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Abstract. The overexpression of chondroitin sulfate proteo‑
glycan 4  (CSPG4) is associated with several tumor types, 
including malignant melanoma, squamous cell carcinoma, 
triple‑negative breast carcinoma, oligodendrocytomas or 
gliomas. Due to its restricted distribution in normal tissues, 
CSPG4 has been considered a potential target for several 
antitumor approaches, including monoclonal antibody 
(mAb) therapies. The aim of the present study was to char‑
acterize the impact of the CSPG4‑specific mAb clone 9.2.27 
on its own or in combination with the commonly used 
BRAF‑selective inhibitor, PLX4032, on different functions 
of melanoma cells to assess the potential synergistic effects. 
The BRAF V600‑mutant human melanoma cell lines, M14 
(CSPG4‑negative) and WM164 (CSPG4‑positive), were 
exposed to the CSPG4‑specific 9.2.27 mAb and/or PLX4032. 
Cell viability and colony formation capacity were evaluated. A 
3D‑cell culture spheroid model was used to assess the invasive 
properties of the treated cells. In addition, flow cytometric 
analysis of apoptosis and cell cycle analyses were performed. 

Incubation of the WM164 cell line with CSPG4‑specific 
9.2.27  mAb decreased viability, colony formation ability 
and the invasive capacity of CSPG4‑positive tumor cells, 
which was not the case for the CSPG4‑negative M14 cell line. 
Combined treatment of the WM164 cells with 9.2.27 mAb 
plus PLX4032 did not exert any significant additional effect 
in comparison to treatment with PLX4032 alone in the clono‑
genic and invasion assays. M14 cell cycle distribution was not 
influenced by the CSPG4‑specific 9.2.27 mAb. By contrast, 
the exposure of WM164 cells to the mAb resulted in an arrest 
of the cells in the S phase. Moreover, combined treatment of 
the WM164 cells led to a significantly increased accumula‑
tion of cells in the subG1 phase, combined with a decrease of 
cells in the G2/M phase. On the whole, findings of the present 
study indicate that the CSPG4‑specific 9.2.27 mAb exerts an 
anti‑invasive effect on CSPG4‑positive melanoma spheroids, 
which is not enhanced by BRAF inhibition. These findings 
provide the basis for further investigations on the effects of 
anti‑CSPG4‑based treatments of CSPG4‑positive tumors.

Introduction

Chondroitin sulfate proteoglycan 4 (CSPG4), also known 
as high molecular weight‑melanoma associated antigen 
(HMW‑MAA) or melanoma chondroitin sulfate proteoglycan 
(MCSP) was first characterized on human melanoma cells 
40 years ago (1). CSPG4 is a single‑pass type I transmembrane 
protein expressed either as an 280‑kDa N‑linked glycoprotein 
or as a 450‑kDa chondroitin sulfate proteoglycan (2). Although 
CSPG4 was originally associated only with melanoma progres‑
sion due to its widespread expression in the majority (≥70%) 
of these tumors (3), it was later also detected in other hemato‑
logical and solid neoplastic conditions, including several types 
of leukemia (4), head and neck squamous‑cell carcinomas (5), 
triple‑negative breast carcinoma (TNBC)  (6), gliomas  (7), 
pancreatic tumors (8), soft‑tissue sarcomas (9) and malignant 
mesothelioma (10). As a transmembrane proteoglycan, CSPG4 
functions as a key mediator molecule connecting the extracel‑
lular matrix (ECM) with intracellular binding partners (11). 
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CSPG4 thus activates major signaling pathways involved in 
melanoma cell survival, proliferation, migration and invasion, 
in particular via the integrin‑regulated focal adhesion kinase 
(FAK) pathway and receptor tyrosine kinase (RTK)‑mediated 
mitogen‑activated protein kinase (MAPK) cascade (11‑13).

Due to its ability to influence different functions of tumor 
cells and to its restricted distribution in adult healthy tissues, 
CSPG4 is perceived as an attractive target for anti‑tumor 
immunotherapy  (13,14). To date, only a limited number 
of anti‑CSPG4 monoclonal antibodies (mAbs) targeting 
CSPG4‑positive tumors has been described, including 
9.2.27 mAb, 225.28 mAb and TP41.2 mAb (6,10,15).

The highly specific mAb 9.2.27 directed against the core 
glycoprotein of the chondroitin sulfate proteoglycan has been 
widely used for immunodiagnostic imaging of CSPG4 and 
as a basis for immunotherapy. The majority of research on 
therapeutic approaches involved CSPG4‑specific 9.2.27 mAb 
coupled to a variety of cell death‑inducing agents (16). One 
interesting concept based on the α‑particle‑emitting radioiso‑
tope 213bismuth conjugated to the mAb (213Bi‑9.2.27) was found 
to be highly specific and cytotoxic to melanoma cells (17). 
Another treatment strategy involved a chemical conjugate of 
9.2.27 mAb with the pseudomonas exotoxin A (PE), resulting in 
the melanoma‑specific 9.2.27PE immunotoxin that efficiently 
killed cells in vitro (18). A different approach was based on the 
TNF‑related apoptosis‑inducing ligand (TRAIL) conjugated 
to an anti‑CSPG4 scFv based on the mAb 9.2.27. Treatment 
with this anti‑MCSP:TRAIL construct resulted in apoptotic 
melanoma cell death in vitro and exerted no off‑target effects 
on normal melanocytes (19). In addition, it caused a significant 
growth retardation of human melanoma xenografts.

Apart from malignant melanoma, the 9.2.27 mAb was 
employed to inhibit the growth of other CSPG4‑positive tumor 
types, including soft‑tissue sarcoma (9), triple‑negative breast 
carcinoma as a 9.2.27 mAb‑based cytolytic fusion protein 
(αCSPG4(scFv)‑MAP) with pro‑apoptotic activity (20) and 
glioblastoma multiforme as a PEGylated mAb used in combi‑
nation with adoptive natural killer (NK) cell transfer (21).

Over the years, the use of BRAF inhibitors (BRAFi) 
has become a valid anti‑melanoma therapeutic strategy for 
patients with confirmed BRAF mutations (22,23). However, 
even when combined with a mitogen‑activated protein kinase 
kinase (MEK) inhibitor, these treatment modalities rarely lead 
to a complete clinical response due to intrinsic or acquired 
resistance (24). Thus, additional treatment options or alterna‑
tive treatment combinations with the potential to overcome 
resistance are required for the better management of patients 
with metastatic melanoma.

Yu et al (25) indicated that the addition of the anti‑CSPG4 
225.28 mAb to treatment with the BRAF inhibitor, PLX4032, 
enhanced the response magnitude and the duration of PLX4032 
efficacy in CSPG4‑positive melanoma cells. In addition, it was 
previously revealed that CSPG4‑specific polyclonal antibodies 
enhanced the anti‑proliferative effects of PLX4032 in mela‑
noma cell lines (26). However, the beneficial effect of this 
combinational treatment was partially blocked under hypoxic 
conditions (26).

On the ground of a number of promising studies employing 
the CSPG4‑specific 9.2.27  mAb, the authors wished to 
determine whether it could synergize with the potent BRAF 

inhibitor, PLX4032, in constraining various melanoma cellular 
functions. Thus, the present study, validated the antitumor 
efficacy of each agent individually, as well as the effects of a 
combined treatment that may lead to better results than each 
agent alone.

The present study investigated the behavior of melanoma 
cells following treatments not only in two‑dimensional 
cell culture assays, but also in a more physiologically 
relevant system utilizing 3D tumor spheroids. Spheroids are 
scaffold‑free spherical self‑assembled aggregates of cancer 
cells  (27). In living organisms, cells are organized in 3D 
microenvironments with complex cell‑cell and cell‑matrix 
interactions and intricate transport dynamics. Therefore, 3D 
tumor spheroids better resemble a living tissue with respect 
to the cellular communication and the development of an 
extracellular matrix (28). Moreover, 3D cell cultures provide 
more correct cell polarization, since the cells in monolayers 
can be only partially polarized (29). In addition, this type of 
three‑dimensional cell culture system has contributed to reduce 
the use of laboratory animal models (27). Melanoma spher‑
oids have been proven to be a very useful model for studying 
novel therapeutics and their anti‑invasive and anti‑metastatic 
effects (30‑34). Such models are utilized in cancer research as 
a more accurate representation of the in vivo tumor microen‑
vironment as compared to traditional two‑dimensional (2D) 
cell culture. A melanoma spheroid model is able to mimic the 
effects of cell‑cell interactions, hypoxia and nutrient depriva‑
tion, and drug penetration. 3D tumor spheroids have been 
established as tumor models for a number of years; however, 
over the past decade, they have come into more common usage 
as an in vitro model for solid tumors, e.g., melanoma (33). 
These models are increasingly being used in high‑throughput 
drug discovery screens as an intermediate between complex, 
expensive and time‑consuming in vivo models and the simple, 
low cost 2D monolayer model (30).

In the present study, it was demonstrated that the expo‑
sure of the CSPG4‑positive WM164 melanoma cell line to 
the CSPG4‑specific 9.2.27 mAb decreased viability, colony 
formation ability and invasion, which was not the case for 
the CSPG4‑negative cell line, M14. Notably, the 9.2.27 mAb 
contributed to an additional inhibition of WM164 cell viability, 
as compared with the use of PLX4032 alone. By contrast, 
combined treatment of the WM164 cells with 9.2.27 mAb 
and PLX4032 did not exert any significant additional effect in 
clonogenic and invasion assays. Cell cycle arrest in the S phase 
was observed upon exposure to the antibody. These findings 
provide the basis for further investigation of CSPG4‑antibodies 
for the treatment of CSPG4‑positive tumors.

Materials and methods

Cell lines and reagents. The human CSPG4‑positive mela‑
noma cell lines, WM9, WM35, WM164, 451Lu, and the human 
CSPG4‑negative melanoma cell line, M14, all harboring the 
BRAF V600E mutation, were previously described (35,36). 
The cells were maintained in RPMI‑1640 medium with 
2 mM L‑glutamine and 25 mM Hepes (Lonza Group, Ltd.), 
supplemented with either 5% FBS (WM9, WM35, WM164 
and 451Lu) or 10% FBS (M14) and 1% penicillin‑streptomycin 
(Gibco; Thermo Fisher Scientific, Inc.). Cells were cultured in 
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a humidified atmosphere containing 5% CO2 and 95% ambient 
air at 37˚C. Prior to the experiments, all cell lines tested nega‑
tive for mycoplasma. PLX4032, a potent inhibitor of mutant 
BRAF V600, was purchased from Selleck Chemicals. The 
mouse mAb clone 9.2.27 recognizing CSPG4 (#CUST04896) 
was obtained from eBioscience™ (Thermo Fisher Scientific, 
Inc.). Control mouse IgG (#I5381) was obtained from 
Sigma‑Aldrich; Merck KGaA.

MTT assay. To investigate cell viability upon exposure to 
increasing concentrations of PLX4032 and CSPG4‑specific 
9.2.27 mAb, a CytoSelect™ MTT Cell Proliferation assay 
(Cell Biolabs, Inc.) was performed according to the manufac‑
turer's instructions. Briefly, the melanoma cells were seeded in 
triplicates at a density of 6,000 cells per well in 96‑well plates 
and subjected to the following treatments for 24 and 72 h. 
The concentrations used for the experiments were as follows: 
PLX4032 at 0, 0.01, 0.1 and 0.25 µM; anti‑CSPG4 9.2.27 mAb 
or IgG control at 0, 0.2, 2, 5 and 10 µg/ml and their combina‑
tions thereof. The cells were then incubated with MTT reagent 
for 3 h at 37˚C and solubilized. The absorbance was measured 
at 540 and 570 nm using a Spark® multimode microplate 
reader (Tecan Group Ltd.). The presented data are the results 
of three independent experiments performed in triplicate and 
are shown as percentage of viable cells, compared with the 
untreated control cells.

Flow cytometry. Melanoma cells were harvested by scraping, 
washed with 1X PBS and dispensed into FACS tubes. The 
cells were then incubated with Fixable Viability Dye eFluor® 
506 (Affymetrix; Thermo Fisher Scientific, Inc.) for 30 min 
at  4˚C in dark according to the manufacturer's protocol. 
The cells were then 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; cat. no. 554275; 
BD Pharmingen; BD Biosciences) 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 a control for the IgG antibodies, 
cells were incubated with the Alexa Fluor 488® secondary 
antibody (1:500; cat. no. A‑21202, Thermo Fisher Scientific, 
Inc.) only also for 15 min at 4˚C, protected from light. The 
cells were washed and resuspended in FACS buffer. The 
samples were analyzed using a FACSCanto flow cytometer 
(BD Biosciences). FlowJo software version 10.6.1 (TreeStar 
Inc.) was used for the analysis of the results.

Colony formation assay. Melanoma cells were seeded in 
duplicates into 6‑well plates at a density of 1,000 cells per well 
and subjected to the following treatments: PLX4032 (0.1 µM), 
9.2.27 mAb (2 µg/ml), PLX4032 (0.1 µM) plus 9.2.27 mAb 
(2 µg/ml), IgG control (2 µg/ml), PLX4032 (0.1 µM) plus IgG 
control (2 µg/ml). Untreated cells served as a control. The cells 
were incubated until they formed colonies at approximately 
after 12 days for the M14 cell line and 16 days for the WM164 
cell line. The cells were then washed with PBS, fixed with 
4% paraformaldehyde solution in PBS for 30 min at room 
temperature and stained using crystal violet solution (0.2% 
crystal violet and 2% ethanol in ddH2O) for 30 min at room 
temperature. The number of colonies including >50 cells was 

quantified using the ImageJ software version 1.53 (National 
Institutes of Health). The presented data are the results of three 
independent experiments performed in duplicate.

Spheroid invasion assay. For creating spheroids, the hanging 
drop method was used. The WM164 and M14 melanoma cells 
untreated or exposed to specific treatments were harvested 
by scraping and resuspended in culture medium containing 
0.3% methylcellulose. Drops of 30  µl of the suspension 
(~1,000 cells) were distributed equally over a 10‑cm dish. The 
plates were incubated upside down for 2 days at 37˚C to allow 
the formation of stable spheroids. The hanging drops were 
then collected into a 50 ml falcon tube and embedded into 
1.5% rat tail collagen gels (Corning™ 354236, Merck KGaA). 
To prepare collagen gels, a 3% collagen solution was mixed 
with an equal volume of 0.85% (w/v) methylcellulose with 
RPMI‑1640 culture medium supplemented with either 5% FBS 
(WM164) or 10% FBS (M14). The spheroid suspension was 
pipetted into 24‑well plates (350 µl/well) and placed into an 
incubator for 30 min at 37˚C for polymerization. For stimu‑
lation, collagen gels were overlaid with medium containing 
0.5% FBS and then incubated at 37˚C. The quantification of 
sprouting intensity after 24 h of incubation was determined 
using a Nikon inverted phase‑contrast microscope. The area 
of spheroids was measured using ImageJ software version 1.53 
(National Institutes of Health). For each treatment 3 spheroids 
were quantified. The presented data are the results of three 
independent experiments performed in triplicates.

Apoptosis assay. The Annexin V‑CF Blue/7‑AAD Apoptosis 
Detection kit (Abcam) was used to estimate the percentage 
of intact (Annexin‑, 7‑AAD‑), apoptotic (Annexin+, 7‑AAD‑) 
or necrotic (Annexin+, 7‑AAD+) cells following 72  h of 
treatments. The analysis was performed according to the 
manufacturer's instructions. In brief, cells were seeded in 
triplicate in six‑well plates and subjected to the following 
treatments: PLX4032 (0.1 µM), 9.2.27 mAb or IgG control 
(2 µg/ml) and PLX4032 (0.1 µM) plus 9.2.27 mAb (2 µg/ml) or 
IgG control (2 µg/ml). Untreated cells served as a control. The 
cells were then harvested, washed with PBS and resuspended 
in Annexin‑binding buffer. The cells were then incubated in the 
dark with Annexin V‑CF Blue Conjugate and 7‑AAD Staining 
Solution for 15 min at room temperature. The samples were 
analyzed using a FACSCanto flow cytometer (BD Biosciences). 
FlowJo software version 10.6.1 (TreeStar Inc.) was used for the 
analysis of the results. The presented data are the results of 
three independent experiments performed in triplicate.

Cell cycle analysis. The analysis of the cell cycle was 
performed using a Propidium Iodide Flow Cytometry kit 
(Abcam) according to the manufacturer's protocol. Briefly, 
melanoma cells were seeded in triplicate in six‑well plates 
and exposed to the following treatments: PLX4032 (0.1 µM), 
9.2.27 mAb (2 µg/ml), PLX4032 (0.1 µM) plus 9.2.27 mAb 
(2 µg/ml), IgG control (2 µg/ml), PLX4032 (0.1 µM) plus IgG 
control (2 µg/ml) for 72 h. Untreated cells served as a control. 
The cells were then harvested in a single cell suspension and 
fixed with 66% ethanol for at least 2 h, at 4˚C. The cells were 
then washed with PBS and resuspended in 1X propidium 
iodide + RNase staining solution. Following incubation for 
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30 min at 37˚C, the cells were analyzed for cell cycle distri‑
bution with a FACSCanto flow cytometer (BD Biosciences). 
FlowJo software version 10.6.1 (TreeStar Inc.) was used for 
the analysis of the results. The presented data are the results of 
three independent experiments performed in triplicate.

Statistical analysis. The statistical analysis of differences 
between treated groups was performed using one‑way ANOVA 
with Tukey's multiple comparisons test. P‑values <0.05 were 
considered to indicate statistically significant differences. All 
statistical analyses of the experiments were carried out using 
GraphPad Prism software version 4.03 and 9.01.151 (GraphPad 
Software, Inc.).

Results

Effects of CSPG4‑specific 9.2.27 mAb and PLX4032 alone 
or in combination on melanoma cell viability. The present 
study first verified the effects of the potent BRAF V600 
inhibitor, PLX4032, as well as those of the CSPG4‑specific 
9.2.27 mAb, and the combination of both on the viability 
of melanoma cell lines. To determine the most appropriate 
concentrations for treatments, dose‑titration experiments were 
performed (Fig. S1). The concentration of 0.1 µM PLX4032 
was selected for the study as it inhibited ~50% of the viability 

of the WM164 and M14 cells (Fig. S1). For the CSPG4‑specific 
9.2.27 mAb, the lowest concentration of the mAb (2 µg/ml) 
which exerted a statistically significant effect on the viability 
of CSPG4‑positive WM164 cells alone and in combination 
with 0.1 µM PLX4032 was selected (Fig. S1A).

Exposure of the cells to PLX4032 resulted in a decreased 
cell viability of CSPG4‑negative M14 and CSPG4‑positive 
WM164 cells, as compared with the untreated cells (Fig. 1). 
The viability of the PLX4032‑exposed WM164 cells 
decreased by 18.3±1.7% following incubation for 24 h and by 
47.3±2.6% after 72 h (Fig. 1A). The viability of the M14 cells 
exposed to PLX4032 decreased by 9±1.4% and by 39.3±3.9% 
following 24 and 72 h of incubation, respectively (Fig. 1B). 
The exposure of the WM164 cell line to the CSPG4‑specific 
9.2.27  mAb significantly decreased cell viability, which 
was not the case for the CSPG4‑negative M14 cell line 
(Fig. 1A and B). The specificity of the effect of the 9.2.27 mAb 
was repeated in four CSPG4‑high expressing melanoma cells 
(Fig. S2). The IgG control antibody had no detectable effect 
on both WM164 and M14 cell lines (Fig. 1A and 1B). When 
combined with PLX4032, the anti‑CSPG4 mAb contributed 
to a significant, additional inhibition of WM164 cell viability, 
as compared with the cells treated with BRAF inhibitor 
alone, decreasing the viability by 37.3±5.4% after 24 h and 
by 60.7±2.4% after 72 h (Fig. 1A). This decreased viability 

Figure 1. Viability of melanoma cells following treatment with PLX4032, CSPG4‑specific 9.2.27 mAb and the combination thereof. (A) Viability of 
CSPG4‑positive WM164 cells and (B) viability of CSPG4‑negative M14 cells following exposure of the cells to the treatments [PLX4032 (0.1 µM), 9.2.27 mAb 
(2 µg/ml), PLX4032 (0.1 µM) plus 9.2.27 mAb (2 µg/ml), IgG control (2 µg/ml), PLX4032 (0.1 µM) plus IgG control (2 µg/ml)] was measured using MTT 
assay after 24 h (left panels) and 72 h (right panels). The results are presented as the percentage of viable cells, compared with the untreated cells (control) and 
represent three independent experiments performed in triplicate. Bars represent the mean ± SD. Statistical analysis was carried out using one‑way ANOVA 
with Tukey's multiple comparisons test. P‑values are represented by asterisks (*): ***P<0.0001, **P<0.01, *P<0.05; ns, not significant. Asterisks above each 
bar indicate significance, as compared with the control bar. Line with depicted asterisks above different bars indicates significance between relevant bars. 
CSPG4, chondroitin sulfate proteoglycan 4; mAb, monoclonal antibody.
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was indeed CSPG4‑dependent since the combined treatment 
of CSPG4‑negative M14 cells with PLX4032 plus 9.2.27 mAb 
did not exert any additional effect, as compared to treatment 
with PLX4032 alone (Fig. 1B). The combination of PLX4032 
with the IgG control resulted in the same effect as PLX4032 
for both cell lines tested (Fig. 1A and B).

In addition, the present study evaluated using bright‑field 
microscopy, whether changes in cell viability following 
the treatments were reflected in differences in the density 
and morphology of the melanoma cells. Indeed, as illus‑
trated in the representative images, PLX4032 decreased the 
number of both WM164 and M14 cells and it affected cell 
morphology, as compared with the control (Fig. S3). Exposure 
to the 9.2.27 mAb for 72 h resulted in a decreased density of 
CSPG4‑positive WM164 cells, whereas it had no effect on 
CSPG4‑negative M14 cells.

Taken together, the results of MTT assay proved that the 
exposure to PLX4032 efficiently inhibited the viability of BRAF 
V600E‑mutant cell lines. Moreover, the anti‑CSPG4 mAb 
specifically decreased the viability of only CSPG4‑positive 
cells and enhanced the effects of PLX4032. The specific effect 
on cell viability was observed at even after 24 h and continued 
after 72 h. Therefore, these incubation times were used in the 
present study.

CSPG4‑specific 9.2.27 mAb exerts similar effect as PLX4032 
on the colony‑forming ability of CSPG4‑positive melanoma 
cells. After demonstrating that the viability of both WM164 
and M14 cells was reduced following exposure to PLX4032, 
and that only CSPG4‑positive cells were influenced by incuba‑
tion with 9.2.27 mAb, the present study investigated whether 
these treatment regimens had an effect on the colony‑forming 
ability of melanoma cells. For this purpose, cells were plated 

as single cells and subjected to treatments as described in the 
Materials and methods section for the time period required 
for cells to form colonies (12 days for the M14 cell line and 
16 days for the WM164 cell line). The M14 cells exhibited a 
significantly reduced ability to form colonies when exposed 
to PLX4032 (average of 236.5±4.5 colonies in untreated 
cell line versus 149.5±16.5 colonies after BRAFi), while no 
inhibitory effect of the CSPG4‑specific mAb was observed 
(Fig. 2B). Furthermore, the combination of BRAF inhibitor 
with the mAb resulted in the same effect as that observed with 
PLX4032 alone (Fig. 2B).

The colony‑forming inhibitory effect of PLX4032 
was also observed in the WM164 cells (Fig.  2A). These 
CSPG4‑expressing cells exhibited a significantly reduced ability 
to form colonies also when incubated with CSPG4‑specific 
9.2.27 mAb (Fig. 2A). Both treatments separately reduced the 
number of colonies by ~70%. The combination of PLX4032 
with the 9.2.27 mAb did not exert any additional inhibitory 
effect on colony formation, as compared with either agent 
alone (Fig. 2A).

In summary, incubation with the 9.2.27  mAb exerted 
a similar inhibitory effect on the colony‑forming ability 
of CSPG4‑positive melanoma cells as that observed with 
PLX4032 alone. It also did not contribute to an additional 
decrease in the number of colonies when used in combination 
with the BRAF inhibitor.

CSPG4‑specific 9.2.27  mAb decreases the invasion of 
CSPG4‑positive melanoma cells. CSPG4 is a multifunctional 
transmembrane proteoglycan involved in the induction of mela‑
noma cell invasion (3). Hence, in the following experiment, 
the present study investigated whether the CSPG4‑specfic 
9.2.27 mAb alone or in combination with PLX4032 exerts an 

Figure 2. The CSPG4‑specific 9.2.27 mAb exerts a similar effect as PLX4032 on the colony‑forming ability of CSPG4‑positive melanoma cells. 
(A) Representative images of fixed and stained WM164 colonies and (B) M14 colonies under different conditions (left panels) after 16 and 12 days of treat‑
ment, respectively. The number of colonies from three independent experiments was counted and presented on the bar graphs (right panels). Bars represent 
the mean ± SD from duplicate experiments. Statistical analysis was carried out using one‑way ANOVA with Tukey's multiple comparisons test. P‑values are 
represented by asterisks (*): ***P<0.001, **P<0.01; ns, not significant. Asterisks above each bar indicate significance, as compared to the control bar. Line with 
depicted asterisks above different bars indicates significance between relevant bars. CSPG4, chondroitin sulfate proteoglycan 4; mAb, monoclonal antibody.
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effect on melanoma cell invasion in a 3D spheroid model. The 
ability to form stable spheroids has been previously reported 
for WM164 cells (33).

WM164 (CSPG4‑positive) and M14 (CSPG4‑negative) 
cell‑derived spheroids were exposed to different treatments 
and their ability to invade into a collagen matrix was evalu‑
ated. In line with the results of MTT assay, specific effects 
were observed even after 24 h. Both the WM164 and M14 
cell‑derived spheroids exposed to the BRAF inhibitor exhib‑
ited a significantly reduced invasive ability as compared with 
the control (Fig. 3A and B). The size of the PLX4032‑exposed 
spheroids, as well as the area of invaded cells in both cell 
lines was markedly smaller, when compared with the control 

spheroids (Fig. 3C and D). Incubation of WM164 spheroids 
with the CSPG4‑specific 9.2.27 mAb significantly inhibited 
the invasion of CSPG4‑positive tumor cells (Fig. 3A). The 
specificity of the effect of the 9.2.27 mAb was again confirmed 
by the observation that the antibodies did not influence the 
invasion of CSPG4‑negative cells (Fig. 3B and D). The area 
of invading cells was distinctly reduced in the mAb‑treated 
WM164 cell‑derived spheroids, as compared with the untreated 
or IgG control‑treated spheroids (Fig. 3C). Notably, consistent 
with the results of the colony formation assay, the combination 
of PLX4032 with the 9.2.27 mAb did not exert any additional 
effect, as compared with the influence of each agent alone on 
spheroids (Fig. 3A and C).

Figure 3. The CSPG4‑specific 9.2.27 mAb decreases the invasion of CSPG4‑positive melanoma cells. (A) The area of WM164 spheroids and (B) M14 spheroids 
exposed to different treatments was measured at 0 and 24 h after embedding in a collagen matrix. The results are presented as a percentage of spheroid area, 
calculated by comparing the spheroid area after 24 h to spheroids at the initial time 0 h. Bars represent the mean ± SD from triplicates of three independent 
experiments. Statistical analysis was carried out using one‑way ANOVA with Tukey's multiple comparisons test. P‑values are represented by asterisks (*): 
***P<0.001; ns, not significant. Asterisks above each bar indicate significance, as compared to the control bar. Line with depicted asterisks above different bars 
indicates significance between relevant bars. (C and D) A series of representative micrographs showing a spheroid growth and invasion under different treat‑
ments at 0 and after 24 h. Images of (C) CSPG4‑positive WM164 spheroids and (D) CSPG4‑negative M14 spheroids. Scale bar, 100 µm. CSPG4, chondroitin 
sulfate proteoglycan 4; mAb, monoclonal antibody.
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From these results, it can be concluded that the 9.2.27 mAb 
efficiently suppressed the CSPG4‑mediated invasion of 
CSPG4‑positive, but not CSPG4‑negative cells and that this 
effect was comparable to the inhibitory effects of PLX4032.

Characterization of the apoptosis of melanoma cell lines. 
To gain insight into the potential mechanisms through which 
these specific treatments (PLX4032, CSPG4‑specific mAb 
and the combination thereof) influenced the viability, clonoge‑
nicity and invasiveness of melanoma cells, the flow cytometric 
analysis of apoptosis was performed. Following exposure to 
specific treatments, the WM164 and M14 cells were subjected 
to Annexin V and 7‑AAD staining in order to determine the 
proportions of viable cells (Annexin‑, 7‑AAD‑), early apop‑
totic (Annexin+, 7‑AAD‑), late apoptotic/necrotic (Annexin+, 
7‑AAD+), as well as dead cells (Annexin‑, 7‑AAD+).

It was expected that the melanoma cells would exhibit 
early signs of apoptosis following exposure to the treatments 

at after 72  h if this process of programmed cell death 
was induced. Exposure to PLX4032, the CSPG4‑specific 
9.2.27 mAb or the combination thereof for 72 h did not induce 
the apoptosis of either the WM164 nor M14 cells (Fig. 4). 
Incubation of the WM164 cells with PLX4032 induced early 
apoptosis only in 1.96±0.12% of the cells, as compared with 
1.32±0.14% of the control cells that were detected as apop‑
totic (Fig. 4A, right panel). Exposure of the WM164 cells to 
the CSPG4‑specific 9.2.27 mAb increased the percentage of 
necrotic cells to 6.81±0.94%, as compared with 5.11±0.38% 
of necrotic cells in the control; however, this effect was 
not statistically significant (P=0.072; Fig. 4A, right panel). 
Moreover, the increase in necrotic cells was not observed 
following treatment with PLX4032 plus the 9.2.27 mAb. 
Exposure of the M14 cells to all treatment variants resulted 
in 5.21±0.13% of cells that were apoptotic, necrotic or dead, 
while 94.6±0.26% of the treated cells were still detected as 
alive (Fig. 4B, right panel).

Figure 4. Detection of apoptosis of melanoma cells exposed for 72 h to PLX4032 and the CSPG4‑specific 9.2.27 mAb alone or in combination. (A) Percentage 
of live, apoptotic, necrotic or dead CSPG4‑positive WM164 cells, as well as (B) CSPG4‑negative M14 cells upon treatments was evaluated using flow cytom‑
etry with Annexin V‑CF Blue and 7‑AAD staining. Results are shown as representative cytograms (left panels) and reported in bar graphs (right panels). Bars 
represent the mean ± SD from triplicates of three independent experiments. Statistical analysis was carried out using one‑way ANOVA with Tukey's multiple 
comparisons test. The accurate P‑values are provided in Tables SI and SII. CSPG4, chondroitin sulfate proteoglycan 4; mAb, monoclonal antibody.
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Taken together, these results indicated that the incubation 
of melanoma cell lines during these treatments for 72 h did not 
lead to the induction of apoptosis.

CSPG4‑specific 9.2.27 mAb leads to WM164 cell cycle arrest 
in the S‑phase. To determine whether the exposure of M14 and 
WM164 melanoma cells for 72 h to PLX4032, CSPG4‑specific 
9.2.27 mAb or their combination in turn affects the cell cycle, 
the treated cells were analyzed using flow cytometry after 
propidium iodide staining.

Incubation of the CSPG4‑positive WM164 cells with 
the CSPG4‑specific 9.2.27 mAb resulted in a significantly 
higher number of cells arrested in the S phase (44.2±1.6%), 
as compared with the control (35.9±0.96%) (Fig.  5A and 
Table SI). Moreover, following the combined treatment, a 
significantly increased accumulation of cells in the subG1 
phase (16.63±5.1%), combined with a decrease of cells in the 
G2/M phase (3.96±0.12%) was observed, as compared with 
cell cycle distribution in the control (3.44±0.66% of cells 
in the subG1 phase and 19.90±0.92% of cells in the G2/M 
phase) (Fig. 5A and Table SI). Exposure to PLX4032 led to a 

significant increase of cells in the G1 phase (66.5±1.34%), as 
compared with the untreated cells (40.2% ±2.04) (Fig. 5A and 
Table SI).

The cell cycle analysis of the CSPG4‑negative M14 
cell line revealed that the untreated control cells presented 
the following cell cycle distribution: The subG1 phase, 
3.43±0.17%; G1 phase, 35.6±0.21%; S phase, 45.87±0.82%; 
and G2/M phase, 11.73±0.78% cells (Fig.  5B). Incubation 
with CSPG4‑specific 9.2.27  mAb did not affect the cell 
cycle distribution of M14 cells (Fig. 5B). The combination of 
PLX4032 and 9.2.27 mAb resulted in similar cell cycle phases, 
as observed for PLX4032 alone (Fig. 5B). Upon exposure to 
PLX4032, a significant increase of M14 cells in the G1 phase 
was observed (52.9±0.78%) (Fig. 5B and Table SII).

To verify whether the CSPG4‑specific 9.2.27 mAb affects 
CSPG4‑positive WM164 cells in a concentration‑dependent 
manner, the cells were exposed to increasing concentra‑
tions of the mAb (2‑10 µg/ml) and cell cycle analysis was 
performed. Indeed, higher antibody concentrations were 
associted with a higher percentage of cells arrested in the S 
phase (Fig. S4).

Figure 5. Cell cycle analysis of melanoma cells exposed for 72 h to PLX4032, the CSPG4‑specific 9.2.27 mAb and the combination thereof. (A) CSPG4‑positive 
WM164 cells and (B) CSPG4‑negative M14 cells exposed to different treatments were analyzed for cell cycle distribution using flow cytometry with propidium 
iodide staining. Results are shown as representative histograms (left panels). The percentage of cells in different phases: subG1, G1, S and G2/M are reported 
in the bar graphs (right panels) and present the data of three individual experiments performed in triplicate. CSPG4, chondroitin sulfate proteoglycan 4; 
mAb, monoclonal antibody.
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Taken together, these results indicate that the 
CSPG4‑specific mAb can lead to cell cycle arrest in the S phase 
and that the combination with the BRAF inhibitor PLX4032 
may lead to an increased cell death of CSPG4‑postitive cells.

Discussion

Malignant melanoma is one of the most prevalent forms of 
fatal skin cancer with a continuous increasing incidence 
worldwide (37). Despite a significant improvement of treatment 
options owing to the introduction of BRAF and MEK inhibitors, 
a vast majority of patients with melanoma cannot fully benefit 
from therapy due to the intrinsic and acquired resistance to 
these drugs (22‑24). mAbs constitute a rapidly expanding class 
of agents for the treatment of different cancer types, offering 
an alternative option to patients who have failed or progressed 
on a standard therapy (38). One approach is the use of mAbs 
that target the negative regulators of T‑cell activation to yield 
increased anti‑tumor immunity, including antibodies directed 
against programmed cell death‑ligand 1 (PD‑L1) and its receptor 
programmed cell death protein 1 (PD‑1). These immune 
checkpoint inhibitor‑based therapies have exhibited satisfactory 
clinical results in the treatment of patients with metastatic mela‑
noma and other malignancies, such as lung cancer, colorectal 
cancer or renal cell carcinoma (38). The analysis of a phase 3 
clinical trial revealed that the addition of the anti‑PD‑L1 anti‑
body atezolizumab to targeted therapy with BRAF and MEK 
inhibitors significantly increased progression‑free survival 
in patients with advanced melanoma (39). However, there are 
currently no clinically available antibodies that directly target 
membrane associated melanoma‑specific proteins, such as 
cell‑adhesion receptors. Some of the preclinical approaches 
focus on targeting CSPG4, since this proteoglycan is overex‑
pressed on melanomas with only limited distribution on normal 
tissues and plays a central role in oncogenic pathways required 
for malignant progression and metastasis (13,14).

The use of an appropriate mAb against CSPG4, as well as 
the validation of whether this specific anti‑CSPG4 mAb can 
synergize with kinase inhibitors in order to enhance the initial 
response to the drug, may contribute to the design of more 
effective treatments against melanoma. The present study 
analyzed the antitumor effects of the CSPG4‑specific mAb 
clone 9.2.27 alone and in combination with the commonly 
used selective BRAF inhibitor, PLX4032. To the best of our 
knowledge, this is the first study on the combination of these 
two agents on different melanoma cellular functions.

The results of the present study proved that exposure 
to PLX4032 efficiently inhibited the viability of BRAF 
V600E‑mutant cells, both expressing (WM164) and 
not‑expressing (M14) CSPG4 (Figs.  1  and  S1). Studies 
employing the CSPG4‑specific mAb clone 225.28 (25), as 
well as anti‑CSPG4 polyclonal Abs (26) demonstrated that 
these antibodies reduced the viability of melanoma cells 
in vitro by ~30%. In the present study, the mAb clone 9.2.27 
also decreased the viability of CSPG4‑positive WM164 
cells, whereas no reduction of the CSPG4‑negative M14 cell 
line could be observed (Fig. 1 and S1). This result confirmed 
the specificity of the 9.2.27 mAb and proved that there was 
not even a minimal off‑target effect on CSPG4‑negative 
M14 cells. The extent of the decrease in viability following 

exposure to the 9.2.27 mAb was lower than that in studies 
focusing on mAb conjugated to radioisotopes or toxins (17,18). 
However, the effect of the antibody alone on melanoma cell 
viability was not examined in these studies. Nevertheless, 
the CSPG4‑specific 9.2.27 mAb significantly enhanced the 
effect of PLX4032 and reduced the viability of WM164 cells 
even after 24 h by an additional 19% (Fig. 1A). This finding 
provided the rationale for further experiments described in the 
present study, analyzing whether the combination of a BRAF 
inhibitor with CSPG4‑specific mAbs would be more effective 
in inhibiting melanoma cell survival and invasion.

CSPG4 is known to enhance cell survival through its 
involvement in promoting high levels of integrin‑related 
signals and thus activating intracellular signaling cascades, 
particularly the FAK and PI3K⁄AKT pathways (11,12). Indeed, 
incubation with the 9.2.27 mAb exerted a significant inhibitory 
effect on the colony‑forming ability of CSPG4‑positive mela‑
noma cells, to the same extent as to treatment with PLX4032 
alone (Fig. 2A). A combination of PLX4032 and 9.2.27 mAb, 
which theoretically should influence different pathways and 
result in a decreased capability of melanoma cells to form 
colonies, did not contribute to any additional inhibitory effect 
(Fig. 2A).

It was hypothesized speculate that the downregulation of 
CSPG4 expression in melanoma colonies may be involved 
in this observation. As recently demonstrated by the authors, 
exposure of CSPG4‑positive melanoma cells to PLX4032 for 
up to 14 days led to gradually reduced levels of the CSPG4 
protein and decreased levels of its mRNA (36). Therefore, 
the exposure of WM164 colonies to PLX4032 for a longer 
time period has probably led to a downregulation of CSPG4 
expression and ‑as a consequence‑to a lower binding of the 
CSPG4‑specific mAb.

The progression of metastatic melanoma is a complex, 
multi‑step process of molecular events that eventually results 
in an invasive phenotype. Since CSPG4 possesses the ability 
to coordinate several melanoma pathways, it is involved in 
tumorigenesis at multiple levels (3). Thus, the present study 
investigated the invasive properties of cells following exposure 
to treatments using 3D melanoma tumor spheroids.

Spheroids embedded in a collagen matrix reflect the 
in vivo tumor architecture and microenvironment, as they 
reconstruct the oxygen and nutrient gradient within the 
spheroid with central necrosis and a hypoxic zone; features 
that may influence the response to the treatment (30). The 
inhibitory effect of PLX4032 on the growth and invasion of 
3D melanoma spheroids was successfully reflected in the 
regression of tumor growth in melanoma xenografts (31,32). 
In line with these data, the present study demonstrated that 
PLX4032 significantly inhibited the invasion of M14 and 
WM164 spheroids (Fig. 3). Exposure to 9.2.27 mAb inhibited 
the invasion of CSPG4‑positive spheroids to the same extent 
as PLX4032 (Fig. 3A and C). This result may be attributed 
to the suppression of the CSPG4‑mediated invasion of cells, 
which involves the activation of MMP complexes on the cell 
surface and binding to ECM components, including collagen 
and fibronectin (40,41).

The use of spheroids in this experiment allows us to 
hypothesize that this result could be projected to an in vivo 
situation. Indeed, Hsu et al (9) demonstrated that a 9.2.27 mAb 
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immunotherapy inhibited the tumor growth of human sarcoma 
xenografts. In addition, it has been demonstrated showed that 
unconjugated 9.2.27 mAb is also able to suppress tumor growth 
in athymic mice to the same extent as with antibody conjugated 
to diphtheria toxin A chain (15). The combination of anti‑CSPG4 
antibodies with BRAF inhibitors has been studied to date only in 
two‑dimensional cell culture assays (25,26). The results presented 
herein indicated that 9.2.27 mAb did not enhance the inhibitory 
effect of PLX4032 on the invasiveness of CSPG4‑positive spher‑
oids (Fig. 3A and C). This may suggest that the combination 
would have a similar effect on tumor growth in vivo.

Hypoxia strongly influences the response to PLX432 treat‑
ment in melanoma cells which switch to a more invasive and 
aggressive phenotype (26). Therefore, therapeutic efforts have 
to take into account that the microenvironment of melanoma 
cells has an impact on tumor progression. Spheroids resemble 
the tumor hypoxic zone and CSPG4 expression has been shown 
to be upregulated both at the mRNA level and the protein level 
under hypoxic conditions (8). The 9.2.27 mAb significantly 
inhibited the invasion of CSPG4‑positive spheroids, possibly 
overcoming the CSPG4 overexpression by hypoxic conditions.

Therefore, it would be of importance to test additional 
treatment variants before moving to in  vivo studies with 
the 9.2.27 mAb and BRAF inhibitors. One approach could 
consist of first treating CSPG4‑positive melanoma cells with 
the 9.2.27 mAb in order to restrict the CSPG4‑dependendent 
growth, motility and invasiveness of tumor and then adding 
PLX4032. The intermittent dosing of this BRAF inhibitor 
alternating with CSPG4‑specfic mAb could increase the 
duration of the initial response and delay or even prevent the 
development of resistance to the BRAF inhibitor.

The present study focused on investigating the underlying 
mechanisms of treatments on melanoma cells by discrimi‑
nating live, early apoptotic and late apoptotic or necrotic cells 
along with assessing cell cycle distribution by flow cytometry. 
Exposure to PLX4032, the CSPG4‑specific 9.2.27 mAb or the 
combination thereof for 72 h did not induce the apoptosis of 
either the M14 or WM164 cells (Fig. 4). Thus, it was suspected 
that changes in cell cycle distribution would be detected in 
cells exposed to treatments.

Indeed, exposure of both the M14 and WM164 cells to 
PLX4032 resulted in a significant increase in the number of 
cells in the G1 phase as compared with the control (Fig. 5). 
This is in line with the findings of another study analyzing the 
effects of PLX4032 on melanoma cell lines (42). Of note, the 
present study revealed that the incubation of CSPG4‑positive 
cells with the CSPG4‑specific 9.2.27 mAb resulted in a signifi‑
cantly higher number of cells arrested in the S phase and that 
this effect was concentration‑dependent (Figs. 5A and S2). 
The effect was specific since the incubation of the M14 cells 
with the anti‑CSPG4 9.2.27 mAb did not influence the cell 
cycle distribution among these cells, while the combination of 
PLX4032 and the 9.2.27 mAb resulted in similar cell cycle 
phases, as observed with PLX4032 alone (Fig. 5B).

Relatively little is known about the mechanisms that 
control progression through the S phase in mammalian cells. 
Antibody treatment acts presumably as a CSPG4‑dependent 
exogenous trigger that allows cells neither to progress in the 
cell cycle nor to retreat to the G1 status. Further investigation 
of molecular mediators of the S phase arrest in the context of 

CSPG4 inhibition may shed light not only on the S phase arrest 
mechanisms, but also on as yet unidentified CSPG4 functions.

Moreover, following the combined treatment of WM164 
cells, a significantly increased accumulation of cells in the 
subG1 phase, which may indicate cell death, combined with a 
decrease in the G2/M phase cells was observed (Fig. 5B). This 
result may explain the decreased viability of WM164 cells 
exposed to PLX4032 and the 9.2.27 mAb (Fig. 1A).

In conclusion, the findings of the present study indicate that 
the CSPG4‑specific 9.2.27 mAb exerted an anti‑clonogenic 
and anti‑invasive effect on CSPG4‑expressing melanoma 
cells. In addition, antibody treatment led to cell cycle arrest 
in the S phase. Albeit the combination of the 9.2.27 mAb with 
PLX4032 did not exert any additional effect on the colony 
formation ability and invasiveness of CSPG4‑positive cells, 
the combined treatment may lead to increased cell death. The 
outcomes of the present study provide the basis for further 
investigations and emphasize the need for new consider‑
ations when designing studies involving the combination of 
CSPG4‑specific mAbs with kinase inhibitors for the treatment 
of CSPG4‑positive tumors.
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