understand the alteration in under-
lying molecular networks that drive the cancer
resistance. In the present study, a novel dual
drug resistant melanoma model, B16F10R,
was developed, which was resistant to a com-
bination of inhibitors of two parallel signaling
cascades PI3K-AKT and MEK-ERK of Ras path-
way.

U0126 and LY294002 used in this study are
already established inhibitors of these path-
ways [26]. Targeting the Ras with single drug
was ineffective due to the negative feedback
regulation of MEK and its downstream protein
BRAF. Alternatively, the co-inhibition of both
RAF and MEK, upstream and downstream of
Ras-Raf-MEK-ERK, was effective in improving
patient’s survival [27]. However, within a year,
the patients developed drug resistance. Yet
another treatment option was to cotarget PI3K-
AKT and MEK-ERK pathways, which show syn-
ergistic response in vitro and in vivo in NRAS
mutant melanoma [12]. Hence this study ad-
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opted a unique approach, i.e., parallel inhibi-
tion/co-targeting of MAPK and AKT, with a com-
bination of U0126 (ERK1/2 inhibitor) and
LY294002 (PI3BK-AKT kinase inhibitor), for the
development of the dual drug resistant mela-
noma model for better understanding of the
underlying mechanisms of the ensuing drug
resistance to the dual drugs. In the present
study, the mouse melanoma drug-resistant
model, B16F10R, took around 15 months of
drug combination treatment, i.e., continuous
exposure to drugs with a gradual increase in
the concentration of the drugs till they attained
a resistance fold factor 22, when it was consid-
ered as ‘Resistant/B16F10R’ as established
earlier by [21].

The action of the U0126 (MEKZ1/2 inhibitor) or
LY294002 (PIBK-AKT kinase inhibitor) in the
B16F10R cells was confirmed by increased
IC,, values. Furthermore, the cell viability and
the cell proliferation abilities of the B16F10R
cells were checked by Live/Dead assay and
clonogenic assay, respectively. Although the
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Figure 7. Phosphoproteins involved in drug resistance in B16F10R cells. Representative MS spectra of hyperphosphorylated proteins. (A) Phosphorylation of
peptides on HDAC 2; (B) SMC3 and (C) SNW1 were differentially hyper phosphorylated as evidenced by MS spectra showing the changes in the relative abundance

of phosphopeptides.
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Sectlb

Canx

Figure 8. Protein-protein interactions of the phosphoproteins identified in BI6F10R cells. The protein-protein inter-
action of the phosphoproteins identified in the study were analysed with the STRING tool. Colour coding: Red circles
indicate the spliceosome and mRNA surveillance pathway; Green circles indicate cell cycle proteins; Light green
circles indicate RNA transport proteins; Blue circles indicate protein processing in endoplasmic reticulum. Thick
lines indicate strong interaction and the dotted lines indicate predicted interactions.

B16F10C cells treated with the drug combina-
tion showed decreased proliferation, the cell
viability and proliferation ability of the B16-
F10R cells treated with the drug combination
was similar to that of the untreated B16F10C
control cells. A similar effect is shown by
Villanueva et al., (2010), in mutant BRAFV600E
melanoma resistant to BRAF inhibitors, where
they have co-targeted MEK and IGF-1R/PI3K
[28]. The growth rate of the drug combination
treated resistant cells was similar to that of the
untreated control cells. Zhang et al., (2010),
have shown that drug-resistant cells grow/pro-
liferate as well as the untreated parental cells
in gastric carcinoma cell lines [29]. This con-
firms that the cells are resistant to the treat-
ment of drugs/drug combinations used.

The functional and metabolic differences bet-
ween B16F10C and B16F10R cells were inves-
tigated by quantitative proteomic analysis us-
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ing LC-MS/MS. The proteome of the B16F10R
showed 71 overexpressed and 150 downregu-
lated proteins. In an earlier study with pro-
teome of drug-resistant BRAF mutated mela-
noma, about 317 proteins were found to be
down-regulated and 151 overexpressed. The
altered proteins were mostly associated with
certain pathways reprogrammed in the resis-
tant cells, i.e., amino acid metabolism and
energy generation systems such as glycolysis,
citric acid cycle were down-regulated, and the
proteins of the cell cycle and DNA metabolism
were overexpressed [30]. The proteome data
of the present study also showed alteration in
the proteins of energy generating pathways gly-
colysis and the citric acid cycle.

Among the ten most overexpressed proteins of
the present study, MMP-1 and MMP-2 showed
a 4.52- and 3.06-fold increase, respectively, in
the B16F10R cells. Overexpression of MMP’s is
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100 | @z mBI16F10C © B16F10R
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Figure 9. Cytotoxic effects of VPA on B16F10C and
B6F10R cell lines. Both parental and resistant
B16F10 cell lines were treated with varying concen-
trations of VPA (0.1-15 mM) for 72 h and MTT as-
say was performed. Data shown are means + SEM
of three replicate wells. A graph was plotted with
concentration of the VPA (X-axis) vs cell viability %
(Y-axis) and the IC, values were calculated using the
formulay = b + ax. An IC_, value is the concentration
of the drug which results in 50% cell death. Control
(dark bars) and resistant (light bars).

associated with the metastasis and invasion of
cancers [31, 32].

In addition, although not one of the ten most
downregulated proteins in the proteome pro-
file of the novel dual drug resistant cells, a
downregulation (downregulated by 0.59-fold)
of serine/threonine protein phosphatase 2A
(Pppp2R1B), which is a dephosphorylating en-
zyme was observed. This enzyme is known to
dephosphorylate the kinases that are associ-
ated with signaling pathways in cells [33].

The phosphoproteome profile of BI6F10R cells
of the present study identified 263 phospho-
proteins which were differentially phosphory-
lated, among which, 126 were hyperphos-
phorylated and 137 were hypophosphorylated.
Pathway categorization of the altered phospho-
proteins showed most of them belonged to
either RNA metabolism or metabolic processes
and a few were cell cycle regulators. Among
proteins hyperphosphorylated in the dual drug
resistant melanoma model B16F10R of the
present study the cell cycle proteins-HDAC2,
SMC3, SNW1 and SRC - are reported to play a
role in drug resistance.

Histone deacetylases (HDAC)
Histone deacetylases (HDAC) are one of the
new targets that are being pursued in cancer

therapeutics. The present study indicates the
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hyperphosphorylation of HDAC2 in B16F10R
cells. And it is previously reported that hyper-
phosphorylated HDAC indicates therapeutic
failure due to drug resistance [34-37]. HDAC2
is an important regulator of compact chromo-
somes which means less gene expression, and
the mechanism of HDAC inhibitors (HDACis) is
the induction of chromosome de-condensation
and sensitization to chemotherapy. Histone
acetylation-deacetylation status of the cell is
the most commonly studied regulatory proce-
sses of transcription. Histone acetyltransferas-
es (HATs) and HDAC compete to add or remove
acetyl groups on lysine residues of histones,
respectively [38, 39]. The acetylation of his-
tones by HATs is associated with chromatin
de-condensation and transcriptional activa-
tion; whereas the deacetylation of histones by
HDACs is associated with condensation of the
chromosome and related transcriptional silenc-
ing. It is reported that any change, either in the
expression or activity, of HDAC enzymes may
lead to carcinogenesis, and specific HDAC
enzyme is associated with particular malig-
nancies. Inhibition of HDAC2 is reported to
decrease cell proliferation which would be a
potential target in conditions like cancer.
Marchion et al., (2009), show that the depletion
of HDAC2, but not of HDAC1, or HDACB, sensi-
tize the breast cancer cells and induce cell
death [40]. Furthermore, in pancreatic ductal
adenocarcinoma (PDAC) cells, HDAC2, but not
HDAC1, confers resistance towards etoposide,
the topoisomerase Il inhibitor [35]. Several re-
ports show the association of hyperphosphory-
lated HDAC with the development of drug re-
sistance [34-37]. These reports suggest that,
HDAC2 may be important for the development
of resistance in the present study model.

Structural maintenance of chromosome 3
(SMC3)

The structural maintenance of chromosome 3
(SMC3) (formerly called Bamacan, Cspg6,
HCAP, SmcD, or Mmipl) protein is a cons-
tituent of a number of nuclear multimeric pro-
tein complex, cohesin, that plays an essential
role during the segregation of sister chroma-
tids and is likely to be a component of the sig-
naling network in which BRCA1 maintains
genomic stability [41, 42]. Hyperphosphory-
lation of SMC3 is known to trigger genomic
instability or have stabilized the chromosomal
architecture and separation resulting in drug
resistance [42, 43].
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Figure 10. Western blot analysis of the valproic acid-treated B16F10C and B16F10R cells. Control (B16F10C) and
drug-resistant (B16F10R) cells were treated with VPA (2 mM) for 24 h and cells were lysed using lysis buffer. Apop-
totic proteins-cleaved Caspase-3 (Cl_Caspase 3), cleaved Caspase-9 (Cl_Caspase) and pyruvate dehydrogenase
complex (PDH) were detected by western blots in both untreated (B16F10C and B16F10R) and VPA treated cells
(B16F10C+VPA and B16F10R+VPA). (A) Western blot of the different proteins. B-actin served as loading control. The
comparison of the quantified proteins Cl_Caspase 3, Cl_Caspase 9 and PDH are shown (B-D), respectively. *indi-

cates the statistically significant difference (P<0.05).

SRC

The present study demonstrated that the
hyperphosphorylation of proto-oncogene tyro-
sine-protein kinase (SRC) in B16F10R cells.
SRC is involved in regulating cell proliferation,
migration, signal transduction, and other asso-
ciated functions [44]. The elevated levels of
SRC tyrosine kinase has a close correlation
with tumor multidrug resistance, and inhibition
of SRC tyrosine kinase using specific inhibitor
(such as sunitinib), which is reflected as
reduced level of SRC phosphorylation and
reversing the drug resistance to drug sensitivity
[45-49]. Recently PLX4720 resistant melano-
ma showed elevated levels of EGFR and SRC
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kinases [50]. Suggesting the role of SRC tyro-
sine kinase in intrinsic and acquired resistance,
and it can be used as a therapeutic target in
patients for whom there are currently no effec-
tive treatments. SRC is found to crosstalk with
several pathways such as EGFR [51] and STAT
[52] pathways. Targeting SRC may reactivate
ERK and AKT [53, 54]. Therefore combination
targeting approach may be a potent strategy to
overcome this resistance.

Casein Kinase 2 (CK2) and protein phospha-
tase 2A (PP2A) are the enzymes that phosphor-
ylate and dephosphorylate HDAC2, respective-
ly. Phosphorylated HDAC2 is active and will
deacetylate the chromatin repressing the tran-
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Figure 11. Morphological changes in drug-resistant melanoma (B16F10R)
cells upon VPA treatment. BI6F10R cells were treated with VPA (2 mM) for
24 h. Image of untreated B16F10R in objectives magnification of, (A) 4x;
(B) 20x; and (C) 100x; after 24 h after VPA treatment: (D) 4x%; (E) 20x%; and
(F) 100x. Cells were stained using Pap stain method. Cell morphology was
captured under a light microscope (Olympus CX41).

scriptional events and the cell cycle is arrest-
ed. The proteome analysis of the dual drug
resistant melanoma developed in the present
study has also shown that PP2A is one of the
down regulated proteins which explains hyper-
phosphorylation of HDAC2. The common phos-
phorylation sites for the HDAC2 activity are
S394, S421, S422, S423, and S424. For the
basal activity of HDAC2, S422, and S424 phos-
phosites are important and the mutation on
these sites could lead to a suppression of the
overall phosphorylation level of HDAC2 [55].
Though the HDACl1 and HDAC2 have 85%
sequence similarity in phosphosites, the
HDAC1 showed slightly reduced phosphoryla-
tion (0.71) in drug resistant cells as compared
to HDAC2 probably due to differently regulated
mechanism.

The present study shows the inhibition of phos-
phorylated HDAC2 by VPA. HDAC2 binds to the
cancer/testis antigens, such as CAGE, and
leads to multi-drug resistance by decreasing
p53 expression in melanoma cells.
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HDAC2 inactivation or inhibi-
tion enhance the senescence-
like G(1) cell cycle arrest by
upregulating the cyclin-depen-
dent kinase inhibitor p21 and
p53. Suppression of HDAC2
activity by abexinostat, an
HDAC inhibitor (HDACI), revers-
es the resistance towards
pazopanib in renal cell carci-
noma which is in phase | clini-
cal trial [56]. Hence VPA, an
HDACI, which can bind directly
to HDAC2, was used to check
whether the resistance of the
unique dual drug resistant
model developed in this study
would be reversed. The au-
thors have also reported the
chemosensitizing effects of
VPA on mouse melanoma
B16F10 [57], and radiosensi-
tizing effects of VPA in dual
drug resistant mouse and
human melanoma [58]. In the
present study, treatment of
B16F10C and B16F10R cells
with VPA induced apoptosis,
confirming its anticancer ac-
tivity irrespective of drug sen-
sitive or resistant state of cells making HDAC2,
the target of VPA, as a potential therapeutic tar-
get. That inhibitor of HDAC2 induces apoptosis
in cancer cells has been reported earlier [59-
61]. However, VPA is nontoxic to normal cells
[62] which makes it a potential therapeutic
lead molecule.

In addition, VPA treatment also showed signifi-
cant decrease in PDH enzyme in both parental
and resistant cells. This is suggestive of an
accumulation of pyruvate, the substrate of
PDH. Pyruvate is also reported to be an HDAC
inhibitor [63]. The authors have earlier shown
by in silico docking, that there is hydrophobic
interaction between pyruvate and Arg39 of
HDAC2. Since the inhibition of pyruvate is simi-
lar to that of VPA [58, 64], it is suggestive that
the treatment of VPA has dual inhibitory action
on HDAC2 (i) by VPA itself and the other (ii) by
the accumulated pyruvate in the dual drug
resistant cell model developed in this study
(Figure 13). Inhibition of HDAC2 with VPA also
activates p38 which is a pro-apoptotic protein
responsible for cell death [65].
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Figure 12. Docking of pyruvate on HDAC2. Molecular interaction of HDAC2 with pyruvate. The black dashed lines
indicate the interactions of the ligand with the labeled amino acid residues.
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Figure 13. Proposed mechanism of cell death on VPA treated dual drug-resistant model B16F10 R. Key to the figure:
@ Supression of the reaction; @ Activation; @ Inhibition. The dotted arrows indicates inhibition of the reaction.

Solid arrows indicate active reaction.

Conclusions

Using proteomic technology, the present study
has identified several altered phosphoproteins
and data analysis suggested that multiple RNA
splicing-regulatory proteins and cell cycle pro-
teins may play a role in maintaining its drug-
resistant state. Among them, Histone deacety-
lases 2 (HDAC2), SRC protein-tyrosine kinase
(SRC) and Structural maintenance of chromo-
some 3 protein (SMC) have been well reported
in the literature for their role in drug-resistant
melanoma.

Further, VPA which is a well-known HDAC inhibi-
tor, was used to test the induction of apoptosis.
Treatment of low dose of VPA induces apopto-
sis in both parental and drug-resistant cells,
suggesting the potential role of HDAC inhibition
in cancer.
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Supplementary Figure 1. Effects of the drug combination on the proliferation of BA6F10. The parental (B16F10C)
and resistant melanoma (B16F10R) cells were treated with the drug combination at various concentrations (0.62-
80 pM). This figure is the results of the MTT assay- parental (dark bars) and resistant (light bars).Data shown are
means + SEM of three replicate wells. Graphs were plotted with concentration of the inhibitor (X-axis) Vs cell viability
% (Y-axis) and the IC50 values were calculated using the formulay = b + ax. IC50 values are the concentration of the
drug combination which results in 50% cell death.
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Supplementary Table 1. List of novel phosposites (n=74) on 47 proteins identified in 95 proteins from
LC-MS and bioinformatic analyses

SR NO GENE ID DESCRIPTION PHOSPOSITES
Bclafl bcl-2-associated transcription factor 1 isoform 1 S395(100); T400(100)]
2 Map4k4 Mitogen-activated protein kinase kinase kinase kinase 4 isoform X1 S787(98.7)]
3 Psipl PC4 and SFRS1-interacting protein isoform 1 S$272(99.9); S274(100)]
4 lws1 protein IWS1 homolog [Mus musculus] S343(100); S345(100)]
5 Eif5b eukaryotic translation initiation factor 5B S184(100); S187(100); S191(100)]
6 Pnn pinin S701(100); S704(99)]
7 Nvl nuclear valosin-containing protein-like $190(100)]
8 Ctr9 RNA polymerase-associated protein CTR9 homolog S1079(100); S1083(98)]
9 Larpl la-related protein 1 S826(96.1); S828(95.4)]
10 Top2b DNA topoisomerase 2-beta $1539(100)]
11 Psipl PC4 and SFRS1-interacting protein isoform 1 S$272(99.9); S274(100)]
12 Ubap2| PREDICTED: ubiquitin-associated protein 2-like isoform X1 S644(95.8); S/Y/T]
13 Eif4gl PREDICTED: eukaryotic translation initiation factor 4 gamma 1 isoform X2 S708(100)]
14 Rcc2 protein RCC2 S48(99.9); S49(99.9)]
15 Cdc42bpb  PREDICTED: serine/threonine-protein kinase MRCK beta isoform X1 S1705(100); S1709(100)]
16 Safb scaffold attachment factor B1 isoform X1 S577(98.7)
17 Chd4 chromodomain-helicase-DNA-binding protein 4 isoform X1 [Mus musculus] S1563(100)]
18 Acinl apoptotic chromatin condensation inducer in the nucleus isoform 2 S$1003(100)]
19 Gatad2b transcriptional repressor p66-beta T121(100); S123(100); S130(100);
S$136(96.6)]
20 Ddx46 probable ATP-dependent RNA helicase DDX46 S$102(100); S104(98.8); S106(100)]
21 Scrib protein scribble homolog isoform 2 $1292(100)]
22 Nop2 PREDICTED: probable 28S rRNA (cytosine-C(5))-methyltransferase isoform X1  T169(100)]
23 Ppig PREDICTED: peptidyl-prolyl cis-trans isomerase G isoform X1 S354(100); T356(100)]
24 Milt4 PREDICTED: afadin isoform X1 S$1180(97.9); S1190(100)]
25 Eif3b eukaryotic translation initiation factor 3 subunit B S68(100); S79(96.9); S84(97)]
26 Hmga2 high mobility group protein HMGI-C S104(99.9)]
27 Hirip3 HIRA-interacting protein 3 S205(100); S207(100); S208(100)]
28 Fip1l1 PREDICTED: pre-mRNA 3’-end-processing factor FIP1 isoform X1 S502(100)]
29 Ythdc1 PREDICTED: YTH domain-containing protein 1 isoform X1 S$528(100)]
30 Lrrcd7 leucine-rich repeat-containing protein 47 S430(100)]
31 Casc3 protein CASC3 S145(100)]
32 Rbm17 splicing factor 45 S$155(100)]
33 Gigyf2 PERQ amino acid-rich with GYF domain-containing protein 2 isoform b $237(100)]; 159032016 1xPhospho
34 Stim1 PREDICTED: stromal interaction molecule 1 isoform X2 S550(100)]
35 Map2 PREDICTED: microtubule-associated protein 2 isoform X1 S1814(96.6); S1819(98.3);
$1822(100); S/T]
36 Chchd6 MICOS complex subunit Mic25 isoform 1 S164(100)]
37 Dnaja2 dnal homolog subfamily A member 2 S$394(99.6); S395(99.6)]
38 Ppfial PREDICTED: liprin-alpha-1 isoform X1 S797(98.8)]
39 Srrm1 serine/arginine repetitive matrix protein 1 isoform 1 T600(100); S602(100)]
40 Tjp2 PREDICTED: tight junction protein ZO-2 isoform X1 $188(100)]
41 Map4 PREDICTED: microtubule-associated protein 4 isoform X1 S$1250(98.3)]
42 Nedd4l PREDICTED: E3 ubiquitin-protein ligase NEDD4-like isoform X1 S502(100)]
43 Larp7 la-related protein 7 $253(99.9); S256(99.9)]
44 Pum2 pumilio homolog 2 isoform 1 S$177(100); $181(100)]
45 Rrbpl ribosome-binding protein 1 isoform a S$625(98.8)]
46 Srrm2 PREDICTED: serine/arginine repetitive matrix protein 2 isoform X1 S2681(99)]
47 Binl myc box-dependent-interacting protein 1 isoform 1 S$332(98.1); S/T]




