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Abstract. Disruption of cell‑cell junctions and the concomi-
tant loss of polarity, downregulation of tumor‑suppressive 
adherens junctions and desmosomes represent hallmark 
phenotypes for several different cancer cells. Moreover, a 
variety of evidence supports the argument that these two 
common phenotypes of cancer cells directly contribute to 
tumorigenesis. In this study, we aimed to determine the status 
of intercellular junction proteins expression in JJ012 human 
malignant chondrosarcoma cells and investigate the effect 
of the antitumorigenic cytokine, proline‑rich polypeptide‑1 
(PRP‑1) on their expression. The cell junction pathway array 
data indicated downregulation of desmosomal proteins, 
such as desmoglein (1,428‑fold), desmoplakin (620‑fold) and 
plakoglobin (442‑fold). The tight junction proteins claudin 11 
and E‑cadherin were also downregulated (399‑ and 52‑fold, 
respectively). Among the upregulated proteins were the char-
acteristic for tumors gap junction β‑5 protein (connexin 31.1) 
and the pro‑inflammatory pathway protein intercellular adhe-
sion molecule (upregulated 129‑ and 43‑fold, respectively). We 
demonstrated that PRP‑1 restored the expression of the above-
mentioned downregulated in chondrosarcoma desmosomal 
proteins. PRP‑1 inhibited H3K9‑specific histone demethylase 
activity in chondrosarcoma cells in a dose‑dependent manner 
(0.5  µg/ml PRP,  63%; 1  µg/ml PRP,  74%; and 10  µg/ml 
PRP, 91% inhibition). Members of the H3K9 family were 
shown to transcriptionally repress tumor suppressor genes 
and contribute to cancer progression. Our experimental data 
indicated that PRP‑1 restores tumor suppressor desmosomal 
protein expression in JJ012 human chondrosarcoma cells 

and inhibits H3K9 demethylase activity, contributing to the 
suppression of tumorigenic potential in chondrosarcoma cells.

Introduction

Chondrosarcoma is a highly aggressive bone cancer of 
mesenchymal origin, which is resistant to chemo‑ and radia-
tion therapies, leaving surgical resection as the only option. 
Metastatic spread of malignant cells eventually develops 
following surgical resection. The malignant progression to 
chondrosarcoma has been suggested to involve a degree of 
mesenchymal‑to‑epithelial transition (MET) and it has been 
demonstrated in an in vitro model that chondrosarcoma cells 
may transition to a more epithelial‑like phenotype under 
certain conditions, with the acquisition of epithelial markers, 
such as E‑cadherin, desmocollin 3, maspin and 14‑3‑3σ due 
to the epigenetic switch (1). The epithelial‑to‑mesenchymal 
transition (EMT) and its reverse process, MET, play central 
roles in embryogenesis. EMT is an important process that 
permits epithelial cells to dissolve intercellular connections 
and acquire mesenchymal properties, exhibiting augmented 
migratory ability. The hallmarks of EMT include loss of 
structural adhesion components, such as E‑cadherin, cell‑cell 
adhesion glycoprotein, and gain of mesenchymal cell markers, 
such as vimentin. E‑cadherin expression is lost in carcinomas 
during EMT and restored during MET, providing a survival 
advantage for these cells in a challenging ectopic environment. 
Aberrant activation of EMT has been reported to contribute to 
tumour progression/metastasis. During metastasis‑associated 
MET, the epithelial tumour cells, which have undergone EMT 
and are present in the blood circulation, reverse the EMT 
process to grow at distant sites as epithelial tumour cells (2,3). 
Sarcoma metastasis is not well understood (1). Sarcomas are 
considered to arise from mesenchymal cells and, thus, do not 
have a baseline epithelial differentiation state that is seen in 
several carcinomas. This fact excludes sarcomas from the 
EMT‑MET metastasis paradigm, whereby tumor cells in 
carcinomas must lose their epithelial characteristics to escape 
the primary tumor, but regain them to colonize the secondary 
site. Undifferentiated Ewing's sarcoma cells, for example, may 
innately have the right balance of epithelial and mesenchymal 
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characteristics that allow for successful growth at the primary 
and secondary sites, as well as a high propensity for metastasis. 
Providing support for this intrinsic ability, micrometastatic 
spread is ubiquitous in Ewing's sarcoma patients and occurs 
during the early stages of the disease, suggesting a parallel 
progression of tumor and metastases. This is in contrast to 
certain carcinomas, such as colorectal cancer, where a slow 
progression and accumulation of mutations eventually leads 
to an invasive malignancy. A ‘passive metastasis' model was 
recently proposed for Ewing's sarcoma dissemination to 
contrast the deliberate steps required in carcinoma metas-
tasis  (4). MET in sarcoma is represented by expression of 
epithelial‑like markers, such as E‑cadherin, whereas mesen-
chymal markers predominate in tumor cells. Disruption of 
cell‑cell junctions and the concomitant loss of polarity repre-
sent hallmark phenotypes for a number of different cancer 
cells. Moreover, a variety of evidence supports the argument 
that these two common phenotypes of cancer cells directly 
contribute to tumorigenesis, rather than simply representing 
indirect consequences of the transformed state of these 
cells (5). Intercellular junctions are of paramount importance 
in EMT and MET. A disruption of this cell‑cell communica-
tion, through multiple mechanisms, may in the short term be a 
protective mechanism to limit the spread of toxicity in a tissue 
following chemical or radiation damage. However, sustained 
downregulation confers a loss of tumor‑suppressive action (6).

Adherens junctions, also referred to as belle desmosomes, 
are protein complexes that are found in cell‑cell junctions and 
their cytoplasmic face is linked to the actin cytoskeleton. Three 
main protein families constitute traditional adherens junction 
complexes: Transmembrane cadherins, armadillo proteins and 
cytoskeletal adaptors. The cytoplasmic tails of cadherins bind 
members of the armadillo protein family, such as β‑catenin. 
Cadherins communicate with the actin cytoskeleton through 
contacts with β‑catenin (7).

Similar to adherens junctions, desmosomes comprise three 
main protein families, namely cadherins, armadillo proteins 
and plakins. The two types of desmosomal cadherins, namely 
the desmogleins (DSG) 1‑4 and the desmocollins (DSC) 1‑3, 
mediate adhesion between apposing cells through interactions 
of their ectodomains. Intracellularly, desmosomal cadherins 
bind to the armadillo proteins junction plakoglobin (JUP, 
γ‑catenin) and plakophilins (PKP) 1‑3, which help bridge the 
cadherins to the intermediate filament cytoskeleton. The loss 
or reduction of one or more desmosome components, including 
DSG 1‑3, DSC 2, DSC 3, JUP, PKP 1‑3 and DSP, is observed 
during development and/or the progression of various human 
cancers. Adherens junctions and desmosomes are known to 
be downregulated in cancer, as they exert tumor‑suppressive 
effects (8‑11).

The other main types of vertebrate intercellular junc-
tions may be broadly categorized as ‘communicating' and 
‘occluding' junctions. The latter, also known as tight junctions, 
seal adjacent membranes through multiple spanning trans-
membrane proteins, such as occludins and claudin (5).

Finally, there are also gap junctions, some of which may be 
downregulated in cancer (12), or may not depend on cellular 
context. Gap junctions are intercellular membrane channels 
that allow the direct exchange of small molecules (<1.2 kD) 
between adjacent cells and are composed of two hemichannels 

(connexons), which are in turn formed by the oligomerization 
of six protein subunits, termed connexins.

The focus of the present study was the investigation of 
intercellular junction protein expression in human malignant 
chondrosarcoma and the effect of the antiproliferative cyto-
static, proline‑rich polypeptide‑1 (PRP‑1)  (13‑18) on their 
expression. PRP‑1 was originally isolated from the neurose-
cretory granules of bovine neurohypophysis. This compound 
is a cytokine immunomodulator (17), with a wide spectrum of 
properties (18).

Materials and methods

Cell lines and tissue culture. JJ012 chondrosarcoma cells were 
cultured in a monolayer, as previously described (13‑16), in a 
medium consisting of Dulbecco's modified Eagle's medium, 
supplemented with F12, 10% fetal bovine serum, 25 µg/ml 
ascorbic acid, 100 ng/ml insulin, 100 nM hydrocortisone and 
1% penicillin/streptomycin. Upon confluency, the cells were 
trypsinized and seeded in 6‑well cluster dishes at a concen-
tration of 1x106 cells/ml and incubated for 24 h in a 5% CO2 
incubator. The experiments were performed in biological 
triplicates. The cells were treated with PRP‑1 peptide in the 
experimental samples, while no peptide was added to the 
control wells.

Gel electrophoresis and western blotting. Upon confluency, 
the cells were trypsinized and seeded in 6‑well cluster dishes 
at a concentration of 1x106 cells/ml. The experimental samples 
were treated with PRP‑1 in corresponding concentrations, 
whereas control samples were not treated with the peptide. 
The cells were incubated for 24 h in a 5% CO2 incubator 
at 37˚C. On the following day, the cells were washed with 
ice‑cold phosphate‑buffered saline. A protease inhibitor 
was added to the cell lysis buffer (C2978; Sigma‑Aldrich, 
St. Louis, MO, USA) in a 1:100 ratio. The cells were collected 
with a scraper and centrifuged at 15,000 x g at 4˚C. The 
supernatant was collected and the protein concentration was 
measured. The pellets were frozen at ‑80˚C until loading 
on the gel (20 µg/lane). Polyacrylamide gel electrophoresis 
and western blotting reagents were supplied by Lonza, Inc., 
(Allendale, NJ, USA) and all the related procedures followed 
the company's protocol. The catalog numbers for the reagents 
and the suppliers are listed below.

Pager Gold Precast Gels (59502; 10% Tris‑Glycine; 
Lonza,  Inc.); ECL reagent (RPN2109; GE Healthcare, 
Little Chalfont, UK); Western Blocker solution (W0138; 
Sigma‑Aldrich); ProSieve Quad Color Protein marker 
(4.6‑300 kD, 00193837; Lonza, Inc.); 20X reducing agent for 
ProSieve ProTrack Dual Color Loading buffer (00193861; 
Lonza, Inc.); ProTrack Loading buffer (00193861; Lonza, Inc.); 
ProSieve ProTrack Dual Color Loading buffer EX running 
buffer (00200307; Lonza, Inc.); ProSieve EX Western Blot 
Transfer buffer (00200309; Lonza,  Inc.); Immobilon®-P 
Polyvinylidene difluoride membranes (P4188; Sigma‑Aldrich).

Antibodies
Primary. Rabbit anti‑desmoplakin antibody (ab71690; Abcam, 
Cambridge, MA, USA); rabbit anti‑JUP antibody (2309S; 
Cell Signaling Technology, Inc., Beverly, MA, USA); mouse 
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anti‑DSG 2 antibody (ab14415; Abcam); rabbit anti‑claudin 11 
antibody (LS‑C6168; LifeSpan Biosciences, Inc., Seattle, WA, 
USA); mouse anti‑E‑cadherin (32A8) (5296; Cell Signaling 
Technology, Inc.); and mouse monoclonal anti‑α tubulin anti-
body (T5168; Sigma‑Aldrich).

Secondary. Anti‑mouse IgG (A9044; Sigma‑Aldrich); 
and goat anti‑rabbit IgG peroxidase conjugate (A0545; 
Sigma‑Aldrich).

RNA isolation. The cells were spun down, the medium was 
aspirated, the pellets were snap‑frozen and shipped to the 
Qiagen Service Core for Genomics and Gene Expression.

RNA was isolated using RNEasy Mini kit (74104; Qiagen, 
Hilden, Germany) following the manufacturer's protocol 
for cells. RNA quality was determined using the Agilent 
BioAnalyzer 2100 (Agilent Technologies, Santa Clara, 
CA, USA) with RNA 6000 Nano kits (5067‑1511; Agilent 
Technologies). The total RNA yield, 260/280 and 260/230 
ratios were measured using a NanoDrop spectrophotom-
eter 2000 (Thermo Scientific, Waltham, MA, USA).

Reverse transcription‑polymerase chain reaction (RT-PCR). 
The following methods were implemented to assess gene 
expression. RNA was isolated using the Qiagen RNEasy Mini 
kit (74101; Qiagen). RNA concentration was determined with 
the NanoDrop 2000 spectrophotometer. An RNA quality 
check was performed using BioAnalyzer 2100 (Agilent 
Technologies). The RT reaction was performed using RT2 
First Strand kit (330401; Qiagen) with 100 ng RNA input per 
sample. RT‑PCR was performed using the ABI 7900 PCR 
system (Applied Biosystems, Foster City, CA, USA) in a 

384‑well format. Ct values were normalized using the Ct value 
of glyceraldehyde 3‑phosphate dehydrogenase. Data analysis 
was performed using the data analysis tool at http://pcrdata-
analysis.sabiosciences.com/pcr/arrayanalysis.php.

Cell junction pathway. This array analysis was performed by 
Qiagen (SABiosciences) using PAHS‑213Z cell junction finder 
arrays.

Dispase assay. Dispase assay was performed as previously 
described (19). Dispase II was supplied by Roche Life Science, 
Indianapolis, IN (04942078001).

Nuclear extraction. The extraction procedure was performed 
with the EpiSeeker Nuclear Extraction kit (ab113474; Abcam).

H3K9 demethylase activity assay. The quantification of 
H3K9‑specific histone demethylase activity was performed 
using the EpiSeeker Histone H3 (K9) Demethylase Activity 
Quantification Assay kit (113458; Abcam).

Results

Downregulation of desmosomal and tight junction proteins in 
the JJ012 human chondrosarcoma cell line. We investigated 
the status of intercellular junction protein expression in JJ012 
human malignant chondrosarcoma cells and investigated 
the effect of the antitumorigenic cytokine, PRP‑1, on their 
expression. The cell junction pathway array data indicated 
downregulation of desmosomal proteins, such as DSG 
(1,428‑fold), desmoplakin (620‑fold) and JUP (442‑fold). The 

Table I. Downregulated proteins in the JJ012 human chondrosarcoma cell line detected by cell junction pathway arrays.

Cellular localization	 Gene symbol	 Gene name	 Fold downregulationa

Desmosomes	 DSG2	 Desmoglein-2	 1,428
Desmosomes	 DSP	 Desmoplakin	 620
Desmosomes	 JUP	 Junction plakoglobin	 442
Tight junctions	 CLDN11	 Claudin 11	 399
Tight junctions	 CLDN1	 Claudin 1	 206
Tight junctions	 CDH1	 E-cadherin	 52
Gap junctions	 GJB2	 Connexin 26; gap junction β-2 protein	 49
Desmosomes	 DSC3	 Desmocollin 3	 49
Focal adhesions	 ITGB3	 Integrin, β 3; platelet glycoprotein IIIa;	 22
		  antigen CD61
Focal adhesions	 ITGA7	 α 7 integrin gene	 20
Tight junctions	 JAM2	 Junctional adhesion molecule B	 12
Gap junctions	 GJA3	 GJA3 gap junction protein, α 3	 15
Tight junctions	 CLDN9	 Claudin 9	 10
Focal adhesions	 ITGA9	 Integrin, α 9	 8
Tight junctions	 OCLN	 Occludin	 5
Tight junctions	 CLDN6	 Claudin 6	 4

aP<0.05. Fold downregulation of intercellular junction proteins in chondrosarcoma compared to control chondrocytes. The most significantly 
downregulated were desmosomal proteins desmoglein 2, desmoplakin and junction plakoglobin. Among the downregulated proteins were 
also claudin 11, claudin 1 and E‑cadherin, representing adherens and tight junctions. These proteins were selected for western blot analysis 
folowing treatment with proline‑rich polypeptide‑1.
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Figure 1. Heat map of JJ012 human chondrosarcoma gene expression in cell junction pathway profile array. Downregulation of desmosomal proteins, including 
plakoglobin (JUP), desmoglein 2 (DSG2) and desmoplakin (DSP), was observed in the JJ012 human chondrosarcoma cell line. Experimental samples (JJ012 
chondrosarcoma cells), were labeled as Sarc 1, 2 and 3 and controls (C‑28 chondrocytes) were labeled as Sarc 4, 5 and 6. Dark color, upregulated genes; light 
color, downregulated genes.
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tight junction proteins claudin 11, claudin I and E‑cadherin 
were also downregulated (399‑, 206‑ and 52‑fold, respectively) 
(Table I, Fig.1).

By contrast, the cell junction pathway array indicated the 
upregulation of gap junction β‑5 protein (GJB5, connexin 31.1) 
and the pro‑inflammatory pathway protein intercellular adhe-
sion molecule (ICAM), which are both common in tumors and 
pro‑inflammatory pathways (Table II, Fig. 1).

PRP‑1 restores desmosomal protein expression in the JJ012 
human chondrosarcoma cell line. The selection of the 

proteins for western blot analysis was based on the cell junc-
tion pathway arrays data. The majority of the downregulated 
desmosomal and tight junction proteins were included in these 
series. The western blot experiments indicated the restoration 
of desmosomal proteins JUP, DSG and desmoplakin following 
PRP‑1 treatment (10 µg/ml) in a dose‑dependent manner. 
PRP‑1 did not exert any effect on tight junction protein expres-
sion, including E‑cadherin (Fig. 2).

Restoration of tumor suppressor proteins with PRP‑1 was 
cell‑cell adhesion‑independent. To determine whether the 

Table II. Upregulated proteins in the JJ012 human chondrosarcoma cell line detected by cell junction pathway arrays.

Cellular localization	 Gene symbol	 Gene name	 Fold upregulationa

Gap junctions	 GJB5	 Gap junction β-5 protein 	 129
Tight junctions	 ICAM1	 Intercellular adhesion molecule 1;	 43
		  CD54; cluster of differentiation 54
Gap junctions	 GJE1	 Gap junction protein, ε 1	 34
Tight junctions	 ICAM2	 Intercellular adhesion molecule 2	 23
Focal adhesions	 CAV1	 Caveolin-1	 15
Adherens junctions	 PVRL1	 Poliovirus receptor-related 1 herpes	 8
		  virus entry mediator C; nectin-1;
		  CD111
Focal adhesions	 ITGA2	 Integrin, α 2 (CD49B, α 2 subunit of	 8
		  VLA-2 receptor)
Tight junctions	 ESAM	 Endothelial cell-selective	 7
		  adhesion molecule
Hemidesmosomes	 DST	 Dystonin	 5
Focal adhesions	 ITGA6	 Integrin, α 6	 6
Focal adhesions	 ITGA5	 Integrin, α 5	 6
Focal adhesions	 ITGA4	 Integrin, α 4	 4
Focal adhesions	 ITGA3	 Integrin, α 3	 3
Tight junctions	 CLDN4	 Claudin 4	 3
Tight junctions	 CLDN12	 Claudin 12	 3

aP<0.05. Gap junction β‑5 protein and ICAM1 were among the most significantly upregulated proteins in human chondrosarcoma cells. Both 
proteins are known to be involved in tumorigenic and pro‑inflammatory pathways.

Figure 2. Restoration of desmosomal protein gene expression following treatment with proline‑rich polypeptide‑1 (PRP‑1). PRP‑1 restored desmosomal protein 
expression, including desmoglein 2, plakoglobin (JUP), desmoplakin expression levels, in a dose‑dependent manner. For JUP, the restorative effect of PRP‑1 
appeared at 10 µg/ml, whereas for desmoglein 2, it gradually increased upon treatment with 1‑10 µg/ml PRP‑1. For desmoplakin, a strong effect was already 
present at 1 µg/ml PRP‑1 and continued at 10 µg/ml. However, PRP‑1 did not affect E‑cadherin protein levels, which, despite downregulation in chondro-
sarcoma, was weakly expressed due to mesenchymal‑to‑epithelial transition, characteristic to sarcomas. PRP‑1 did not exert any effect on the expression of 
claudins (data not shown). α tubulin was used as a control.
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restoration of the desmosomal proteins with PRP‑1 was 
adhesion‑dependent, we performed a cell‑cell adhesion 
dispase assay. By dividing the number of cells disassociated 
by the dispase by the total number of cells in the trypsin, we 
obtained a percent disassociation. The higher the number, the 
less adhesive the cells. As seen in Fig. 3, PRP‑1 in different 
concentrations did not exert any effect on dispase activity.

PRP‑1 inhibited H3K9 demethylase activity in the JJ012 
human chondrosarcoma cell line. We conducted experiments 
to determine H3K9‑specific histone demethylase activity 
in JJ012 human chondrosarcoma cells and investigated the 
effect of PRP‑1 on the enzyme's activity, which is known to 
be cellular context‑dependent. Lysine histone methylation is 
one of the most important epigenetic marks and is essential 
for the regulation of multiple cellular processes. The methyla-
tion of H3K9 is of particular importance, as it is associated 
with repression regions of the genome. H3K9 demethylase 
(including JMJD1 and JMJD2) families have been found to be 
involved in cancer progression. The total H3K9 demethylase 
activity in chondrosarcoma cells was detected as 421 ng/h/µg 
and was inhibited by PRP‑1 in a dose‑dependent manner: 
0.5 µg/ml, 63%f; 1 µg/ml, 74%; and 10 µg/ml, 91% inhibition 
(Table III).

Discussion

We previously described the antitumorigenic effect of 
cytostatic PRP‑1 in the JJ012 human chondrosarcoma cell 
line (13‑16). In our attempt to further elucidate the antipro-
liferative effect of this peptide, we conducted experiments to 
determine its possible role in the regulation of intercellular 
junctions. Intercellular junctions are crucial for cell function 
and enable cell interactions and contact between the plasma 
membranes of adjacent cells. Most importantly, the intercel-
lular junction desmosomal proteins, unlike the majority of gap 
junction proteins, manifest tumor suppressor functions, which 
are lost due to the downregulation of these proteins in tumors. 
To the best of our knowledge, this is the first attempt to char-

acterize the status of intercellular adhesion junction proteins 
in the JJ012 human chondrosarcoma cell line and investigate 
the effect of the cytostatic PRP‑1 peptide on the expression 
of these proteins. Cell junction pathway array profiling was 
performed to compare the expression of intercellular junc-
tion proteins in JJ012 human chondrosarcoma cells to that in 
control C‑28 chondrocytes.

The array data indicated the upregulation of GJB5 (connexin 
31.1) and the pro‑inflammatory pathway protein ICAM, which 
are both common in tumors (Table II, Fig. 1). Upregulated 
GJB5 protein was found in colon cancer, which regulates cell 
adhesion, motility, proliferation and metastasis. Gap junction 
proteins promote stromal‑epithelial interactions in tumors, play 
a role in tumor progression and regulate the survival of certain 
stem cells (20). ICAM was reported to play an important role 
in cancer invasion (21). Strong downregulation of desmosomal 
proteins, such as DSG, desmoplakin and JUP was observed. 
The tight junction proteins claudin 11 and E‑cadherin were 
also downregulated (Table  I, Fig.  1). Currently available 
evidence indicates that desmosomes play an important role in 
the regulation of cell proliferation, differentiation and signal 
transduction. A recent study using mouse genetic approaches 
uncovered tumor suppressor properties and demonstrated 
that desmosome downregulation occurs prior to that of 
adherens junctions (22). Desmosome loss promotes cancer as 
a specific mechanism, rather than by a general change in the 
differentiation status, such as EMT (23,24). The fact that some 
experiments support a tumour‑suppressive role for desmosomes 
in cancer and others provide evidence for an oncogenic 
function, may reflect real context‑dependent differences in the 
contribution of desmosomes to cancer (25,26). The selection 
of the proteins to be subjected to western blotting analysis 
was based on the level of downregulation of the proteins 
in JJ012 human chondrosarcoma cells compared to control 
C‑28 chondrocytes in cell junction pathway arrays data. We 
did not investigate the effect of PRP‑1 on the upregulated 
proteins, as we focused on underexpressed junctional proteins 
in tumorigenesis and the effect of antitumorigenic PRP‑1 
on their restoration in chondrosarcoma. In our western blot 
experiments, we were able to demonstrate the restoration of the 
expression of the desmosomal proteins JUP, desmoplakin and 

Figure 3. Proline‑rich polypeptide‑1 (PRP‑1) did not affect cell‑cell adhesion 
in the dispase assay. PRP‑1 did not exert any effect in the dispase assay, which 
was used to determine cell‑cell adhesion. The restoration of desmosomal pro-
teins as tumor suppressors was independent from their adhesion properties.

Table III. H3K9-specific histone demethylase (HDM) activity 
in the JJ012 cell line and inhibition with different concentra-
tions of proline‑rich polypeptide‑1 (PRP‑1).

H3K9 HDM	 H3K9 HDM
activity	 activity	 PRP-1
(RFU/h/µg)	 (ng/h/µg)	 (µg/ml)	 Inhibition (%)

843	 421	 0.5	 63
		  1	 74
		  10	 91

Total H3K9 HDM activity was estimated in JJ012 human chon-
drosarcoma cells. H3K9 HDM activity was inhibited by PRP‑1 in 
a dose‑dependent manner, with 91% inhibition upon treatment with 
10 µg/ml PRP‑1. RFU, relative fluorescence units.
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DSG following treatment with PRP‑1, compared to untreated 
controls, in chondrosarcoma cells (Fig. 2). JUP encodes for the 
cell‑adhesion protein γ‑catenin. In conjunction with β‑catenin, 
γ‑catenin links E‑cadherin to the actin cytoskeleton, forming 
intercellular cadherin‑catenin complexes, a key part of the 
extracellular matrix. Loss of JUP as a tumor suppressor is 
associated with increased cancer invasion. JUP may efficiently 
suppress the tumorigenicity of cells in the presence of, or 
independently of the cadherin‑catenin complex (27,28). Several 
groups have observed the loss of JUP expression in a wide 
range of tumors. The majority of those studies investigated 
JUP in conjunction with other adhesive junctional proteins 
and demonstrated that loss of JUP expression, which is an 
early event in tumorigenesis, in conjunction with the lack 
of expression of other cell‑cell adhesion proteins, such as 
E‑cadherin, α‑catenin, β‑catenin, DSG, or desmoplakin, 
resulted in increased tumor formation and size and was 
correlated with advanced tumor stage, poor patient survival 
and increased metastasis (29). Decreased expression/loss of 
desmoplakin and DSG as tumor suppressors was reportedly 
attributed to invasive tumorigenic potential (9,11). PRP‑1 did 
not exert any effect on occluding/tight junction proteins, such 
as claudins (data not shown) and E‑cadherin (Fig. 2). The latter 
was weakly expressed in chondrosarcoma cells due to MET, 
as was previously discussed. Of note, the dispase assay results 
did not indicate any change in cell‑cell adhesion in human 
chondrosarcoma cells following PRP‑1 treatment (Fig. 3). Thus, 
PRP‑1 restored cell adhesion intercellular junction desmosomal 
protein expression without restoring cell‑cell adhesion. This 
fact supports the hypothesis that the tumor‑suppressive 
function of desmosomal proteins is independent from their 
cell‑cell adhesive properties in certain cases and is possibly 
tissue‑specific. JUP, for example, suppressed keratinocyte 
motility through both cell‑cell adhesion‑dependent and 
-independent mechanisms (30). An analysis of the JUP promoter 
described CpG islands within the promoter and it was observed 
that inhibition of DNA methylation may result in increased 
JUP expression (29). The formation of the H3K9me3 mark in 
promoter‑associated chromatin has important consequences 
on long‑term gene silencing, as this modification is considered 
to be a prelude to the recruitment of DNA methyltransferases 
that catalyze DNA methylation. Methylation at the CpG 
dinucleotides near gene promoters is associated with highly 
stable gene silencing that may be inherited with high fidelity 
over the course of multiple successive cell divisions (31‑33).

Based on this information, one may expect activation of 
H3K9 demethylase following PRP‑1 treatment, since PRP‑1 
restored the expression of desmosomal proteins. The subse-
quent set of experiments was focused on H3K9 demethylase 
activity estimation in chondrosarcoma cells and the effect of 
PRP‑1 on this epigenetic enzyme's activity.

Our experimental results, however, revealed a strong 
dose‑dependent inhibition of H3K9 demethylase activity in 
JJ012 cells upon PRP‑1 treatment (Table III). This fact may 
be explained by other literature results, demonstrating that 
JMJD2A, a H3K9me3 demethylase, transcriptionally repressed 
tumor suppressor genes and contributed to cancer progres-
sion (34). Moreover, a previous study reported the G1/S arrest 
of cancer cells following knockdown of JMJD2A (35). This is 
in accord with our previous observations, where PRP‑1 exerts 

its cytostatic effect by causing G1/S arrest (15). To the best of 
our knowledge, this is the first report on intercellular junction 
protein expression in JJ012 human chondrosarcoma cells, 
providing new experimental evidence on desmosomal protein 
expression restoration by PRP‑1 in a cell‑cell adhesion‑inde-
pendent manner, accompanied by inhibition of H3K9‑specific 
histone demethylase activity, leading to suppression of the 
tumorigenic potential in chondrosarcoma cells.
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