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Abstract. Chondroitin sulfate proteoglycan 4 (CSPG4) is 
a multifunctional transmembrane proteoglycan involved in 
spreading, migration and invasion of melanoma. In addition 
to the activating BRAF V600E mutation, CSPG4 was shown 
to promote MAPK signaling by mediating the growth‑factor 
induced activation of receptor tyrosine kinases. However, it 
remains elusive which factors regulate CSPG4 expression. 
Therefore, the aim of the present study was to examine whether 
BRAF and MEK inhibitors have an effect on the expression of 
CSPG4. We exposed a panel of BRAF‑mutant CSPG4‑positive 
or ‑negative melanoma cell lines to BRAF and MEK 
inhibitors. Protein levels of CSPG4 were analyzed by flow 
cytometry (FACS), immunofluorescence microscopy (IF), and 
western blotting. CSPG4 mRNA levels were determined by 
quantitative PCR (qPCR). The prolonged exposure of cells 
to BRAF and MEK inhibitors resulted in markedly reduced 
levels of the CSPG4 protein in permanent resistant melanoma 
cells as well as decreased levels of its mRNA. We did not 
observe increasing levels of CSPG4 shedding into the culture 

supernatants. In addition, patient‑derived matched tumor 
samples following therapy with kinase inhibitors showed 
decreased numbers of CSPG4‑positive cells as compared to 
pre‑therapy tumor samples. Our results indicate that BRAF 
and MEK inhibition downregulates CSPG4 expression until 
the cells have developed permanent resistance. Our findings 
provide the basis for further investigation of the role of CSPG4 
in the development of drug‑resistance in melanoma cells.

Introduction

Malignant melanoma represents the most aggressive and 
deadliest form of skin cancer. It is responsible for 1.7% of 
newly diagnosed primary malignant cancers and leads to 
about 0.7%  of all cancer‑related deaths worldwide each 
year (1). Almost 50% of metastatic melanoma patients harbor 
a BRAF V600 mutation, among which the most common is 
a single nucleotide mutation resulting in the substitution of 
glutamic acid for valine (BRAF V600E) (2,3). BRAF V600E 
leads to a constitutive activation of the mitogen‑activated 
protein kinase  (MAPK)/extracellular signal‑regulated 
kinase (ERK) pathway, as well as to insensitivity to negative 
feedback mechanisms (4). In recent years, the use of molecular 
inhibitors targeting mutant BRAF and its downstream effector 
MEK became a valid anti‑melanoma therapeutic strategy. 
The first approved selective inhibitor of mutant BRAF was 
vemurafenib (PLX4032), which demonstrated highly benefi‑
cial early therapeutic effects (5). Unfortunately, a complete 
response is rarely observed due to either acquired or intrinsic 
resistance to the therapy (6,7). The combinational treatment 
with BRAF and MEK inhibitors resulted in an improved 
activity, but acquired resistance to the BRAF inhibitor 
remains the major obstacle to an effective cure of metastatic 
melanoma (8‑10). Increasing evidence suggests that in addition 
to acquired mutations that confer drug resistance, phenotype 
plasticity is a key mechanism that allows for adaptation of 
melanoma cells to the drug and for drug resistance (11‑14). 
Drug exposure - along with other unfavorable environmental 
conditions, such as hypoxia and nutrient starvation - leads to 
an early innate cell response in melanoma cells, resulting in 
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multidrug resistance in so‑called induced drug‑tolerant cells 
(IDTCs)  (15). The phenotype of IDTCs is reversible upon 
drug withdrawal. However, continuous exposure to the treat‑
ment eventually leads to transition of IDTCs into permanently 
resistant tumor cells.

The lack of optimal treatment options for patients with 
metastatic melanoma urged the cancer research community 
to look for novel strategies aiming at subverting eventual 
drug resistance and enhancing therapeutic efficacy. Targeting 
specific molecules, involved in multiple signaling pathways 
in melanoma cells and in several cellular functions important 
for cancer spreading, has the potential to improve clinical 
outcomes.

One such candidate target molecule is chondroitin sulfate 
proteoglycan 4 (CSPG4)  (16,17). Structurally, CSPG4 is a 
single‑pass type I transmembrane protein expressed as an 
either N‑linked glycoprotein of approximately 280  kDa, 
or as an approximately 450  kDa chondroitin sulfate 
proteoglycan (18,19). The core protein of CSPG4 contains 
three major structural domains: A large, 2221‑amino acid 
extracellular domain, a 25‑amino acid hydrophobic transmem‑
brane region, and a short 75‑amino acid cytoplasmic tail (20). 
The extracellular region of CSPG4 contains the sequences for 
the modification with chondroitin sulfate (CS) chains that may 
confer different attributes of the cell (21‑23). In the cytoplasmic 
domain of CSPG4, there are sites critical for CSPG4 function: 
The threonine phosphoacceptor sites phosphorylated by PKCα 
and ERK1/2, the PDZ domain binding motif that is the site 
for attachment of scaffold proteins, such as MUPP1, syntenin 
and GRIP1, and a proline‑rich region (PRR) comprising a 
non‑canonical SH3 protein interaction domain (16).

CSPG4 does not exhibit any known intrinsic catalytic 
activity (20). It functions as a scaffold protein, activating two 
major signaling pathways associated with oncogenic transfor‑
mation, in particular the integrin‑regulated FAK pathway and 
RTK signaling through the MAPK cascade, with downstream 
ERK1/2 (20). Activation of these pathways by CSPG4 leads 
to the regulation of a number of cellular functions that drive 
cytoskeletal reorganization, survival and chemoresistance, 
invasion, migration and proliferation, as well as epithelial to 
mesenchymal transition (EMT) in the radial growth phase of 
human melanomas (24,25).

Although CSPG4 received much attention as a potential 
therapeutic agent in recent years (16,17,26‑31), there is little 
information concerning the mechanisms that regulate the 
expression of this proteoglycan (32). To the best of our knowl‑
edge, no study has investigated whether CSPG4 expression is 
altered by inhibiting signaling through the MAPK pathway.

In the present study, we demonstrated that a panel of 
induced‑drug tolerant and drug‑resistant melanoma cells 
exhibit lower levels of CSPG4 than the parental cells. 
Furthermore, exposure of the cells to the BRAF inhibitor 
PLX4032 resulted in markedly reduced levels of the CSPG4 
protein in cell lysates, as well as decreased levels of its 
mRNA, with no increase in protein shedding into the culture 
supernatant. In addition, patient‑derived tumor samples pre‑ 
and post‑treatment with kinase inhibitors showed decreased 
numbers of CSPG4‑positive cells after therapy. Our results 
indicate that BRAF and MEK inhibition can be regulatory 
factors of CSPG4 expression.

Materials and methods

Cell lines. The human melanoma cell line M14 was described 
previously (29) and the human melanoma cell lines WM9, 
WM35, WM164, WM1366, CJM, D24 and 451Lu were 
provided by Helmut Schaider's laboratory (University of 
Queensland, Australia). Cells were maintained in RPMI‑1640 
medium with 2  mM L‑glutamine and 25  mM Hepes 
(Lonza Group, Ltd.), supplemented with either 10%  FBS 
(M14, CJM and D24) or 5% FBS (WM9, WM35, WM164, 
WM1366 and 451Lu) and 1% penicillin‑streptomycin (Gibco, 
Thermo Fischer Scientific, Inc.). Cells were cultured in a 
humidified atmosphere containing 5% CO2 and 95% ambient 
air at 37˚C. The cell lines WM9, WM35, WM164, 451Lu and 
M14 were BRAF V600‑mutated, CJM and WM1366 were 
NRAS Q61L‑mutated, and D24 carried neither BRAF nor 
NRAS mutations. Prior to the experiments, all cell lines were 
tested negative for mycoplasma.

Antibodies. The mouse anti‑CSPG4 monoclonal antibody 
clone 9.2.27 (#554275) was purchased from BD Biosciences. 
The donkey anti‑mouse Alexa Fluor 488® (#A‑21202) and 
goat anti‑mouse Alexa Fluor 568® (#A‑11004) secondary IgG 
antibodies were obtained from Life Technologies Corporation. 
Anti‑CD271 (LNGFR) APC‑conjugated human monoclonal 
antibody (#130‑091‑884) was purchased from MACS Miltenyi 
Biotec. The APC mouse IgG1, κ isotype control (FC) antibody 
(#400122) was obtained from BioLegend, Inc. The mouse 
monoclonal antibodies anti‑Ki67 (sc‑23900), as well as mAbs 
against CSPG4: Anti‑NG2 clone G‑9 (sc‑166251) and anti‑NG2 
clone LHM 2 (sc‑53389), were purchased from Santa Cruz 
Biotechnology, Inc. The primary anti‑human CSPG4 antibody 
clone 132.38 (#ab50009) was purchased from Abcam. Control 
mouse IgG (#I8765) was obtained from Sigma‑Aldrich 
(Merck  KGaA). The mouse monoclonal antibodies anti‑ 
p44/42 MAPK (Erk1/2)  clone L34F12  (#4696), 
anti‑phospho‑p44/42 MAPK (Erk1/2) (Thr202/Tyr204) 
clone  E10  (#9106), anti‑Akt (pan) clone 40D4  (#2920), 
anti‑phospho‑Akt (Ser473) clone  587F11  (#4051) and 
anti‑β‑actin clone 8H10D10  (#3700) were purchased from 
Cell Signaling Technology, Inc. Anti‑mouse IgG, HRP‑linked 
secondary antibody (#7076) was obtained from Cell Signaling 
Technology, Inc.

Inhibitors and cell treatment. Inhibitors of mutant BRAF V600, 
vemurafenib (PLX4032) and dabrafenib (GSK2118436) and the 
MEK1/2 inhibitor trametinib (GSK1120212) were purchased 
from Selleckchem. Induced drug tolerant cells (IDTCs) were 
generated by exposure to PLX4032 (250 and 1,000 nM) for 
a minimum of 7 days. Drug resistant cells were obtained by 
exposure to PLX4032 (250 and 1,000 nM) for a minimum of 
30 days. To confirm multidrug resistance of the cells, either 
additional MEK1/2 inhibitor GSK1120212 was applied (5 nM) 
or PLX4032 concentration was increased up to 10 µM. The 
media containing fresh drugs were replenished every third day 
for the period of the experiments.

In order to determine suboptimal doses of PLX4032 for 
each cell line, a CytoSelect™ MTT Cell Proliferation Assay 
(Cell Biolabs, Inc.) was performed according to the manufac‑
turer's instructions. Briefly, cells were seeded in triplicates at 
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a density of 6,000 per well in 96‑well plates and subjected to 
the following concentrations of PLX4032: 0, 0.1, 1, 10, 100, 
250, 500, 1,000, 5,000 and 10,000 nM for 72 h. Cells were 
then incubated with MTT reagent and solubilized. Absorbance 
was measured at 540 nm using a Spark® multimode micro‑
plate reader (Tecan Group Ltd.). Data are presented as percent 
of inhibition of PLX4032‑exposed cells compared to the 
untreated cells.

Flow cytometry. Parental, induced‑drug tolerant and drug 
resistant melanoma cells were harvested by scraping, 
washed with 1X PBS and dispensed into 5 ml polystyrene 
round‑bottom FACS tubes. Cells were then incubated with 
Fixable Viability Dye eFluor® 506 (Affymetrix, eBioscience) 
according to the manufacturer's protocol. Next, the cells were 
washed with FACS buffer [0.5%  BSA and 0.05%  sodium 
azide  (NaN3) in 1X PBS] and incubated with anti‑CSPG4 
antibody 9.2.27 (1:1,000) for 10 min at 4˚C, washed with FACS 
buffer and incubated with donkey anti‑mouse secondary 
IgG antibodies Alexa Fluor 488® (1:500) for 15 min at 4˚C, 
protected from light. As an IgG control, cells were incu‑
bated with Alexa Fluor 488® secondary antibody only. For 
additional CD271 staining, the cells were incubated with 
anti‑CD271‑APC antibody (1:100) for 15 min at 4˚C, protected 
from light. As a control, cells were incubated with the APC 
mouse IgG1, κ isotype antibody (1:100). Cells were washed 
and resuspended in FACS buffer. The samples were analyzed 
with a FACS Canto flow cytometer (BD Biosciences). FlowJo 
software version 10.6.1 (TreeStar Inc.) was used for analysis 
of the results.

Immunofluorescence. Melanoma cells were plated into 
24‑well cultivation plates with glass coverslips and were 
allowed to attach overnight. Cells were exposed to 1,000 nM 
PLX4032 for up to 7 days. At specific time points, indicated 
in the results, cells were washed with 1X PBS and fixed with 
4% paraformaldehyde solution in 1X PBS for 30 min at room 
temperature (RT). The slides were washed with 1X PBS and 
the cells were blocked and permeabilized in blocking buffer 
(1X PBS containing 5% goat serum and 0.5% saponine) for 
1 h at RT. Cells were incubated for 1 h at RT with anti‑CSPG4 
antibody 9.2.27, diluted 1:1,000 in blocking buffer, washed 
three times with 1X PBS and incubated for 1 h at RT with 
goat anti‑mouse secondary IgG antibodies Alexa Fluor 568®, 
diluted 1:2,000 in blocking buffer. Finally, nuclei of the 
cells were counterstained with DAPI (1:10,000), slides were 
washed three times with 1X PBS and mounted on a glass 
slide using Fluoromount‑G (Thermo Fisher Scientific, Inc.). 
A wide‑field fluorescence microscope (Imager Z1/Zeiss) in 
combination with TissueFAXS software version 4.2.6245.1019 
(TissueGnostic GmbH) was used to examine the slides.

RNA extraction and quantitative reverse transcription‑PCR. 
Total RNA from non‑treated and drug‑exposed melanoma 
cells was isolated using an RNeasy Mini Kit (Qiagen) 
according to the manufacturer's protocol. cDNA was 
synthetized from 1 µg of total RNA using a High‑Capacity 
cDNA Reverse Transcription kit (Applied Biosystems, 
Thermo  Fisher Scientific, Inc.) following the manufac‑
turer's protocol. The following primers were used  (5'‑3'): 

CSPG4_F, CCT​CCT​GCT​GCA​GCT​CTA​CT and CSPG4_R, 
CTG​AGG​AGG​CGT​TCA​GAA​​AC; GAPDH_F, ACG​GAT​
TTG​GTC​GTA​TTG​GG and GAPDH_R, TGA​TTT​TGG​AGG​
GAT​CTC​GC; hUBC_F, ATT​TGG​GTC​GCA​GTT​CTT​G 
and hUBC_R, TGC​CTT​GAC​ATT​CTC​GAT​GGT​. RT‑qPCR 
analysis of CSPG4 and GAPDH or hUBC as an internal 
standards were performed on a 7900HT Fast‑Real Time PCR 
System using the Power SYBR® Green PCR Master Mix 
according to manufacturer's instructions (Applied Biosystems, 
Thermo Fisher Scientific, Inc.). The thermocycling conditions 
were as follows: Denaturation at 95˚C for 10 min, followed 
by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min, and the 
melting curve stage at 95˚C for 15 sec, 60˚C for 15 sec, and 
95˚C for 15 sec. The results were analyzed using the Sequence 
Detection Systems  (SDS) software version  2.4 (Applied 
Biosystems, Thermo Fisher Scientific, Inc.) and relative gene 
expression levels were calculated as ΔCT. CSPG4 expression 
in melanoma cell lines was calculated as 100/ΔCT relative to 
GAPDH. Fold change expression of CSPG4 after treatment 
was calculated using the 2-∆∆Cq method (33).

Western blot analysis. Non‑treated and drug‑exposed mela‑
noma cells were harvested by scraping and cell pellets were 
lysed in 1X RIPA buffer (Sigma‑Aldrich, Merck KGaA) with 
1X Protease/Phosphatase Inhibitor Cocktail (Cell Signaling 
Technology, Inc.). Lysates were incubated with Chondroitinase 
ABC (Sigma‑Aldrich, Merck KGaA) at the working concen‑
tration 1 U/ml for 30 min at 37˚C. Protein concentration in 
cell lysates was measured by Pierce™ BCA Protein Assay Kit 
(Thermo Fisher Scientific, Inc.) and equal amounts of proteins 
were separated by SDS‑PAGE (8% polyacrylamide gel) under 
reducing conditions and transferred onto polyvinylidene 
fluoride (PVDF) membranes (GE Healthcare Life Sciences, 
Thermo Fisher Scientific).

Equal volumes of supernatants of non‑treated and 
drug‑exposed melanoma cells were collected and concentrated 
eight times (from 400 to 50 µl) using a Vacuum Concentrator 
Centrifuge UNIVAPO 150 ECH (UniEquip GmbH). Next, 
10  µl of concentrated supernatants were centrifuged at 
14,000 x g for 30 min at 4˚C to remove remaining aggregates. 
Five microliters of resulting supernatants were carefully 
collected and mixed 1:1 with ddH2O and with 4X reducing 
sample buffer. Samples were then separated by SDS‑PAGE 
(6%  polyacrylamide gel) under reducing conditions and 
transferred onto polyvinylidene fluoride (PVDF) membranes 
(GE Healthcare Life Sciences, Thermo Fisher Scientific, Inc.).

Membranes were blocked in 5% milk TBS‑T for 1 h at 
RT and incubated with primary antibodies overnight at 4˚C. 
The following dilutions of primary antibodies in 2% milk 
TBS‑T were used: Anti‑Ki67 (1:500), anti‑NG2 clone G‑9 
(1:1,000), anti‑NG2 clone LHM  2 (1:800), anti‑Erk1/2 
(1:2,000), anti‑phospho‑Erk1/2 (1:2,000), anti‑Akt (1:3,000), 
anti‑phospho‑Akt (1:1,000) and anti‑β‑actin (1:1,000). 
Corresponding peroxidase‑conjugated secondary mAbs were 
used (1:5,000). Blots were developed using the Pierce™ ECL 
Western Blotting Substrate (Thermo Fisher Scientific, Inc.) and 
bands were visualized using the ChemiDoc Imaging System 
(Bio‑Rad Laboratories, Inc.). The densitometric analysis of 
the intensity of the bands was performed using the ImageJ 
software (National Institutes of Health).
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Immunohistochemistry. Formalin‑fixed paraffin‑embedded 
matched tumor samples from five patients before and after 
progression during a therapy with BRAF/MEK inhibitors 
from the archives of the Department of Dermatology and 
the Department of Pathology at the University Hospital 
St. Poelten, Karl Landsteiner University of Health Sciences 
were processed. The collection and storage of samples were 
performed according to local ethical guidelines. The study 
was conducted in accordance with the Declaration of Helsinki 
and was approved by the Ethics Committee of the Karl 
Landsteiner University (EC number: 1011/2019). The tissue 
was deparaffinized and stained using the BenchMark XT auto‑
mated immune‑staining platform (Ventana Medical System) 
and the ultraView Universal DAB detection system (Ventana 
Medical System). Antigen retrieval was performed before 
using prediluted, commercially available anti‑CSPG4 anti‑
bodies (Abcam clone 132.38, dilution 1:500). Scoring of tissue 
slides was performed independently by 2 investigators. The 
percentage of positive cells and the intensity of staining were 
graded from 0 to 3+: 0, no staining; 1+, weak positive staining; 
2+, moderate positive staining; 3+, strong positive staining. 
H&E staining was performed on 5‑µm paraffin sections. The 
stained sections were examined using an Olympus  BX53 
microscope and photographed with an Olympus DP73 camera 
(Olympus Electronics).

Statistical analysis. Statistical analyses of CSPG4 expression 
in parental and PLX4032‑exposed melanoma cells in western 
blotting and RT‑qPCR as well as of ratios of pERK/ERK and 
pAKT/AKT in parental and PLX4032‑exposed melanoma 
cells was carried out using the one‑way ANOVA with Tukey's 
multiple comparison test. P‑values <0.01 were regarded as 
significant (***P<0.0001, **P<0.001, *P<0.01). The Spearman's 
correlation test was used to determine the association 
between cell‑based CSPG4 expression levels and CSPG4 
ectodomain shedding levels. The results of the densitometric 
analyses of specific western blots were used for the calculation. 
P‑value <0.05 was considered statistically significant. All 
statistical analyses were performed using GraphPad Prism 
software version 4.03 (GraphPad Software, Inc.).

Results

Expression of CSPG4 in human melanoma cell lines. The 
protein and gene expression of CSPG4 was evaluated in a 
panel of melanoma cell lines: BRAF V600E‑mutated (WM9, 
WM35, 451Lu, WM164 and M14), NRAS Q61L‑mutated 
(CJM, WM1366) or carrying neither a BRAF nor an NRAS 
mutation (D24). CSPG4 protein expression on the cell surface 
was assessed by flow cytometry using the CSPG4‑specific 
9.2.27 mAb. Six out of eight cell lines tested showed a high 
percentage (>98%) of CSPG4‑positive cells (WM9, WM35, 
451Lu, WM164, D24 and CJM) (Fig. 1A). In the WM1366 cell 
line, a lower percentage of cells (~84%) was recognized by 
the anti‑CSPG4 antibody. In contrast, CSPG4 was not detected 
on the surface of M14 cells (Fig. 1A). Western blot analysis 
(Fig. 1B) confirmed these results, by demonstrating expression 
of CSPG4 in all tested cell lines, except in M14. In WM9, 
WM35, 451Lu, WM164 and CJM cells, two major forms of 
CSPG4 were detected: A single, non‑chondroitin sulfated 

glycoprotein of approximately 280 kDa (CSPG4‑280), and a 
450 kDa chondroitin sulfated proteoglycan (CSPG4‑450). The 
D24 cell line demonstrated expression of an additional, lighter 
band of around 250 kDa, along with the 280 and 450 kDa 
forms of CSPG4. In WM1366 cells, CSPG4 was detected 
as a single protein of 250 kDa, which was not influenced by 
chondroitinase ABC treatment.

In addition, CSPG4 mRNA levels were assessed in mela‑
noma cells by qPCR. The presence of CSPG4 transcripts 
was confirmed in all cell lines exhibiting the expression of 
the proteoglycan (WM9, WM35, 451Lu, WM164, D24, CJM 
and WM1366) (Fig. 1C). Only very low amounts of CSPG4 
mRNA were detected in the M14 cell line (Fig. 1C).

Differences in CSPG4 protein expression in parental, induced 
drug‑tolerant and drug‑resistant melanoma cells. Cell lines 
harboring the BRAF V600 mutation (WM9, WM35, 451Lu 
and WM164) with a high CSPG4 expression were used for 
the following experiments. The CSPG4‑negative cell line M14 
served as a control. To determine the most appropriate doses of 
PLX4032 on the different melanoma cell lines, dose‑titration 
experiments were performed. Treatment of WM9, WM35, 
451Lu, WM164 and M14 cell lines with increasing concentra‑
tions of PLX4032 resulted in a dose‑dependent inhibition of all 
cell lines. The growth of all five cell lines exposed to PLX4032 
in the concentration range of 250‑1,000 nM was inhibited in 
50‑70% (Fig. 1D) and therefore, the concentrations of 250 and 
1,000 nM PLX4032 were used for the study.

First, we generated induced drug‑tolerant cells (IDTCs) and 
drug‑resistant cells by exposing the parental cells to the BRAF 
inhibitor PLX4032. IDTCs demonstrated characteristic morpho‑
logical changes, such as elongated shape and dendrite‑like 
structures, as well as elevated CD271 expression (15). CD271 was 
used to verify the IDTC status in all experiments. Continuous 
exposure of IDTCs to PLX4032 resulted in the transforma‑
tion into permanent drug‑resistant cells that again proliferated 
(Fig. 2A). We next evaluated the expression of CSPG4 in different 
stages of BRAF inhibition by flow cytometry. Interestingly, the 
geometric mean intensity of the CSPG4 signal was significantly 
lower in IDTCs and drug‑resistant cells, as compared to the 
parental cells for all analyzed cell lines (Fig. 2B). In 451Lu 
and WM164 resistant cells, the expression of CSPG4 was 
significantly higher than in IDTCs, but did not reach the level 
of the corresponding parental cells (Fig. 2B). WM9 and WM35 
drug‑resistant cells demonstrated a slightly but still significantly 
higher CSPG4 expression than IDTCs (Fig. 2B). M14 underwent 
the same morphological changes after exposure to PLX4032 as 
observed for the other cell lines. Expression of CSPG4 by M14 
cells was not observed at any stage (Fig. 2A and B).

These results obtained by flow cytometry were confirmed 
by western blotting. CSPG4 was not detected in IDTCs and 
drug‑resistant WM9 cell lysates (Fig. 2C). In WM164 early and 
late IDTCs, the amounts of CSPG4‑280 and CSPG4‑450 were 
decreased, as compared to the parental cells. Interestingly, in 
drug‑resistant cells the expression of CSPG4 was increased, 
mainly the 280 kDa component not decorated with chondroitin 
sulfate (Fig. 2C). Overall, the expression of this proteoglycan 
decreased upon BRAF inhibition in IDTCs and increased 
again in the corresponding resistant cell lines, but the exact 
time points of these events were cell line‑specific.
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CSPG4 protein expression over time upon BRAF inhibition. 
To narrow down the time frame when changes in CSPG4 
expression upon BRAF inhibition occur, we performed time 
course experiments. We exposed four cell lines (WM9, WM35, 
451Lu and WM164) to PLX4032 for 14 days. At specific time 
points, samples were collected and CSPG4 expression was 
analyzed by western blotting. On days 7, 10 and 14 in the 
WM9, WM35 and WM164 cell lines and on days 7 and 10 

in the 451Lu cell line, cells presented an IDTC phenotype, 
as shown in Fig. 2A. Interestingly, each cell line exhibited 
certain dynamics of changes in CSPG4 expression (Fig. 3A). 
In WM9 cells, the CSPG4‑280 and CSPG4‑450 amounts were 
lower after 72 h of BRAF inhibition and from day 7 on they 
were detectable only in minute amounts. In the WM35 cell 
line, the expression of CSPG4‑280 and CSPG4‑450 decreased 
as soon as 24 h after drug exposure. Interestingly, the 280 kDa 

Figure 1. CSPG4 expression in melanoma cell lines. (A) WM9, WM35, 451Lu, WM164, D24, CJM, M14 and WM1366 melanoma cells were subjected to flow 
cytometry to determine the percentage of CSPG4‑positive cells using the anti‑CSPG4 9.2.27 mAb. Donkey anti‑mouse secondary antibody, Alexa Fluor 488®, 
was used as an IgG control. Data are representative of triplicates. (B) CSPG4 expression in WM9, WM35, 451Lu, WM164, D24, CJM, M14 and WM1366 cell 
lysates was evaluated by western blotting using the anti‑CSPG4 mAb (clone LHM 2). Samples were untreated or treated with Chondroitinase ABC. In WM9, 
WM35, 451Lu, WM164 and CJM, CSPG4 was detected as a 280 kDa lower band and a 450 kDa upper band, in D24 as 250, 280 and 450 kDa bands, in WM1366 
as 250 kDa band. (C) CSPG4 mRNA levels, normalized to the internal control (GAPDH), were analyzed by qPCR using specific primers. Bars represent 
mean ± SD from triplicates. Agarose gel electrophoresis confirmed the specific qPCR products. (D) Dose‑response effect of PLX4032 on the growth of mela‑
noma cell lines. The results are presented as percent inhibition of cell growth, compared to untreated cells. Bars represent mean ± SD from duplicates. PLX4032 
at 0.01 nM corresponds to 0 nM PLX4032 (untreated cells), due to Log 10 scale representation of the x‑axis. CSPG4, chondroitin sulfate proteoglycan 4. 
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core protein was detected at each time point, while the chon‑
droitin sulfate modified component decreased gradually over 
time. The amounts of CSPG4 in 451Lu cells were found to be 
lower already after 24 h. CSPG4‑280 was detected until 72 h 
and continued to decrease until day 10, while CSPG4‑450 was 
downregulated at each time point. On day 14, the 280 kDa core 
protein was detected again. The expression of the proteoglycan 

in WM164 cells was markedly lower after 24 h of BRAF 
inhibition and continued to decrease over time (Fig. 3A). Both 
CSPG4‑280 and CSPG4‑450 were detected only until the 72 h 
time point. From day 7 on, only CSPG4‑450 was detectable, 
and its amounts decreased over time.

In addition to western blot analysis, immunofluorescence 
labelling of CSPG4 in WM164 parental and drug‑exposed 

Figure 2. Differences in CSPG4 expression in parental, induced drug‑tolerant and drug‑resistant melanoma cells. (A) WM9, WM35, 451Lu, WM164 and 
M14 cells were exposed to PLX4032 in order to generate induced drug‑tolerant cells (IDTCs) and drug‑resistant cells. The parental cells and corresponding 
IDTCs and resistant cells were examined by bright‑field microscopy and representative photos were taken. (B) The expression of CSPG4 in parental, IDTCs 
and drug‑resistant WM9, WM35, 451Lu, WM164 and M14 cells was evaluated by flow cytometry. Results are presented as geometric mean of fluorescence 
intensity (gMFI) (left panel) and representative histograms (right panel). Bars represent mean ± SD from triplicates. Statistical analysis was carried out using 
the one‑way ANOVA with Tukey's multiple comparisons test. ***P<0.0001, **P<0.001. (C) Western blot analysis of CSPG4 (280 and 450 kDa) expression in 
WM9 and WM164 parental, early and late IDTCs as well as drug‑resistant cells. β‑actin (45 kDa) was used as a loading control. CSPG4, chondroitin sulfate 
proteoglycan 4; IDTCs, induced‑drug tolerant cells. 
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cells was performed (Fig. 3D). The cells showed a homogenous 
pattern of CSPG4 staining, with some punctate staining on the 
cell membrane, mainly in untreated cells. The immunofluores‑
cence analysis confirmed lower CSPG4 levels in cells exposed 
to PLX4032, as compared to parental cells (Fig. 3D).

CSPG4 is known to be involved in the activation of two 
major cell signaling cascades, namely integrin/focal adhesion 
kinase (FAK) signaling and MAPK pathway. Therefore, we 
investigated whether ‑ besides the fluctuations in CSPG4 

expression ‑ there were also changes in the activation of the 
pathway components, ERK and AKT. For this experiment, 
we chose 451Lu cells, as we previously observed a cycle of 
CSPG4 downregulation within 10 days of drug exposure and 
subsequent upregulation (after 14 days) (Fig. 3A). We evalu‑
ated the activity of ERK and AKT, as well as the expression of 
Ki67 in 451Lu cell lysates at specific time points of PLX4032 
exposure by immunoblotting (Fig. 3B). The inhibition of cell 
proliferation was observed after 72 h and lasted until day 14, 

Figure 3. Changes in CSPG4 expression over time upon BRAF inhibition. (A) WM9, WM35, 451Lu and WM164 cells were exposed to BRAF inhibitor 
(250 nM PLX4032) for 14 days. Samples were collected at indicated time points and CSPG4 (280 and 450 kDa) expression was analyzed in cell lysates by 
western blotting. β‑actin (45 kDa) was used as a loading control. (B) Protein lysates of 451Lu parental and PLX4032‑exposed cells were subjected to western 
blotting for expression levels of Ki67 (345/395 kDa), p44/42 MAPK (Erk1/2; 42/44 kDa), phospho‑p44/42 MAPK (Erk1/2) (Thr202/Tyr204; 42/44 kDa), 
total AKT (60 kDa), phospho‑AKT (Ser473; 60 kDa). β‑actin (45 kDa) was used as a loading control. Histograms represent pERK and pAKT expression 
normalized to ERK and AKT, respectively (right panels). Statistical analysis was carried out using one‑way ANOVA with Tukey's multiple comparisons test. 
**P<0.001; ns, not significant. (C) Lysates of 451Lu parental and PLX‑resistant cells, exposed to BRAF and/or MEK inhibitor (250 nM PLX4032 and/or 5 nM 
GSK1120212, respectively) were subjected to western blotting to detect p44/42 MAPK (Erk1/2; 42/44 kDa) and phospho‑p44/42 MAPK (Erk1/2) (Thr202/
Tyr204; 42/44 kDa). β‑actin (45 kDa) was used as a loading control. Histogram represents pERK expression normalized to ERK (right panel). Statistical 
analysis was carried out using one‑way ANOVA with Tukey's multiple comparisons test. **P<0.001; ns, not significant. (D) Immunofluorescent labelling of 
CSPG4 in WM164 parental and 1,000 nM PLX4032‑exposed cells was performed using anti‑CSPG4 9.2.27 mAb and goat anti‑mouse IgG secondary antibody, 
Alexa Fluor 568®. CSPG4, chondroitin sulfate proteoglycan 4. 
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when a faint band of Ki67 was again detected, suggesting that 
the cells started to proliferate at this time point. Significant 
downregulation of ERK signaling was achieved after 72 h 
and on day 14 a reactivation of signaling was observed. After 
exposure of 451Lu cells to PLX4032 for 14 days, we observed 
that phosphorylation of ERK was still significantly high 
(Fig. 3C). The addition of the MEK inhibitor did not lead to 
downregulation of ERK signaling, suggesting the develop‑
ment of multidrug‑resistance in the cells. Interestingly, after 
7 days of treatment, significantly reduced AKT (Ser473) phos‑
phorylation was detected and the similar phosphorylation level 
remained until day 14 (Fig. 3B).

Decreased levels of CSPG4 in WM9, WM35, 451Lu and 
WM164 melanoma cells after drug exposure are not due to 
ectodomain shedding. The extracellular domain of CSPG4 
contains a number of putative proteolytic cleavage sites (34). 
Hence, in the next step, we investigated whether the observed 
low levels of CSPG4 in PLX4032‑exposed cells were the result 
of protein shedding. Four cell lines (WM9, WM35, 451Lu and 
WM164) were exposed to PLX4032 for 14 days. Medium 
from cultured cells was collected at specific time points and 
analyzed for CSPG4 expression by western blotting (Fig. 4A). 
The analysis detected CSPG4 component of approximately 
130 kDa. The highest amounts of shed protein were observed 

Figure 4. Shedding of CSPG4 ectodomain after exposure of melanoma cells to BRAF inhibitor. WM9, WM35, 451Lu and WM164 cells were exposed to 
250 nM PLX4032 for 14 days. (A) Medium from cultured cells was collected at indicated time points and analyzed for CSPG4 (130 kDa) expression by 
western blotting. (B) Spearman's correlation analysis between cell‑based CSPG4 expression levels with CSPG4 ectodomain shedding levels. The results 
are presented as the relative expression of CSPG4 in PLX4032‑exposed cells compared to the CSPG4 expression in parental cells which was set to 100%. 
CSPG4, chondroitin sulfate proteoglycan 4. 
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in all parental cells tested and decreased over time upon 
BRAF inhibition. The Spearman correlation test demon‑
strated a significant correlation between cell‑based CSPG4 
expression levels and CSPG4 ectodomain shedding levels for 
WM9 (Spearman r=0.9550), WM35 (Spearman r=0.8183) and 
WM164 (Spearman r=0.9286) cell lines (Fig. 4B). This indi‑
cates that increased synthesis of CSPG4 in these cell lines was 
associated with increased shedding of the CSPG4 ectodomain, 
suggesting that the inhibition of expression may occur on the 
genomic level.

Effect of BRAF inhibition on the CSPG4 gene level. To 
investigate the gene expression of CSPG4 upon BRAF inhibi‑
tion, RT‑qPCR was performed. The relative messenger RNA 
levels of CSPG4 in PLX4032‑exposed cells were decreased as 
compared to the parental cells (Fig. 5). As already observed at 
the protein level (Fig. 3A), changes in CSPG4 mRNA levels 
over time were specific for each cell line. In WM9 cells, CSPG4 
mRNA levels decreased gradually over time (to 0.49±0.07 after 
24 h, 0.22±0.01 after 48 h, 0.13±0.01 after 72 h, 0.08±0.01 after 
7 days, 0.04±0.00 after 10 days) and started to increase slightly 
after day 14 (0.11±0.01). The most noteworthy CSPG4 down‑
regulation was observed in the WM35 cell line. The PLX4032 

treatment decreased the mRNA level of CSPG4 to 0.02±0.01 
already after 24 h. The gene expression remained low for up 
to 14 days of treatment and was not detected (ND) on days 3, 
7 and 14. CSPG4 mRNA levels in the 451Lu cell line were 
markedly reduced after 24 h to 0.63±0.06. No notable changes 
were observed after 3 and 7 days of PLX4032 treatment, as 
compared to parental cells. Reduced levels of CSPG4 mRNA 
were also detected after 48 h, 10 days and 14 days of PLX4032 
exposure. In WM164 cells, CSPG4 mRNA levels fluctuated 
upon BRAF inhibition, but stayed lower than in parental cells, 
up to 14 days (Fig. 5).

CSPG4 expression is downregulated in  vivo after tumor 
progression under BRAF/MEK inhibitor treatment. To 
support our in vitro data for the clinical relevance of CSPG4 
expression before and after therapy with kinase inhibitors, 
patient‑derived tumor samples were retrospectively analyzed 
by immunohistochemistry (Fig. 6). Four out of five pretreat‑
ment melanoma tissue samples showed a 2+ moderate positive 
staining for CSPG4 (Fig. 6B, left panel), and one pretreat‑
ment sample showed a 1+ weak positive staining for CSPG4 
(Fig. 6D, left panel). In contrast, four out of five posttreatment 
melanoma samples stained negative for CSPG4, as shown 

Figure 5. Downregulation of CSPG4 in melanoma cells after exposure to PLX4032. CSPG4 mRNA levels, normalized to the internal control: hUBC (WM9 
and WM35) or GAPDH (451Lu and WM164) were analyzed by qPCR using specific primers. Bars represent mean ± SD from triplicates. Statistical analysis 
was carried out using one‑way ANOVA with Tukey's multiple comparisons test. **P<0.001; ns, not significant; CSPG4, chondroitin sulfate proteoglycan 4. 
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in Fig. 6B (right panel), one sample stained 1+ for CSPG4 
(Fig. 6D, right panel).

Discussion

Chondroitin sulfate proteoglycan 4 (CSPG4) is a multifunc‑
tional transmembrane proteoglycan involved in migration, 
spreading and invasion of melanoma (20). As reviewed by 
Ampofo et al, expression of CSPG4 is known to be influenced 
by inflammation and hypoxia and is regulated by methyltrans‑
ferases, transcription factors and miRNAs (32). Identification 
of additional regulatory factors of CSPG4 expression may 
contribute to the understanding of CSPG4‑mediated cellular 
functions and help design more effective treatments against 
melanoma. The present study demonstrated that BRAF 
inhibition is another important regulatory factor of CSPG4 
expression.

We confirmed the presence of CSPG4 both at the protein 
and the gene level in a panel of seven out of eight melanoma 
cell lines. Regardless of the origin of the tumor cells (primary 

tumor or metastasis) and BRAF or NRAS mutation statuses, 
the majority of cell lines (WM9, WM35, 451Lu, WM164, D24 
and CJM) displayed a uniform pattern of CSPG4 expression, as 
detected by anti‑CSPG4 antibodies in western blotting. In line 
with other reports, within the same population of cells, CSPG4 
was expressed both with a chondroitin sulfate (CS) chain and 
as an unmodified core protein (19,35). As anticipated, the M14 
cell line, previously described as CSPG4‑negative (30), did not 
show any CSPG4 expression.

The introduction of targeted therapies, such as BRAF and 
MEK inhibitors, has improved treatment options for meta‑
static melanoma patients. However, despite remarkable early 
therapeutic effects, a complete response is rarely observed due 
to acquired resistance (7).

Induced‑drug tolerant cells (IDTCs), which constitute the 
step preceding the development of permanent drug resistance, 
are extremely important from a therapeutic perspective (15). 
Under hostile conditions (such as drug exposure, hypoxia or 
nutrient starvation), a fraction of tumor cells survives and 
over time can re‑populate the tumor. Thus, targeting IDTCs 

Figure 6. CSPG4 expression in patient‑derived matched pairs of melanoma tumor samples before and after therapy with kinase inhibitors. Tissue slides were 
prepared from biopsies of subcutaneous metastases of a melanoma patient before treatment (left panel) and after progression under therapy with dabrafenib 
and trametinib (right panel). (A and C) H&E staining, magnification x100. (B and D) CSPG4 staining with anti‑CSPG4 antibodies clone 132.38, magnification 
x100. CSPG4, chondroitin sulfate proteoglycan 4; H&E, hematoxylin and eosin. 
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in order to prevent or delay permanent drug resistance may 
enhance overall therapeutic efficacy. Since CSPG4 is a candi‑
date target molecule, we examined whether its expression is 
altered in IDTCs and drug‑resistant melanoma cells during 
exposure to kinase inhibitors. The amount of CSPG4 in IDTCs 
of all tested CSPG4‑positive cell lines was markedly lower, as 
compared to parental cells. However, the presence of CSPG4 
may not be required for a cell to become multidrug resistant 
since the CSPG4‑negative cell line M14 underwent the same 
morphological and functional changes. After IDTCs escaped 
their slow cycling semiquiescent state and became perma‑
nently resistant, the expression of CSPG4 changed as well, in 
a cell line‑specific manner. We demonstrated that different 
melanoma cell lines require different time spans to restore 
CSPG4 expression upon treatment with PLX4032, or that the 
proteoglycan in some cell lines is completely lost upon drug 
exposure. This effect did not change in a long‑term experi‑
ment (up to 90 days) in all cell lines tested (data not shown). 
For a detailed understanding of CSPG4 expression dynamics, 
it is important to continuously follow its expression not only 
in short term cultures, but also in long‑term experiments. 
Nevertheless, upregulated CSPG4 expression in permanent 
resistant melanoma cells could be a sign of the onset of addi‑
tional resistance and survival mechanisms for cancer cells that 
will require further investigation (6).

Detailed analysis of cell lysates for CSPG4 expression 
upon BRAF inhibition within a time frame of up to 14 days 
revealed cell line‑specific patterns of CSPG4 downregulation. 
In parental cells, CSPG4 was expressed both as a 280 kDa 
core protein and a 450  kDa chondroitin sulfate modified 
component. Upon BRAF inhibition, both forms gradually 
disappeared in WM9 cells, while in WM35 only the amount 
of the CS‑decorated component decreased. In 451Lu cells, 
both CSPG4 forms decreased over time, and only the core 
protein appeared again. In WM164, both components initially 
decreased, but the CS‑modified protein remained detectable 
for a much longer period of 14 days than the core protein. 
Previous studies showed that chondroitin sulfate decoration 
of the CSPG4 core protein may confer different attributes. 
First, CS chains may influence the CSPG4 distribution on the 
cell surface, focusing the core protein and proteoglycan into 
different microdomains in the plasma membrane (21). Second, 
CSPG4‑linked chondroitin sulfate is critical for enhance‑
ment of matrix metalloproteinase (MMP) activity and thus 
extracellular matrix (ECM) degradation and increased tumor 
invasion (22). Finally, CS decoration facilitates an interaction 
of CSPG4 with fibronectin and α4β1‑integrin, thereby modu‑
lating melanoma cell proliferation, adhesion, migration and 
invasion (20,23). Considering all these features, we speculate 
that the modifications of CSPG4 expression, and especially 
alterations in CS decoration, observed in our study, influence 
the overall behavior of the cell. As changes in CSPG4 upon 
BRAF inhibition are individual for different cell lines, it is 
likely that each cell line would exhibit different capabilities of 
CSPG4‑dependent cellular functions.

CSPG4, as a membrane‑spanning molecule, serves as 
a key proteoglycan that participates in signaling between 
the extracellular and intracellular compartments of the cell. 
In fact, CSPG4 was shown to promote MAPK signaling by 
mediating the growth‑factor induced activation of receptor 

tyrosine kinases located on the cell surface. In addition, 
the cytoplasmic domain of CSPG4 contains a phosphoac‑
ceptor site at Thr2314, phosphorylated by ERK1/2, resulting 
in stimulation of cell proliferation (36). It was also described 
that the presence of CSPG4 is required for constitutive acti‑
vation of the ERK1/2 pathway in melanoma cells possessing 
the BRAF V600E mutation (25). As demonstrated in 451Lu 
cells CSPG4 was downregulated upon BRAF inhibition. In 
addition, we observed the inhibition of cell proliferation and 
ERK1/2 phosphorylation at the same time points. In contrast, 
CS decoration seemed to play a role in AKT phosphorylation. 
The observed influence of the CS chain on AKT activation, 
independently from ERK1/2, is in line with studies showing 
that enhanced activation of FAK and ERK1/2 signaling by 
CSPG4 involves autonomous mechanisms (24).

The membrane proximal portion of extracellular domain of 
CSPG4 contains a number of putative proteolytic cleavage sites, 
leading to the release of CSPG4 from the cell surface (34). In 
our study, BRAF inhibition did not trigger shedding of CSPG4 
in all tested cell lines. In fact, higher CSPG4 synthesis corre‑
lated significantly with greater CSPG4 release into the culture 
medium. This finding provided a rationale for investigating 
whether CSPG4 expression was regulated at the genomic 
level. Indeed, our results indicated markedly lower CSPG4 
mRNA levels upon exposure to PLX4032 in all melanoma 
cell lines tested. Further studies are however required to fully 
describe the precise mechanism of CSPG4 downregulation. 
This process might involve DNA methylation, as it was shown 
that the promoter of CSPG4 contains many 5'CpG methyla‑
tion sites (37). Another possibility is a regulatory mechanism 
involving a specific miRNA - miR129‑2  (38). In addition 
to these mechanisms, CSPG4 can be regulated by several 
transcription factors, such as Sp1, Pax3 and Egr1 (32). The tran‑
scription factor Egr‑1 is a crucial mediator in ERK‑dependent 
signaling. In our investigation of the Egr‑1 gene expression 
upon BRAF inhibition, no clear conclusion about a possible 
involvement of Egr‑1 in CSPG4 downregulation could be 
made (data not shown).

CSPG4 has been found to be expressed in the majority 
(70%  or greater) of superficial spreading and nodular 
human melanomas  (20). It has not yet been examined 
whether its expression in tumors vary before and after 
treatment with kinase inhibitors. Our retrospective analysis 
of CSPG4 expression in melanoma tissue samples support 
the observations obtained in vitro, showing that CSPG4 is 
downregulated also in vivo after BRAF/MEK inhibition. The 
limited number of matched tumor samples did not permit to 
calculate a mathematical correlation of the CSPG4 expres‑
sion between BRAF‑mutant and drug‑resistant melanoma 
samples. It would still be of great importance to perform 
a large, prospective, systemic quantitative study assessing 
CSPG4 expression before and after treatment with kinase 
inhibitors.

In conclusion, our results indicate that BRAF inhibition is 
a regulatory factor of CSPG4 expression in melanoma cells. 
Since CSPG4 plays a central role in coordinating cell prolif‑
eration, adhesion, migration and survival, downregulation of 
this proteoglycan may have a significant effect on the overall 
behavior of melanoma cells. The outcomes of this study 
provide the basis for further investigation of the underlying 
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mechanisms and the role of CSPG4 in the development of 
drug‑resistance in melanoma.
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