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Osteoarthritis (OA) is the most common degenerative joint disease, leading to severe pain and 
functional disability for nearly 530 million people worldwide. OA is characterized by progressive loss 
of cartilage and synovial hyperplasia from the articulating surfaces of any diarthrodial joints, however, 
the majority of cases account for the hip and knee. Currently, regenerative therapy based on stem cells 
has emerged as one of the most promising and rapidly evolving strategies in OA. Although progression 
and potential regeneration can be monitored by magnetic resonance imaging (MRI), we lack proper 
molecular markers of joint regeneration for diagnostic and in vitro studies. Gene expression profiles 
of articular cartilage (chondrocytes) and synovium from OA-affected patients’ were downloaded 
from The Gene Expression Omnibus database (GSE179716, GSE206848, GSE239343, GSE48556) and 
analyzed using various bioinformatic tools and platforms: GEO2R, FunRich, C-Big, The Human Protein 
Atlas, STRING, Orange data mining, Jasp, Gene Ontology and Reactome. OA-affected synovium 
and chondrocytes present differences between aurora B and A signaling. However, major biological 
pathways are similarly enriched with SRI, SMC2, PSIP1, TLE4, and MSX1 genes identified as prominent 
molecular biomarkers of OA progression and mesenchymal stem cell-based OA regeneration. 
Additionally, in peripheral blood mononuclear cells (PBMCs) from OA patients PSIP1 and TLE4 present 
(respectively) down and up-regulated mRNA levels. mRNA expression levels of chosen genes can 
indicate OA progression mainly in the in vitro studies, whereas the mRNA level ratio of PSIP1:TLE4 
from PBMCs derived from OA patients can help monitor OA progression in clinical practice.
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IL-6	� Interleukin 6
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NF-κB	� Nuclear factor-kappa B
NSAIDs	� Non-steroidal anti-inflammatory drugs
OA	� Osteoarthritis
PBMCs	� Peripheral blood mononuclear cells
PDGF	� Platelet-derived growth factor
PPI	� Protein-protein interaction
S1P1	� Sphingosine-1-phosphate receptor 1
TGFβ	� Transforming growth factor beta
TNF-α	� Tumor necrosis factor alpha
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Osteoarthritis (OA) - a complex progressive degenerative disease of the whole joint- is one of the most 
common types of arthritis and the leading form of disability, affecting nearly 530 million patients worldwide 
(approximately 7% of the total human population)1. Globally, in the past 30 years, the incidence rate of OA 
increased by 113.25%, from 247.51 million OA-affected patients in 1990 to 527.81 million in 20192. Clinical data 
showed that OA is characterized by cartilage degeneration, synovial inflammation, subchondral bone thickening, 
and osteophyte formation, leading to severe structural alterations of the whole joint, causing pain and decreased 
joint flexibility3. Its etiology and major risk factors can be categorized into two subgroups according to the type 
of stimuli: (1) mechanical, such as joint injury and obesity that significantly increases wear and tear, and (2) 
non-mechanical, such as excessive and prolonged inflammation resulting in the generation of reactive oxygen 
species and chemokine secretion, dysregulation of signaling pathways, and mutations in key genes involved 
in the development of OA3–5. On the molecular basis, OA is characterized by dysregulation of Wnt/β-catenin, 
NF-κB, TGFβ/ΒΜP and FGF signaling pathways, resulting in increased expression of proteolytic enzymes and 
pro-inflammatory factors: ADAMTS-5, matrix metalloproteinases (MMP1, MMP2, MMP3, MMP9, MMP13), 
tumor necrosis factor-alpha (TNF-α), interleukin 1 beta (IL-1β), interleukin 6 (IL-6), as well as the deposition of 
collagen X, that results in imbalance in the delicate equilibrium of ECM synthesis and degradation in cartilage 
and synovium as well as altering the subchondral bone quality4,6,7.

Due to its physiology, cartilage has little self-renewal ability8. Currently, no drugs can reverse the progression 
of OA and prevent long-term disability9. The recommended treatments, such as non-steroidal anti-inflammatory 
drugs (NSAIDs), glucocorticoids, opioids, chondroprotective agents, and cytokine inhibitors, reduce the pain 
and improve joint functionality10,11. Recently, regenerative therapy based on mesenchymal stem cells (MSC) 
has emerged as one of the most promising and rapidly evolving strategies to treat OA12. In the case of OA 
patients, the course of the disease can be monitored by magnetic resonance imaging (MRI) and ultrasonography 
(USG)13. However, standard MRI analyses can predominantly detect alterations seen in the advanced stages 
of OA and might possess low sensitivity for early, subtle, and potentially reversible changes14. OA affecting 
the whole joint, dysregulates molecular, structural, and physiological homeostasis of different cell/tissue types, 
that create joints and significantly change their biochemical properties. Therefore, the identification of precise 
molecular markers that could be utilized to monitor OA progression and potential incremental regeneration and 
therapeutic outcomes is an urgent matter.

Recently, bioinformatic analyses of genomic, transcriptomic, and proteomic data, often supported by AI-
driven engines, by simultaneous analysis of hundreds of records, proved to be useful in the selection of the 
new markers or important, dysregulated signaling pathways in many different disorders such as cancer or 
acute myocardial infarction15–18. Herein, we present the application of integrated bioinformatic tools to analyze 
transcriptomic data of OA-affected patients deposited in the publicly available Gene Expression Omnibus 
database (GEO) to identify genes encoding proteins directly involved in osteoarthritis development that could 
be utilized as prognostic biomarkers.

Materials and methods
Microarray data processing and analysis
Gene expression profiles with accession numbers: GSE were downloaded from the Gene Expression Omnibus 
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/ accessed on 30 December 2024) and analyzed similarly to 
our previous work using the GEO2R online tool and integrated bioinformatics16,17. The Benjamini and Hochberg 
adjusted p-value (Padj.) from the stats package in R, which is the transformation of the p-value using the false 
discovery rate (FDR) – [P_values, method="fdr”], was used to set statistically significant differently expressed 
genes (DEGs)19.
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The GSE179716 dataset is composed of transcriptomic data from chondrocytes derived from OA-affected 
patients (n = 3 early stage and n = 3 late stage). Acquired by Biomedical Informatics, University of Pittsburgh, 
Pittsburg, PA, USA.

The GSE206848 dataset is composed of transcriptomic data from synovium isolated from n = 7 normal (non-
OA-affected) and n = 9 late OA patients. Acquired by NYU GROSSMAN SCHOOL OF MEDICINE, New York, 
NY, USA.

The GSE239343 dataset is composed of transcriptomic data (from n = 3 independent experiments) from 
chondrocytes (HC #P10970 https://innoprot.com/), inflamed chondrocytes (TNF-inflamed chondrocytes: 
cultured in a mix of serum-free DMEM and 1% penicillin/streptomycin with 25 ng/mL TNF), and inflamed 
chondrocytes treated with conditioned medium and conditioned medium (50  µg/mL) from adipose tissue-
derived mesenchymal stem cells (AD-MSCs). Acquired by CIC bioGUNE, Genome Analysis Platform, Bizkaia, 
Spain as described in20.

The GSE48556 dataset is composed of transcriptomic data obtained from peripheral blood mononuclear cells 
(PBMCs) of n = 33 healthy controls and n = 106 OA patients, Acquired by Leiden University Medical Center, 
Department of Molecular Epidemiology, Leiden, Netherlands21.

Bioethical committee approval and patient consent statements are presented with the original publications20,21 
and datasets, available in The Gene Expression Omnibus at http://www.ncbi.nlm.nih.gov/geo/ reference 
numbers: GSE239343, GSE179716, GSE206848, and GSE48556.

Enrichment analysis
Functional enrichment software tool FunRich (v3.1.3) (http://www.funrich.org/) supported by Gene Ontology 
(GO) (http://geneontology.org/) (accessed on 30 December 2024) database was used to compare, analyze, and 
visualize the Biological Process (BP) and Cellular Components (CC) differences associated with the proteins 
encoded by differently expressed genes (DEGs) in OA-affected and normal patient samples. The cut of was set 
using p-value < 0.05.

Hierarchical clustering analysis
After extracting the expression values from the gene expression profiles, a bidirectional hierarchical clustering 
heatmap of differently expressed genes (DEGs) was calculated and visualized using the Orange open-source 
machine learning and data visualization platform as previously described by us16,17.

Pearson correlation analysis
Pearson correlation analysis of chosen DEGs was calculated and visualized using JASP 0.14.1.0 software ​(​​​h​t​t​p​s​:​/​
/​j​a​s​p​-​s​t​a​t​s​.​o​r​g​/​​​​ accessed on 30 December 2024) with a color depiction of “r” value and significance * p < 0.05, ** 
p < 0.005, and *** p < 0.001 as previously described by us16,17.

Radial data visualization
Radial data visualization was performed using Orange data mining 3.31.1 software as described by us using a 
modified Radial Visualization (RadViz) algorithm17,22,23. Briefly: data were subjected to a data-driven linear 
transformation, using the RadViz algorithm, which focuses on visualizing multivariate data in a two-dimensional 
(2D) space, optimally preserving the data structure. This method visualizes data represented by points inside a 
circle, using data attributes (mRNA expression level) of N number variables (genes) equidistantly distributed 
along the circle’s circumference. Next, data are placed as points in a location set by the mutual interaction 
of attributes of N variables, assuming that the greater the attribute value, the closer the data point is drawn. 
Thus, finally, the data point is placed where the sum of all forces generated by the data value equals 022,23. The 
homogeneity of formed data clusters was verified using Inner Cluster Deviation (wc).

	
wc =

∑
n
i

∑
x∈ Cid(x, ri )

ri center of Ci cluster.

Protein-protein interaction (PPI) network
A PPI network of proteins encoded by chosen genes was created using STRING version 12.0 online software 
(https://string-db.org/). Network analysis was performed using Cytoscape software version 3.9.1 ​(​​​h​t​t​p​s​:​/​/​c​y​t​o​s​
c​a​p​e​.​o​r​g​/​​​​​)​, the Gene Ontology (GO) database (https://amigo.geneontology.org/ ) and the Reactome database 
(https://reactome.org/ ) as previously reported in16,24. Active interaction source: “Text-mining”, “Experiments”, 
“Databases”, “Co-expression”, “Neighborhood”, “Gene Fusion”, “Co-occurrence”. Minimum required interaction 
score: 0.4. Data were additionally verified using the Reactome 2015 database and the Pathway-to-Gene option of 
the Pathway Connector bioinformatics web tool (https://bioinformatics.cing.ac.cy/ ) run by the Bioinformatics 
Department (C-BIG) at the Cyprus Institute of Neurology & Genetics (CING) and the High-Performance 
Computing Facility (HPCF) of the Cyprus Institute (CyI).

Protein visualization
The tissue sections (immunohistochemistry) and immunofluorescence (confocal microscopy) images of 
cellular localization of proteins encoded by chosen genes were downloaded from The Human Protein Atlas 
(HPA) (https://www.proteinatlas.org/)25. Immunohistochemistry imaging was performed using antibodies: ​a​n​
t​i​-​S​o​r​c​i​n (HPA073666), anti-Structural Maintenance Of Chromosomes 2 (HPA071309), anti-PC4 And SRSF1 
Interacting Protein 1 (HPA019697), and anti-Msh Homeobox 1 (CAB026198). Transducin-like enhancer of split 
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protein 4 tissue immunohistochemistry data are not available (NA) in the HPA database. Immunofluorescence 
imaging was performed using U-2 OS human osteosarcoma cell line and antibodies: anti-Sorcin (HPA019004), 
anti-Structural Maintenance Of Chromosomes 2 (HPA071309), anti-PC4 And SRSF1 Interacting Protein 1 
(HPA019697), anti-Transducin-like enhancer of split protein 4 (HPA065357), and anti-Msh Homeobox 1 
(HPA063895).

Construction of the receiver operating characteristic curve (ROC)
To evaluate the predictive capabilities of the chosen gene, the Area Under the Receiver Operating Characteristic 
curve (AUC-ROC) curve was calculated and visualized using the JASP 0.16.0.0 software.

Statistics
Statistical evaluation was performed using the normality test (Shapiro–Wilk) followed by the T-Student test (for 
normally distributed data) or Mann-Whitney U test (for not normally distributed data). Multifactorial statistical 
evaluation was performed using the ANOVA (one-way) test with Tukey post hoc correction. Calculations and 
graphs were performed using Orange data mining 3.31.1 software and JASP 0.16.0.0 software; p values < 0.05 
were considered statistically significant for all analyses: * p < 0.05; ** p < 0.005; *** p < 0.001, NS-not statistically 
significant.

Results.

Identification of major OA-related dysregulated genes and biological processes enrichment
OA, as a complex joint degenerative condition, affects several tissue and cell types, resulting in different 
molecular responses. Thus, to select useful molecular markers to monitor OA progression and joint regeneration 
upon given therapy, we decided to analyze chondrocytes and synoviocytes from normal and OA-affected knees 
to find dysregulated genes and molecular pathways (workflow schematic depiction is presented in Fig. 1). We 
downloaded patients’ transcriptomic data deposited in the Gene Expression Omnibus database: the GSE179716 
data set is composed of transcriptomic data from chondrocytes derived from OA-affected patients, and the 
GSE206848 data set is composed of transcriptomic data from synovium. Next, using the GEO2R tool, statistically 
significant (Padj.<0.05), differently expressed genes (DEGs) were selected for further analysis, receiving 1683 
up regulated and 1641 down regulated genes for OA-affected synoviocytes and respectively 3038 and 1513 for 
OA-affected chondrocytes. Using the Gene Ontology database, and functional enrichment analysis platform 
FunRich, we noticed that many biological pathways were similarly affected by ongoing OA in both chondrocytes 
and synovium (Tables 1 and 2). However, significant differences were also noticed, especially once including 
Aurora B and A signaling that may cause senescence and heterochromatin instability, EMT, and overall 

Fig. 1.  Schematic presentation of research design. GSE179716 and GSE206848 datasets were analyzed to 
identify OA-related DEGs (142 upregulated and 319 downregulated) common for chondrocytes and synovium, 
supported by enrichment analysis. Next, DEGs from control chondrocytes and OA chondrocytes (obtained by 
TNF-related inflammation) from the GSE239343 dataset were compared to the obtained OA-related DEGs. 
Common DEGs patterns were then analyzed, and only genes that present dysregulated expression upon OA 
and regenerated level upon AD-MSC conditioned medium treatment were selected: SRI, SMC2, PSIP1, TLE4, 
and MSX1. Biological pathways enrichment of proteins encoded by chosen genes was analyzed using various 
bioinformatical tools and platforms. Finally, selected genes expression levels were validated in PBMCs using 
the GSE48556 dataset with PSIP1 and TLE4, presenting significant OA-predictive value. Image provided by 
Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0 ​(​​​h​t​t​p​s​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​n​s​.​o​r​g​/​l​i​c​e​
n​s​e​s​/​b​y​/​4​.​0​/​​​​​)​.​​​​
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Biological pathway enriched by up-regulated genes

Percentage of genes involved in enriched pathway

OA-affected chondrocytes OA-affected synoviocytes p

Adherens junctions interactions 0.29% 0.83% *

Alpha9 beta1 integrin signaling events 27.18% 25.21% *

Arf6 downstream pathway 26.60% 25.21% *

Arf6 signaling events 26.60% 25.21% *

Arf6 trafficking events 26.60% 25.21% *

Aurora A signaling 2.03% 0.62% *

Aurora B signaling 2.03% 0.62% *

Axon guidance 6.69% 4.75% *

Beta1 integrin cell surface interactions 30.38% 25.41% ***

Beta3 integrin cell surface interactions 2.33% 0.41% **

Cell cycle. mitotic 9.16% 4.96% **

Cell-extracellular matrix interactions 1.16% 0.21% *

Class I PI3K signaling events 26.60% 25.21% *

Class I PI3K signaling events mediated by Akt 26.60% 25.21% *

C-MYC pathway 4.22% 2.69% *

Cyclin D associated events in G1 1.16% 0.41% *

DNA replication 7.12% 4.34% *

EGF receptor (ErbB1) signaling pathway 26.60% 25.21% *

EGFR1 2.76% 3.31% *

EGFR-dependent endothelin signaling events 26.74% 25.21% *

Endothelins 27.47% 25.62% **

Epithelial-to-mesenchymal transition 5.96% 1.03% **

ErbB receptor signaling network 26.89% 25.41% *

ErbB1 downstream signaling 26.60% 25.21% *

FOXM1 transcription factor network 2.18% 0.62% *

Gene expression 0.87% 3.72% *

Glucocorticoid receptor regulatory network 1.16% 2.07% *

Glypican 1 network 26.89% 25.21% *

Glypican pathway 28.05% 25.83% **

GMCSF-mediated signaling events 26.60% 25.21% *

Hormone-sensitive lipase (HSL)-mediated triacylglycerol hydrolysis 0.29% 1.45% *

IFN-gamma pathway 26.6% 25.21% *

IGF1 pathway 26.74% 25.21% *

IL1-mediated signaling events 5.38% 4.34% *

IL3-mediated signaling events 26.6% 25.21% *

IL5-mediated signaling events 26.60% 25.21% *

Insulin pathway 26.60% 25.21% *

Integrin cell surface interactions 3.63% 1.45% ***

Integrin family cell surface interactions 30.81% 25.41% ***

Internalization of ErbB1 26.60% 25.21% *

LKB1 signaling events 27.33% 25.41% *

Metabolism of RNA 1.74% 3.31% *

Mitotic M-M/G1 phases 6.54% 4.34% *

mTOR signaling pathway 26.60% 25.21% *

Muscle contraction 2.76% 1.65% ***

Olfactory signaling pathway 0.15% 1.86% *

PAR1-mediated thrombin signaling events 27.18% 25.21% *

PD-1 signaling 0.00% 0.41% *

PDGF receptor signaling network 26.74% 25.21% *

PDGFR-beta signaling pathway 26.60% 25.21% *

Plasma membrane estrogen receptor signaling 27.33% 25.21% **

Proteoglycan syndecan-mediated signaling events 28.49% 25.83% **

Response to elevated platelet cytosolic Ca2+ 2.33% 0.83% **

S1P1 pathway 26.60% 25.21% *

Signaling events mediated by focal adhesion kinase 26.60% 25.21% *

Continued
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mechanisms of gene regulation (Tables 1 and 2). Representative Biological Pathways were presented in Fig. 2A, 
B. Nevertheless, to find potential molecular biomarkers of OA progression, we have selected genes that were 
up or downregulated in both OA-affected chondrocytes and synoviocytes, receiving respectively 142 and 319 
DEGs (Fig. 3A). Obtained PPI network was further analyzed using Cytoscape 3.9.1. Average metrics, for PPI 
network of up-regulated genes and for PPI network of down-regulated genes, of how often a node appears 
on the shortest paths between other nodes – BetweennessCentrality are respectively: 0.036 and 0.019, average 
shortest path from a node to all other nodes – ClosenessCentrality are: 0.389 and 0.267, numerical depiction of 
how interconnected a node’s neighbors are – ClusteringCoefficient are: 0.234 and 0.265 and the average number 
of direct interactions (edges) a node has (Degree) 3.037 and 4.172. The highest Degree in the PPI network of 
up-regulated genes presents AKT1 (22) and for PPI network of down-regulated genes EGFR (44). Analysis of 
Fold change enrichment of Biological Processes and cellular components proved that the major impact is related 
to apoptosis, immune response, cell adhesion, migration, cell-matrix degradation, and ion transport (Fig. 3B).

Selection of potential markers for OA regeneration based on AD-MSCs therapy
In the next step of our analysis, we decided to use patient-derived data as reference data to select genes that, in the 
case of chondrocytes, were dysregulated upon inflammation and restored following the treatment with adipose 
tissue-derived mesenchymal stem cells (AD-MSCs). Thus, having established common OA-related differently 
expressed genes (DEGs) for chondrocytes and synoviocytes, we tried to select genes which the expression level 
would be restored by mesenchymal stem cell-based therapy. Hence, we downloaded data from the GSE239343 
data set, composed of transcriptomic data from chondrocytes (named Control), TNF-α treated chondrocytes 
(named Inflammation), that to some extent mimics OA-related joint inflammation and TNF-α inflamed 
chondrocytes treated with conditioned medium from adipose tissue-derived mesenchymal stem cells (named 
MSC CM) as described in method section and in20. The selection of potential OA markers was performed in 
several stages. In the first stage, genes that present significantly different (up or down-regulated) expression 
levels in TNF-α treated chondrocytes vs. control chondrocytes were identified. Next, the obtained set of genes 
was verified using our previously established OA-related 142 upregulated and 319 down-regulated genes for 
both chondrocytes and synoviocytes (Fig. 1). Finally, genes, which expression levels were not affected by MSCs 
secretome (no significant changes between Inflammation vs. MSC CM groups) were excluded. This approach 
resulted in the selection of 5 genes: SRI, SMC2, PSIP1, TLE4, and MSX1 (Table 3). Well established molecular 
markers of OA such as IL-1B, IL6, MMP1, MMP2, MMP3, MMP9, MMP13 and ADAMTS5 were additionally 
tested. As expected, all tested markers presented upregulated mRNA level in TNF-α treated chondrocytes, 
proving that this in vitro model molecularly resembles OA (data not shown). Interestingly, only MMP9 level was 
partially downregulated upon adipose tissue-derived mesenchymal stem cells medium treatment.

SRI, SMC2, PSIP1, TLE4, and MSX1 mRNA expression levels were analyzed in all chondrocyte variants of 
the GSE239343 data set, and differences were analyzed using the ANOVA test with Tukey post hoc correction 
(Fig. 4A). Treatment of inflammation-based damaged chondrocytes with conditioned medium from adipose 
tissue-derived mesenchymal stem cells leads to full (SRI, SMC2, PSIP1) or partial (TLE4, MSX1) restoration 
of normal mRNA expression level observed in control, untreated chondrocytes. Next, to analyze the mutual 
interaction of chosen genes and verify whether changes in their expression levels correlate to one another during 
OA progression and regeneration processes, the Pearson correlation matrix was created using combined data of 
the GSE239343 data set and Orange data mining software as previously described by us (Fig. 4B). Our analysis 
proves that mRNA expression of MSX1, TLE4, PSIP1, and SMC2 present very strong, statistically significant 
mutual correlation efficiency (r > ± 0.8). However, mRNA expression of SRI, shows a moderate correlation 
efficiency (r > ± 0.4) with other analyzed genes, but this correlation is statistically insignificant. Hierarchical 
clustering analysis allows for the construction of a bidirectional tree diagram (dendrogram), where the most 
similar subjects are placed on branches that are close together visualizing their mutual relations. Thus, using 
this technique, we have verified if chosen up and down-regulated genes are located on separate arms of the 
hierarchical dendrogram (Fig.  4C). This technique additionally visualized mRNA expression as shades of 
an “inferno” color scheme (Orange data mining). Our analysis proved the possible discriminative ability of 
chosen genes which was further verified using radial data visualization via the RadViz algorithm and Orange 

Biological pathway enriched by up-regulated genes

Percentage of genes involved in enriched pathway

OA-affected chondrocytes OA-affected synoviocytes p

Signaling events mediated by hepatocyte growth factor receptor (c-Met) 26.60% 25.21% *

Signaling events mediated by VEGFR1 and VEGFR2 26.74% 25.21% *

Smooth muscle contraction 2.47% 0.83% ***

Syndecan-1-mediated signaling events 26.89% 25.21% *

Syndecan-2-mediated signaling events 3.49% 1.86% **

Thrombin/protease-activated receptor (PAR) pathway 27.18% 25.21% *

TRAIL signaling pathway 27.18% 26.03% *

Urokinase-type plasminogen activator (uPA) and uPAR-mediated signaling 26.60% 25.21% *

VEGF and VEGFR signaling network 27.03% 25.21% *

Table 1.  Biological pathways enriched by up-regulated genes in OA-affected tissue from the GSE179716 and 
the GSE206848 data sets. Analysis performed using platform FunRich. * p < 0.05; ** p < 0.005; *** p < 0.001.
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Biological pathway enriched by down-regulated genes

Percentage of genes involved in enriched pathway

OA-affected chondrocytes OA-affected synoviocytes p

Alpha9 beta1 integrin signaling events 27.79% 24.97% *

Androgen-mediated signaling 2.19% 4.14% *

Apoptosis 1.46% 3.38% *

Arf6 downstream pathway 27.79% 24.65% *

Arf6 signaling events 27.79% 24.65% *

Arf6 trafficking events 27.79% 24.65% *

Autodegradation of the E3 ubiquitin ligase COP1 0.55% 1.53% *

Beta1 integrin cell surface interactions 29.43% 25.74% **

Canonical NF-kappaB pathway 0.37% 1.53% *

Centrosome maturation 0.00% 2.07% *

Class I PI3K signaling events 27.79% 24.65% *

Class I PI3K signaling events mediated by Akt 27.79% 24.65% *

Complement cascade 1.65% 0.11% *

Cytokine signaling in Immune system 7.68% 3.71% ***

Degradation of beta-catenin by the destruction complex 0.55% 1.74% *

EGF receptor (ErbB1) signaling pathway 27.79% 24.65% *

EGFR-dependent endothelin signaling events 27.79% 24.65% *

Endothelins 28.52% 24.75% **

Epithelial-to-mesenchymal transition 9.69% 3.71% ***

ErbB receptor signaling network 27.97% 25.08% *

ErbB1 downstream signaling 27.79% 24.65% *

Formation and maturation of mRNA Transcript 1.28% 7.09% ***

Gene expression 2.74% 10.58% ***

Glypican 1 network 28.15% 24.75% *

Glypican pathway 28.70% 25.3% *

GMCSF-mediated signaling events 27.79% 24.65% *

HIV infection 1.65% 5.78% *

HIV life cycle 0.73% 3.93% ***

HIV-1 transcription elongation 0.00% 1.31% *

IFN-gamma pathway 27.79% 24.86% *

IGF1 pathway 27.79% 24.65% *

IL2-mediated signaling events 3.29% 3.71% *

IL3-mediated signaling events 27.79% 24.65% *

IL5-mediated signaling events 27.97% 24.65% *

IL6-mediated signaling events 2.74% 1.53% **

Initial triggering of complement 1.46% 0.11% *

Insulin pathway 27.79% 24.65% *

Integrin family cell surface interactions 30.53% 26.06% ***

Internalization of ErbB1 27.79% 24.65% *

Late phase of HIV life cycle 0.37% 3.49% **

LKB1 signaling events 27.97% 24.97% *

Mitotic M-M/G1 phases 1.28% 5.67% *

mRNA processing 1.28% 5.56% ***

mRNA splicing 0.55% 3.82% **

mRNA splicing - major pathway 0.55% 3.82% **

mTOR signaling pathway 27.79% 24.65% *

Nectin adhesion pathway 27.97% 24.65% *

PAR1-mediated thrombin signaling events 28.34% 24.86% **

PDGF receptor signaling network 27.79% 24.75% *

PDGFR-beta signaling pathway 27.79% 24.65% *

Plasma membrane estrogen receptor signaling 27.97% 24.97% *

Processing of capped intron-containing Pre-mRNA 1.28% 5.02% ***

Proteoglycan syndecan-mediated signaling events 29.07% 25.63% **

RNA polymerase II transcription 0.37% 3.93% ***

S1P1 pathway 27.79% 24.65% *

Continued
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Fig. 2.  Functional enrichment analysis of up and down-regulated genes for OA-affected chondrocytes and 
synoviocytes. Data were downloaded from the GEO database GSE179716 and GSE206848. Major similarly (A) 
and differently (B) enriched biological pathways were analyzed using FunRich (v3.1.3) ​(​​​h​t​t​p​:​/​/​w​w​w​.​f​u​n​r​i​c​h​.​o​r​g​
/​​​​​) software supported by Gene Ontology (GO) (http://geneontology.org/).

 

Biological pathway enriched by down-regulated genes

Percentage of genes involved in enriched pathway

OA-affected chondrocytes OA-affected synoviocytes p

Signaling by GPCR 6.03% 3.71% *

Signaling events mediated by focal adhesion kinase 27.79% 24.65% *

Signaling events mediated by hepatocyte growth factor receptor (c-Met) 27.79% 24.65% *

Signaling events mediated by VEGFR1 and VEGFR2 27.79% 24.75% *

Sphingosine 1-phosphate (S1P) pathway 27.97% 25.19% *

Syndecan-1-mediated signaling events 28.15% 24.75% *

TGFBR 4.02% 4.25% **

Thrombin/protease-activated receptor (PAR) pathway 28.34% 24.86% **

TNF receptor signaling pathway 4.57% 7.31% *

TRAIL signaling pathway 28.52% 26.06% *

Transcription 0.73% 5.67% ***

Transcription of the HIV genome 0.00% 2.40% *

Transport of mature mRNA derived from an intron-containing transcript 0.91% 2.18% *

Transport of mature transcript to cytoplasm 0.91% 2.29% *

Urokinase-type plasminogen activator (uPA) and uPAR-mediated signaling 27.79% 24.65% *

VEGF and VEGFR signaling network 27.97% 24.97% *

Table 2.  Biological pathways enriched by down-regulated genes in OA-affected tissue from the GSE179716 
and the GSE206848 data sets. Analysis performed using platform FunRich. * p < 0.05; ** p < 0.005; *** p < 0.001.
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data mining software (3.31.1) (Fig.  4D). This method was recently described by us in17, briefly: the greater 
the attribute value, the closer the data point is drawn, and as a result, the data point is placed where the sum 
of all forces generated by the data value equals 0. Calculation of inner cluster deviation (wc) for data of each 
chondrocyte variant, revealed that data points from all form three separate clusters, with the Control and MSC 
CM one, being only slightly separated, thus proving high similarity between mRNA expression of all analyzed 
genes in these two data groups.

Cellular localization of proteins encoded by SRI, SMC2, PSIP1, TLE4, and MSX1 genes
To validate the cellular localization of proteins encoded by SRI, SMC2, PSIP1, TLE4, and MSX1 genes, we used the 
immunohistochemistry images of and immunofluorescence bone marrow and cartilage (chondrocytes from soft 
tissue) tissue sections stained with respective antibodies (method section), obtained from The Human Protein 
Atlas (Fig. 5.)25. Protein detection and staining intensity are presented in Table 4. Unfortunately, in the case of 
cartilage (chondrocytes), only Sorcin data were available (presenting strong staining intensity). Additionally, 
as data for Transducin-like enhancer of split protein 4 are not available for both bone marrow and cartilage, to 
further analyze cellular localization of all proteins, high-resolution immunofluorescence (confocal microscopy) 
images of U-2 OS human osteosarcoma cell line staining was presented. Even though U-2OS is not a cellular 
model of OA, it is often used to verify the subcellular localization of various proteins26,27. Structural Maintenance 
Of Chromosomes 2, PC4 and SRSF1 Interacting Protein 1, Transducin-like enhancer of split protein 4, and 

Gene Protein Note
mRNA level in 
OA vs. Control

MSX1 Msh Homeobox 1 Muscle segment homeobox gene 1 Upregulated

TLE4 Transducin-like enhancer of split protein 4 Transcriptional corepressor, structural analog to the Drosophila protein Groucho Upregulated

PSIP1 PC4 And SRSF1 interacting protein 1 Lens epithelium-derived growth factor (LEDGF/p75) Downregulated

SMC2 Structural maintenance of chromosomes 2 Structural Maintenance Of Chromosomes (SMC) Family Member, 
Chromosome-Associated Protein E Downregulated

SRI Sorcin Soluble resistance-related calcium-binding protein Downregulated

Table 3.  Selected genes presenting dysregulated mRNA level in OA-affected joint tissues - potential markers of 
osteoarthritis.

 

Fig. 3.  Selection and functional analysis of OA-related genes. Data were downloaded from the GEO database 
GSE179716 and GSE206848. 142 upregulated and 319 down-regulated genes commonly dysregulated in 
OA-affected chondrocytes (GSE179716) and synoviocytes (GSE206848) were selected and visualized by Venn 
diagram using FunRich (v3.1.3) (http://www.funrich.org/) software (A). Protein-protein interaction network 
visualized using STRING platform. Active interaction source: “Text-mining”, “Experiments”, “Databases”, 
“Co-expression”, “Neighborhood”, “Gene Fusion”, “Co-occurrence”. Minimum required interaction score: 
0.4. Network analysis performed via Cytoscape 3.9.1. presenting average value of BetweennessCentrality, 
ClosenessCentrality, ClusteringCoefficient, and Degree calculated for each obtained network. Analysis of Fold 
change enrichment of Biological Processes and cellular components performed and visualized using FunRich 
(v3.1.3) (http://www.funrich.org/) software supported by Gene Ontology (GO) (http://geneontology.org/) (B).

 

Scientific Reports |        (2025) 15:30583 9| https://doi.org/10.1038/s41598-025-13575-2

www.nature.com/scientificreports/

http://www.funrich.org/
http://www.funrich.org/
http://geneontology.org/
http://www.nature.com/scientificreports


anti-Msh Homeobox 1 presents predominantly nucleoplasm localization, whereas Sorcin is present in both 
nucleoplasm and cytoplasm (Fig. 5.).

Molecular functions and biological pathways enrichment of proteins encoded by selected 
genes
To further elucidate the molecular functions of proteins encoded by SRI, SMC2, PSIP1, TLE4, and MSX1 PPI 
network was composed using STRING version 12.0 online software (https://string-db.org/). Genes that were 
down-regulated and up-regulated in OA, were analyzed separately, using a minimal number of additional 
known proteins to fill missing connections and interactions (Fig. 6). The network created by SRI, SMC2, and 
PSIP separates into two distinct clusters with SMC2, and PSIP involved in the regulation of DNA condensation 
(GO:0000796 Condensin complex) and SRI in the regulation of lead ion binding and SOUL hem-binding protein 
(Fig. 6A). PPI network created using proteins encoded by TLE4, and MSX1 proved involvement in the repression 
of Wingless and Int-1 (Wnt) target genes (HSA-4641265) (Fig. 6B). Finally, using the Pathway-to-Gene mode of 
the Pathway Connector tool we have analyzed additional biological pathways enriched and regulated by proteins 
encoded by selected genes (Fig. 6C). PSIP1 enriches processes involved in the virus (including HIV) infection 
such as 2-LTR circle junctions of Viral DNA and integration of provirus. SMC2 is involved in the condensation 
of chromatin and SRI in the transport of Ca2 + ions. The major pathway regulated by TLE4 is related to the 
repression of Wnt target genes. Unfortunately, the analyzed system version lacks MSX1 interaction with known 
biological pathways.

Verification of chosen genes’ feasibility as blood-derived OA markers
SRI, SMC2, PSIP1, TLE4, and MSX1 were proven to be capable molecular markers (in cartilage and synovium) of 
knee OA and potential markers of OA regeneration upon MSCs treatment, that could be easily isolated in vitro. 
However, in vivo, knee biopsy is required, which might bring additional complications for patients. OA progression 

Fig. 4.  Analysis of selected genes as potential OA markers. The expression levels of selected SRI, SMC2, 
PSIP1, TLE4, and MSX1 genes were analyzed using the GSE239343 dataset in the Control (chondrocytes), 
Inflammation (chondrocytes cultured in a mix of serum-free DMEM and 1% penicillin/streptomycin 
with 25 ng/mL TNF), MSC CM (chondrocytes cultured in a mix of serum-free DMEM and 1% penicillin/
streptomycin with 25 ng/mL TNF and treated with 50 µg/mL of conditioned medium from adipose tissue-
derived mesenchymal stem cells). Data were calculated using ANOVA with Tukey post hoc correction and 
visualized using JASP software (A). The Pearson correlation matrix was calculated and visualized using JASP 
software. The color intensity and presented value represent correlation efficiency whereas *p < 0.05, **p < 0.005, 
and ***p < 0.001 denote the statistical significance of the correlation (B). Hierarchical clustering analysis and 
hierarchical dendrogram were calculated and visualized using Orange data mining software (C). 2D depiction 
of mRNA expression level ability of data discrimination using Radial data visualization algorithm RadViz and 
SRI, SMC2, PSIP1, TLE4, and MSX1 genes mRNA expression as attributes, calculated and visualized using 
Orange data mining software (D).
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triggers acute inflammation of the joint and its surrounding tissues leading to an acute systemic inflammatory 
response with increased cytokine and peripheral blood immune cell levels28. This prolonged inflammation may 
impact actual PBMC gene expression patterns, and several PBMC OA markers were previously identified21,29. 
Thus, we analyzed the potential role of our chosen genes as OA markers that could be potentially detected from 
the patient’s blood29. The GSE48556 dataset, composed of transcriptomic data obtained from peripheral blood 
mononuclear cells of 33 healthy controls and 106 OA patients was downloaded21. Analysis of mRNA expression 
levels of chosen genes showed that only PSIP1 and TLE4 present statistically significant differences (p < 0.001) 
between PBMCs isolated from OA patients and healthy control (Fig. 7A). ROC analysis showed that AUC values 
of PSIP1 and TLE4 present lower values than 0.75, respectively 0.692 and 0.742, whereas, calculated precision 
equals 0.774 and 0.814 respectively (Fig. 7B). However, knowing that PSIP1 mRNA expression is lower in PBMCs 
isolated from OA patients and TLE4 is higher, we reasoned that PSIP1:TLE4 mRNA expression ratio could be 
far more effective as a prognostic biomarker. Obtained values showed significant discriminating abilities of OA/
control, with ROC analysis proving that the AUC value of PSIP1:TLE4 equals 0.786 and a precision of 0.823 
(Fig. 7C). Additionally due to sample size imbalance, sensitivity analysis was performed, down-sampling of the 
OA group, randomly assigning n = 33 OA samples using “data sampler” widget of orange data mining software. 
This analysis proved consistent results, supporting the robustness of our conclusions (data not shown).

Gene Protein Bone marrow Cartilage

MSX1 Msh Homeobox 1 Not detected / Negative NA

TLE4 Transducin-like enhancer of split protein 4 NA NA

PSIP1 PC4 And SRSF1 Interacting Protein 1 High/strong NA

SMC2 Structural Maintenance Of Chromosomes 2 Medium/moderate NA

SRI Sorcin Low/moderate High/strong

Table 4.  Protein detection and staining intensity in bone marrow and cartilage. Data obtained from the HPA. 
NA- data not available.

 

Fig. 5.  Immunochemistry and immunofluorescence staining of proteins encoded by SRI, SMC2, PSIP1, TLE4, 
and MSX1 genes. Data were obtained from the Human Protein Atlas database (https://www.proteinatlas.org/). 
NA – data not available. Detection and staining intensity are resented in Table 4. In the immunofluorescence 
staining, proteins encoded by SRI, SMC2, PSIP1, TLE4, and MSX1 genes were shown as green, and 
microtubules as red. ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​p​r​o​t​e​i​n​a​t​l​a​​​s​.​o​​r​g​​/​E​N​S​G​0​​0​0​0​0​0​7​​5​1​​4​2​-​​​S​R​I​/​t​i​s​​s​u​e​/​s​o​f​t​+​t​i​s​s​u​e​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​
p​r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​0​7​5​1​4​2​-​S​R​I​/​t​i​s​s​u​e​/​b​o​n​e​+​m​a​r​r​o​w​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​p​r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​1​
3​6​8​2​4​-​S​M​C​2​/​t​i​s​s​u​e​/​b​o​n​e​+​m​a​r​r​o​w​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​p​r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​1​6​4​9​8​5​-​P​S​I​P​1​/​t​i​s​s​u​e​/​b​o​n​e​+​
m​a​r​r​o​w​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​p​r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​1​6​3​1​3​2​-​M​S​X​1​/​t​i​s​s​u​e​/​b​o​n​e​+​m​a​r​r​o​w​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​p​
r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​1​3​6​8​2​4​-​S​M​C​2​/​s​u​b​c​e​l​l​u​l​a​r​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​p​r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​1​6​3​1​3​2​-​M​
S​X​1​/​s​u​b​c​e​l​l​u​l​a​r​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​p​r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​0​7​5​1​4​2​-​S​R​I​/​s​u​b​c​e​l​l​u​l​a​r​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​p​r​o​t​e​i​
n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​1​0​6​8​2​9​-​T​L​E​4​/​s​u​b​c​e​l​l​u​l​a​r​#​i​m​g​h​t​t​p​s​:​/​/​w​w​w​.​p​r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​/​E​N​S​G​0​0​0​0​0​1​6​4​9​8​5​-​P​S​I​P​1​/​
s​u​b​c​e​l​l​u​l​a​r​#​i​m​g.
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Discussion
Annually, millions of patients around the world, suffer from OA-related mild to severe joint pain and movement 
impediments leading to long-term disabilities. OA’s economic and social impact can not be dismissed, especially 
considering the aging society and increasing obesity rate1,2,5. Thus, since currently, no drugs can alter the 

Fig. 7.  Analysis of PSIP1 and TLE4 mRNA expression level in PBMCs as potential prognostic markers of OA 
development. mRNA expression levels of PSIP1 and TLE4 in PBMCs isolated from healthy (Control) and OA-
affected (OA) patients (A). ROC analysis of prognostic properties of PBMCs mRNA levels of PSIP1 and TLE4 
in OA development (B). Analysis of PBMCs isolated PSIP1:TLE4 mRNA expression levels ratio as a prognostic 
tool of OA C). All calculations and visualizations were performed using Jasp software. Samples were tested 
with the Shapiro–Wilk test, presenting a not-normal distribution, thus followed by the Mann-Whitney U test 
*** p < 0.001.

 

Fig. 6.  Analysis of protein-protein interaction of SRI, SMC2, PSIP1, TLE4, and MSX1 genes. PPI network 
of downregulated (A) and upregulated (B) genes in OA. Data visualized using the STRING platform. (C) 
Biological pathways enriched and regulated by proteins encoded by PSIP1, SMC2, SRI, and TLE4 genes. Data 
analyzed and visualized using pathway-to-Gene analysis of the Pathway Connector tool and Reactome 2015 
database.
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progression of OA, the development of new therapeutic strategies such as regenerative therapy is extremely 
important. The first concept of regenerative therapy in OA assumed that administered cells may engraft to a 
lesion site and differentiate into chondrocytes with autologous chondrocytes being the first cell candidates30. 
Unfortunately, important shortcomings of such treatment modality, including loss of chondrocyte phenotypes 
and additional problems associated with the process of chondrocyte acquisition, led scientists to search for other 
sources of therapeutic cells, predominantly mesenchymal stem cells (derived from either: bone marrow, umbilical 
cord, or adipose tissue)12,30. However, we lack well-established molecular indicators of OA advancement. 
Currently, serious efforts are focused on the molecular understanding of the disease, that could be utilized to 
address disease prevention, diagnosis, and treatment leading to the qualification of biomarkers, intended for use 
as companion diagnostics for approval of a new drug or therapeutic scheme31. Therefore, we have focused on 
establishing potential molecular markers, that, on the mRNA level, would allow us to monitor OA development, 
progression, and potential MSC-based regeneration of OA-affected cells (in vitro) and tissue (in vivo).

In our study, we have focused on the knee joint as one of the most prevalent sites3. Our analysis proved 
that aurora B and A signaling pathways are significantly enriched in OA-affected chondrocytes but not in 
synovium. Aurora kinase B (AURKB) is a key component of the chromosomal passenger complex involved in 
heterochromatin destabilization and mitosis progression, which in the case of OA-affected chondrocytes may 
induce senescence, leading to MMPs overexpression and OA progression32. Nevertheless, both OA-affected knee 
synovium and knee chondrocytes present similar enrichment of major biological pathways that are dysregulated 
during OA progression (such as PDGF, IGF1, VEGF, S1P1, glypican or TRAIL signaling pathways). Thus, in 
the first step, we have identified dysregulated genes for both (patient-derived) synovium and chondrocytes, 
focusing on those presented in both OA-affected cell types. This approach allowed us to select up and down-
regulated genes that are generally relevant to OA development. Enrichment analysis proved that selected up- and 
down-regulated genes are involved mainly in the process such as apoptosis, immune response, cell proliferation, 
cell adhesion, migration, cell-matrix degradation, and ion transport. Apoptosis as an etiological factor in 
osteoarthritis onset, combined with dysregulated immune response and impaired cell-matrix interactions, often 
leads to increased and prolonged inflammation and cartilage or tendon tissue degradation, contributing to the 
significant deterioration of the patient’s condition4,21. PPI networks created by up and down-regulated genes that 
are generally relevant to OA development present a similar value of average ClusteringCoefficient parameter, 
which is a numerical depiction of how interconnected a node’s neighbors are, enabling quantification of the local 
cohesiveness of interactions. Low average BetweennessCentrality and high average Degree parameter in both 
networks suggests that the majority of the nodes are less involved in connecting distant parts of the network, and 
few proteins, such as AKT1 (Degree 22) and EGFR (Degree 44), act as key bottleneck hubs, regulating signaling 
pathways related to the development of OA6,33,34. Additionally, higher average ClosenessCentrality in the PPI 
network of up-regulated genes suggests higher signaling efficiency of hub genes.

Next, we have shifted our interest to an in vitro model of OA caused by TNF-derived inflammation of 
chondrocytes to identify potential new markers of OA reversion via the regenerative properties of AD-MSCs 
secretome20. TNF-treated chondrocytes, presents molecular characteristic of in vivo OA affected cartilage, 
especially regarding expression of well know OA markers such as: IL-1B, IL6, MMP1, MMP2, MMP3, MMP9, 
MMP13 and ADAMTS5. Analyzed data were verified using previously obtained DEGs (patient-derived) that 
are generally relevant to OA development. Selected genes SRI, SMC2, PSIP1, TLE4, and MSX1 presented 
dysregulated expression levels in the TNF-inflammation-derived in vitro model of OA, as well as in patient 
samples – compared to respective non-OA controls, and their expression levels were reversed to control level 
upon AD-MSCs secretome treatment.

All proteins encoded by chosen genes present nucleoplasm localization, with only Sorcin (soluble 
resistance-related calcium-binding protein) encoded by SRI being detected in both nucleoplasm and cytoplasm 
(predominantly). Cell nuclei, with well-defined chromatin compartmentalization and ribosome biogenesis, is a 
key player that regulates many aspects of cell biology. Therefore, nucleoplasm proteins are extremely sensitive 
even to incremental changes in cell physiology, which can be exploited to monitor cores of the disease35. Sorcin 
is a key protein in the endoplasmic reticulum (ER) calcium-dependent cascades and signaling that regulates 
cellular homeostasis via important functions, such as gene expression, cell differentiation, proliferation, 
survival, apoptosis, and xenobiotics (drugs) resistance36,37. Interestingly, Gong et al. observed different levels 
of extracellular calcium-dependent spontaneous signaling between different zones in healthy cartilage, whereas 
this zonal difference was not observed in OA-affected cartilage, proving that an imbalance in calcium signaling 
relates to OA38. The protein encoded by SMC2 is involved in the regulation of chromosome condensation during 
mitosis39. There are no known alterations regarding SMC2 and OA development, however, it is a known fact 
that SMC2 downregulation and/or knock-out impairs bovine embryo development40. Interestingly, SMC2 was 
proven to be one of the top hub genes involved in dynamic compression-enhanced chondrogenesis leading to 
cartilage regeneration8. PC4 And SRSF1 Interacting Protein 1 also known as Lens epithelium-derived growth 
factor is a transcriptional co-activator and cellular stress survival factor regulating processes such as DNA repair 
and RNA transcription essential for the cell/tissue development. PSIP1 plays an important role in the course 
of several human diseases, including acute leukemia, virus infection, and autoimmune disorders41. Proteins 
encoded by SMC2 and PSIP1 genes, via regulation of chromatin condensation, influence the expression of many, 
potentially OA-related genes. Transducin-like enhancers of split protein 4 (TLE4), share identical structures 
and molecular properties as the Drosophila protein Groucho which is involved in the regulation of cell-
determination events during insect neurogenesis and segmentation. Its expression pattern correlates to TLE242. 
TLE4 and TLE2 transcriptionally repress Wnt-β-catenin signaling, repressing Wnt-mediated inflammation43. In 
the case of OA, a positive correlation between disease severity and Wnt-β-catenin signaling was observed, thus 
upregulation of its repressor in the OA-affected cells, at first sight, is rather surprising and difficult to explain44. 
However, canonical (Wnt/β-catenin, Wnt3a) and non-canonical (β-catenin independent, Wnt5a) Wnt signaling 
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pathways substantially differ, influencing transcription of target genes via (respectively) β-catenin or Jun/ATF2 
and NAFT transcription factors45. Furthermore, there is substantial heterogeneity within OA patients and 
caused by the multifactorial nature of this disease. Canonical Wnt signaling plays a major role in injury-induced 
osteoarthritis mouse models but is not observed in the STR/ort mouse OA model46. Treatment of OA-affected 
sheep cartlidge with Wnt signaling antagonist - sclerostin, results in inhibition of Wnt/β-catenin signaling and 
predominately an anti-catabolic effect by reducing Mmp, Adamts, Acan, and Col2a1 gene expression, as well as 
IL-1a-mediated aggrecanolysis47. The complex nature of the Wnt regulatory network in skeletal homeostasis 
proves that both excessive activation and inactivation of Wnt signaling can cause skeletal malformation, bone 
diseases, and cartilage loss. Recent reports suggest that Wnt16 presents a strong association with bone mineral 
density and strength, overall cortical bone thickness, additionally playing a chondroprotective role, limiting 
cartilage destruction during OA progression48. Associated with bone formation, the MSX1 gene was previously 
shown by Karlsson et al. to be significantly upregulated in OA-affected cartilage compared to normal (ON-not-
affected) control cartilage49. On the other hand, recent studies have shown that MSX1+ mesenchymal progenitor 
cells exhibit strong chondrogenic potential, that could be utilized for cartilage regeneration. In the rat models of 
acute rotator cuff injury, overexpression of the Msx1 inhibits osteogenic and chondrogenic differentiation of the 
engrafted bone marrow mesenchymal stem cells simultaneously increasing their differentiation and migratory 
potential50. Thus, the role of MSX1 in OA development and cartilage damage and regeneration requires further 
analysis.

Accurate molecular markers for monitoring OA progression and regeneration, which are valid in patients, 
are essential for in vitro studies to develop new therapies. However, in the case of OA patients, analysis of their 
expression (thus monitoring of OA regeneration) would require constant joint biopsy. Therefore, less invasive 
methods, of OA marker isolation, such as blood liquid biopsy are being developed29,51. Progression of OA is related 
to the inflammation and recruitment of immunological cells which can impact actual PBMC gene expression, 
leading to the identification of PBMC-derived OA markers21,29,52. Interestingly, our data proves the expression 
level of PSIP1 and TLE4 in the PMBCs correlates with OA development, however, when used separately, as a 
single prognostic marker, each of them presents less than 0.75 ROC AUC, thus poor discrimination. On the 
other hand, the PSIP1:TLE4 mRNA expression levels ratio used as a prognostic marker presents AUC for ROC 
0.786, which could be regarded as more than acceptable.

The major limitation of this study is that data, are obtained mainly from the European descent population 
of Western society (mainly due to the higher OA incident rate). Consequently, our findings may not account 
for racial-specific factors, especially in the light of the evidence that in the case of knee OA, pain and functional 
limitations are greater for African and African-Americans than European descent4,53. Additionally, we have based 
our analysis on available clinical descriptions of patients’ OA status. However, standard MRI are focused mostly 
on alterations seen in advanced OA stages possibly incorrectly identifying early, potentially reversible stages14. 
Furthermore, GSE48556 dataset consists of imbalanced sample size (33 healthy subjects and 106 OA patients) 
and highlights one of the biggest problems with clinical data, that disease cohorts are usually better characterized 
than healthy controls. Additionally, we have based our study on microarray data that are less sensitive than RNA 
sequencing (RNA-seq) especially for low-abundance RNAs (Spearman correlations coefficients of ∼0.8 between 
expression data obtained from the Affymetrix one-channel microarray and RNAseq for high-abundance genes 
and ∼0.2 for low-abundance genes), but are more reliable and easier to use regarding analysis of gene expression 
profiling of well-know sequences. Furthermore, results derived from microarrays accumulated over the last 
20 years, and stored in repositories such as GEO, can still serve as excellent data mining resources54,55. Finally, 
despite the fact that recent transcriptomic analyses of OA patient samples deposited in the GEO database, have 
indeed yielded clinically valuable insights, particularly for potential new biomarker discovery and therapeutic 
targets, translating these findings into real-world clinical practice requires additional experimental confirmation 
and preferably prospective or controlled clinical studies56,57.

Conclusion
Our analysis proved that mRNA expression levels of SRI, SMC2, PSIP1, TLE4, and MSX1 are dysregulated in 
osteoarthritis (SRI, SMC2, PSIP1 downregulated in OA, TLE4, and MSX1 upregulated in OA ) and potentially 
could be utilized to monitor its development and potential regeneration upon AD-MSCs-based regenerative 
therapy in both chondrocytes and synovium. Additionally, expression levels of PSIP1 and TLE4 in the PMBCs 
may be considered as less invasive OA markers. These genes have potential as diagnostic and prognostic 
biomarkers not only in osteoarthritis but also in other chronic joint diseases, traumatic injuries, and overuse 
syndromes. Further research is needed to validate their clinical utility across these diverse conditions.
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