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Purpose: Osteoarthritis (OA) is the most common degenerative joint disease. However, its etiology remains largely unknown. Zinc
Finger Protein 652 (ZNF652) is a transcription factor implicated in various biological processes. Nevertheless, its role in OA has not
been elucidated.

Methods: The search term “osteoarthritis” was utilized to procure transcriptome data relating to OA patients and healthy people from the
Gene Expression Omnibus (GEO) database. Then a screening process was initiated to identify differentially expressed genes (DEGs). The
DEGs were discerned using three distinct machine learning methods. The accuracy of these DEGs in diagnosing OA was evaluated using the
Receiver Operating Characteristic (ROC) Curve. A competitive endogenous RNA (ceRNA) visualization network was established to delve
into potential regulatory targets. The ZNF652 expression was confirmed in the cartilage of OA rats using quantitative reverse transcription
polymerase chain reaction (QRT-PCR) and Western blotting (WB) and analyzed using an independent #-test.

Results: ZNF652 was identified as a DEG and exhibited the highest diagnostic value for OA according to the ROC analysis. The GO
and KEGG enrichment analyses suggest that ZNF652 plays a vital role in OA development through processes including nitric oxide
anabolism, macrophage proliferation, immune response, and the PI3K/Akt and the MAPK signaling pathways. The increased
expression of ZNF652 in OA was validated in qRT-PCR (1.193 + 0.005 vs 1.000 + 0.005, p < 0.001) and WB (0.981 + 0.055 vs
0.856 + 0.026, p = 0.012) analysis.

Conclusion: ZNF652 was found to be related to OA pathogenesis and can potentially serve as a diagnostic and therapeutic target of
OA. The underlying mechanism is that ZNF652 was related to nitric oxide anabolism, macrophage proliferation, various signaling
pathways, and immune cells and their functions in OA. Nevertheless, the findings need to be confirmed in clinical trials and the
molecular mechanism requires further study.
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Introduction

Osteoarthritis (OA) is the most common degenerative joint disease that significantly affects individuals worldwide,
leading to considerable economic and property losses.'” OA is characterized by cartilage degeneration, joint pain,
stiffness, and functional disabilities. Commonly recognized factors contributing to OA include aging, trauma, hormones,
genetics, and mechanical damage to the joints.> Currently, there is no effective disease-modifying medications have
been identified for OA. Medications are primarily aimed at relieving symptoms in mild-to-moderate OA.®® While in
severe OA, medications offer only short-term benefits in pain and function, necessitating joint replacement surgery as

a therapeutic option.”'°
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The development of OA involves a complex pathological process, including the degradation of articular cartilage,
remodeling of subchondral bone, degeneration of meniscus, inflammation and fibrosis of the patellar fat pad and

1716 with the degeneration of articular cartilage being its primary manifestation.'”'® Cartilage or osteochon-

synovium,
dral damage is strongly correlated with an elevated incidence of OA."> OA resulting from cartilage injury may advance
due to the degeneration of adjacent cartilage, and catabolic factors in the cartilage surrounding the defect, such as
inflammatory cytokines and biomechanical stress, may impact the progression of OA following cartilage injury.”**' The
principal features of articular cartilage surface involvement in the development of OA include chondrocyte death caused
by oxidative stress and degradation of the extracellular matrix (ECM).***

From a biomechanical perspective, joint cartilage is composed of a large amount of dense extracellular matrix, and
another characteristic of cartilage is the presence of a pericellular matrix (PCM) that surrounds the chondrocytes. The
changes in the composition of these matrices leads to alterations in the mechanical environment of the cells within the
cartilage matrix. If the cartilage cells are subjected to abnormal mechanical stimuli, their metabolic balance is disrupted,
leading to loss of matrix and tissue degeneration, which can result in OA.***

Zinc finger proteins constitute the largest family of transcription factors in the human genome. They can be
transcriptionally regulated by binding to specific DNA sequences and are involved in a wide range of biological
processes, including cell proliferation, invasion, and metastasis.’® >’ Exosomes have been demonstrated to play
a crucial role in intercellular communication by transporting various biologically active substances, such as proteins,
circular RNA (circRNA), microRNA (miRNA), and mRNA.*® The circ-ZNF652 mediates cell proliferation, apoptosis,
and inflammation in infantile pneumonia.>' Furthermore, circ-ZNF652 has been identified as a positive regulator in the
progression of certain tumors. It has a high expression level in clinical renal carcinoma tissues while its silencing leads to
repressed proliferation of renal carcinoma cells.>® Additionally, exosomes contain circ-ZNF652 which contributes to
hepatocellular carcinoma cell proliferation, migration, and glycolysis.*®> Similarly, cell proliferation, apoptosis, and
inflammation have been reported to play a role in OA pathogenesis. However, the implications of ZNF652 in the
regulation of OA, and its possible role in promoting osteoarthritic chondrocyte cell death, facilitating extracellular matrix
degradation, and consequently expediting OA development, remain unexplored in the current literature.

Hence, it is imperative to investigate the clinical significance and potential molecular mechanisms of ZNF652 in the
context of OA. In this study, cartilage samples were collected from both OA patients and healthy individuals obtained
from the GEO database. Subsequently, a screening for differentially expressed genes was performed, characterized genes
associated with OA were identified using bioinformatics methods, and enrichment analysis and immune infiltration
analysis were carried out. In addition, correlations were analyzed to present novel strategies and insights for the treatment
of OA. Initially, 297 differentially expressed genes were identified, and following intragroup screening, three differential
genes were selected, one of which was recognized as a potential biomarker for OA.

Materials and Methods

Data Acquisition and Processing

We searched the GEO database using the search term “osteoarthritis” (ICD-10 code M19. 9) and narrowed the results to
“Series” and “Expression profiling by array” for Homo sapiens. This yielded 100 datasets, from which we selected and
downloaded six specific expression datasets including GSE10575, GSE16464, GSE117999, GSE169077, GSE178557,
and GSE236924, which related to articular cartilage for our study (Table 1). Subsequently, we converted the probe
matrices to gene expression matrices using the provided annotation information in the platform files. The study was
approved by the Clinical Research Ethics Committee of Guangxi Medical University (Approved Number: 202008012).

Data Quality Control and Data Analysis

The data sets labeled as GSE10575, GSE16464, GSE169077, GSE178557, and GSE236924 underwent standardization
using the “limma” package in R software. Subsequently, data exhibiting significant differences were subjected to a log
transformation (base 0.5) and then combined. PCA analysis was applied to both the pre- and post-standardization data,
and validation data were batch-corrected to ensure comparability. Heatmaps of DEGs were generated using the

10142 "= Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Chen et al

Table | Information on the GEO Dataset Used

Series Sample Sample Sample Size of Sample Size of | Sample Sample Source Name
Accession Platform ID Type Control OA Organism

GSEI0575 GPL570-55999 RNA 2 6 Homo sapiens Chondrogenic progenitor cells
GSEl6464 GPL570-55999 RNA 6 6 Homo sapiens Chondrocytes

GSEI17999 GPL20844-88004 | RNA 11 I Homo sapiens Knee cartilage

GSE169077 GPL96-57554 RNA 5 6 Homo sapiens Knee cartilage

GSE178557 GPL13497-9755 RNA 4 4 Homo sapiens Cartilage

GSE236924 GPL570-55999 RNA 5 65 Homo sapiens Joint tissue

Abbreviations: GEO: Gene Expression Omnibus; RNA: ribonucleic acid; OA: osteoarthritis.

“heatmap” package, and the data were processed using log transformation (base 0.5). A statistical significance threshold
of P < 0.05 was set to discern variations in DEGs and their expressions between the experimental and control groups.
Correlation heatmaps were also generated using the “corrplot” package. Furthermore, Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses were concurrently conducted using the “clusterProfiler” package
in R, with a threshold of p-value <0.05.

Screening Feature Genes

Three machine learning algorithms have been employed to predict disease states and identify significant feature genes.
The Least Absolute Shrinkage and Selection Operator (LASSO) algorithm serves as a regression analysis tool that
enhances prediction accuracy through regularization. Support Vector Machines (SVMs) have been widely utilized as
a supervised machine learning technique for classification and regression, while the Recursive Feature Elimination (RFE)
algorithm aids in mitigating overfitting.** Additionally, the RF stands out as a successful integrated learning technique for
large-scale classification and skewing problems, utilizing a random feature subset selection at each node.*>> The LASSO
regression, SVM-RFE, and Random Forest (RF) algorithms have been utilized to screen feature genes. Genes derived
from these three methods are evaluated for intersections, with overlapping genes selected as the initial differential genes
employing the “VennDiagram” package in the R language to construct Venn diagrams. This process includes the
generation of violin and line plots showcasing the initial differential genes in each dataset.

Final Validation and Accuracy Assessment

Utilize the “pROC” package to generate a preliminary ROC curve for the differential gene and carefully evaluate the area
under the curve (AUC). AUC values below 0.7 suggest lower accuracy for disease diagnosis, while values above 0.7
indicate higher accuracy. The preliminary differential genes identified were validated in the GSE117999 dataset to derive
the final set for all datasets. Subsequently, violin plots and ROC curves for the final differential genes in the GSE117999
dataset were generated, and the area under the curve was computed. The analysis involved the application of relative
logarithmic expression (RLE) on all datasets (p < 0.05), leading to the identification of DEGs and their associated genes.
Subsequently, heatmaps and volcano plots of the DEGs were generated. Co-expression analysis was conducted using the
“corrplot” package, and heatmaps depicting the associations among multiple genes were also produced.

Establishment of OA Rat Model and Collection of Articular Cartilage

All experiments were approved by the Animal Research Ethics Committee of the Guangxi Medical University. All
experiments were performed following the Guangxi Medical University and national guidelines and regulations. A total
of 20 8-week-old Sprague—Dawley (SD) male rats (range: 220 to 250 g) were purchased from the Beijing Vetonex
Laboratory Animal Technology Co., Ltd. (Beijing, China). All rats were maintained in a specific pathogen-free (SPF)
facility and randomly divided into two groups (n = 10 for each): the control group and the OA group. To create a post-
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traumatic OA model, the rats were subjected to an anterior cruciate ligament transaction plus medial meniscus resection
(ACLT + MMx).>¢ Briefly, animals were anesthetized using 20% urethane (20 mL/kg) via intraperitoneal injection. After
shaving and disinfection, a longitudinal incision approximately 3 cm long was made on the medial side of the knee joint,
with an upward extension along the patellar ligament. The muscles were retracted, and the knee was flexed to dislocate
the patella laterally for joint cavity exposure. Subsequently, both anterior and posterior cruciate ligaments and the medial
collateral ligament were severed, allowing for the identification and excision of the medial meniscus. Surgical incisions
were then sutured in sequence.

All rats were euthanized at week 20 postoperatively using an overdose of sodium pentobarbital (150 mg/kg via
intraperitoneal injection). Five rats from each group were sacrificed for the collection of cartilage, which was immedi-
ately preserved at —80°C for subsequent analysis by a blinder (XH).

qRT-PCR

The knee joint cartilage from both groups of rats was collected. The total RNA in the cartilage was extracted using the kit
method (R0027, Beyotime, China). Subsequently, the RNA was reverse-transcribed into cDNA following the
HyperScripTM First-Strand ¢cDNA Synthesis SuperMix Protocol (K1073, APExBIO, USA). Then PCR experiments
were conducted using the HotStartTM Universal 2X SYBR Green qPCR Master Mix (K1170, APExBIO, USA) on an
ABI Real-time PCR (7500) instrument, and the 2*“T values were calculated as per the defined method. Primer

sequences are shown in Table 2.

Western Blot

Total protein was extracted from the cartilage using RIPA buffer (strong) (K1020, APExBIO, USA) containing protease
and phosphatase inhibitors. After determining the protein concentration of each sample using a BCA protein assay Kkit,
protein samples (20 pg of total protein) underwent electrophoresis which was performed on a 10% SDS-PAGE gel
prepared with the PAGE gel-fast preparation kit (EpiZyme, PG212) and transferred onto a 0.45 pm-diameter nitrocellu-
lose membrane (MerckMillipore, IPVH00010, Germany). The membranes were blocked for 1 h at room temperature and
subsequently incubated with anti-ZNF652 primary antibody (A18657, ABclonal, China, 1:1000) overnight at 4 °C. Then
the secondary antibody (31460, Invitrogen, USA, 1:10000) was incubated with the blotting membrane at room
temperature for 1 h. B-actin (AF7018, Affinity, USA, 1:20,000) was used as the control. Subsequently, the membranes
were visualized using a chemiluminescence reagent (K1129, APExbio, USA) and analyzed quantitatively using
GraphPad8 software (GraphPad, USA).

Single Gene Enrichment Analysis

We conducted GO and KEGG enrichment analysis on 2.5 single genes. Additionally, we performed GO and Gene Set
Enrichment Analysis (GSEA) enrichment analysis on single gene clusters from different groups, utilizing the gene set
“c2.cp.go.symbols.gmt” as a predefined gene set. To ascertain the significance of gene set correlation, we relied on the

Table 2 Primer Sequences for PCR

Genes Primer Sequences

Mmpi3-F | CCATCCCGAGACCTCATGTTCA

Mmpi3-R | AGCACTGAGCCTTTTCACCTCT

Zfp652-F | TCTTTCAAGCGCAGTATGTCACTC

Zfp652-R | CTCTCGTCGCAGTTCTCACATC

GAPDH-F | TGGAGAAACCTGCCAAGTATGATG

GAPDH-R | TATCCTTGCTGGGCTGGGTG
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normalized enrichment score (NES), nominal p-value, and false detection rate (FDR) g-value. A NES > 1, FDR g-value <
0.25, and nominal p-value < 0.05 were considered as criteria for significant enrichment.

Single Gene Set Variant Analysis
We utilized the molecular characterization database (MSigDB, http://software.broadinstitute.org/gsea/msigdb/index.jsp)

from the GSEA website (https://www.gsea-msigdb.org/gsea/index.jsp) to access the GO and KEGG gene set databases

for our analysis. Subsequently, “c5.go.Hs.symbols.gmt” was chosen as the reference gene set, and gene symbol matrix
files were obtained during the identification of DEGs. Following this, the gene symbol matrix files from the GO and
KEGG databases were processed, and we evaluated the functional pathways based on the absolute enrichment of gene
sets in each sample. Additionally, we acquired functional and pathway matrix files containing the Gene Set Variation
Analysis (GSVA) scores for the functional pathways corresponding to each sample. Subsequently, we employed the
“limma” package to compare the GSVA scores of OA and normal cartilage samples. The screening criteria for
differential GSVA scores were set at p < 0.05 and [log FC| > 0.5.

Analysis of Immune-Related Functions

An immune-related functions analysis was conducted on the dataset of the final differential genes to determine the
expression of immune functions within these genes. The CIBERSORT algorithm was utilized to assess the infiltration of
immune cells in the OA, resulting in the acquisition of the immune cell infiltration matrix at a significance level of
p < 0.05.

Immune Infiltrating Cell Correlation and Differential Analysis

The “ggplot2” package was utilized for correlation analysis and visualization purposes. Spearman correlation analysis
was employed to investigate the relationship between the characteristic genes and differentially infiltrated immune cells.
Furthermore, efforts were made to assess batch effects between different groups to examine the correlation between
immune cell content and the expression of characteristic genes. The correlation coefficient (r > 0.6, p < 0.05) was applied
to evaluate the correlation between the characteristic genes and immune infiltrated cells.

ceRNA Network Construction

The prediction of miRNA target genes was facilitated through the utilization of three databases: miRanda, miRDB, and
TargetScan. The spongeScan database was employed to predict IncRNA-miRNA interactions, and Cytoscape was utilized
for the construction of ceRNA networks.

Statistical Analysis

The bioinformatics analysis was carried out using R (R-4.4.0, Vienna University of Economics and Business, USA).
gqRT-PCR and Western blotting data were tested for normality using the Shapiro—Wilk test. Data were compared between
the groups using an independent ¢-test for normally distributed variables and are presented as the mean + standard
deviation for the variables. Statistical significance was set at p < 0.05. SPSS version 20.0 (IBM Corp, Chicago, IL, USA)
was used for all statistical analyses.

Results
Identification of DEGs

Following the completion of batch correction and data normalization, a gene expression matrix (Figure 1A and B) was
derived, revealing differential gene expression patterns associated with OA. Subsequent analysis identified 307 DEGs,
comprising 183 down-regulated and 124 up-regulated genes. These findings were visually presented through the use of
heatmaps and volcano maps (Figure 1C and D).
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Figure | Initial screening of DEGs. (A and B) Batch pre-correction and post-correction for the GSEI0575, GSEI6464, GSEI17999, GSEI169077, GSE|178557, and
GSE236924 datasets. (C) Volcano plots of DEGs, with red color denoting up-regulated genes, green color denoting down-regulated genes, and gray color denoting non-
differentiated genes. (D) Heatmap of DEGs, with highly expressed DEGs in the samples marked in red and low expressed DEGs in the samples marked in blue.
Abbreviation: DEG, differentially expressed gene.

Counting of DEGs Using Three Combined Machine Algorithms

The LASSO regression algorithm pinpointed PLIN2, DDIT3, EN2, BNIP3, PAIP2B, CLGN, GLRX, CHST7, HOXB2,
PSKH1, DOCK10, and PIK3CG (Figure 2A and B). The SVM-RFE algorithm highlighted DDIT3, PSKH1, CCL19,
CHST7, BNIP3, CDC42EP1, PAIP2B, EXTL2, MYOT, NR1D2, PPIC, and RRAGD (Figure 2C and D). Similarly, the
Random Forest (RF) Graph Algorithm revealed thirteen characterized genes: MYL1, CEBPG, ACADL, CKM, EN2,
PAIP2B, MYOT, DDIT3, RLF, TNNT1, EIF4EBP1, and SFTPB (Figure 2E and F). The genes characterized using the
three methods were compared to obtain three overlapping genes: DDIT3, ZNF652, and PAIP2B. These are the initial
disease-characterized genes (Figure 2G).

Intergroup Differences and Accuracy of Three Genes

In our analysis, violin plots (Figure 3A-C), total fold plots (Figure 3D), and ROC curves (Figure 3E-G) were generated to
demonstrate the differential expression of the DDIT3, ZNF652, and PAIP2B genes across the GSE10575, GSE16464,
GSE169077, GSE178557, and GSE236924 datasets. They reveal a decrease in DDIT3 expression and an increase in
ZNF652 expression in the OA group, alongside a decrease in PAIP2B expression. The area under the ROC curves for all
the three genes surpassed 0.7.

10146 "= Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Chen et al

A 35 33 31 29 28 28 22 18 12 9 8 7 6 2 B 0 12 22 28 29 33 35
© -
<
- o
~ - -
o -
o
5 2 o
g 2 _
a 2| S
T " 5 <
5 m 8
£
@ o | o~
o N
S]] o
o | ]
o U
LTINS ey T 4
T T T T T T T T T T T T
-6 -5 -4 -3 -2 0 5 10 15 20 25 30
Log(») L1 Norm
C > D S | n=13 (0.861)
= (=]
[}
3
e | =
o >
5 g 3
o~ 5 )
w o 8 ©°
> © <
6] ©
x © 3 g -
o - x
-~ o o
L o
G 37
[}
< o
S n=13 (0.139) °
T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Number of Features Number of Features
E
2ZNF652 o
MYL1 g
ceePG ~d F Random forest
CKM g
EN2 —
PAIP2B @ ©
S100P g © ey | I
DDIT3 @ '&h Y !
RLF ® et B TP PP
TNNT1 ® Importance ot ':&i ll
EIF4EBP1 L] 1.0 Lz B N I ¢ !
ok S B TR )
HISTIHIC ™ 08 Il”l awih i}
COL4AT J L
COX6A2 (J 06 - ]l
CA3 [ ] o |
GLRX o \
PITX2 ® 04 ;
EXTL2  d = 1
s $ F2q
MYH6 o uoe !
CCNB1IP1 [ |
RRAD @
SH3BGR ® o
HILPDA o o
TNNC1 4
FGFBP1 °® :
000 025 050 075 100 mm"w"‘_‘_“—
Importance g .

trees

G
RF SVM
LASSO

Figure 2 Identification of the three DEGs. (A and B) Lasso regression counting differential genes, regression graphs, and cross-validation graphs, respectively, screening |3
differential genes. (C and D) SVM machine learning methods screening feature genes, accuracy graphs, and cross-validation graphs, respectively, attaining |3 differential
genes. (E and F) Gene cross-validation graphs and significance scores, respectively, screening |3 differential genes. (G) Wayne graphs of feature genes screened by the three
machine learning methods to screen feature genes in a Wayne plot. Finally, three genes (ie, DDIT3, ZNF652, and PAIP2B) were screened out.

Abbreviations: DEG, differentially expressed gene; SVM, Support Vector Machine.
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groups. (D) The line plots of DDIT3, ZNF652, and PAIP2B genes. (E-G) The ROC curves and areas under the curves of DDIT3, ZNF652, and PAIP2B genes. *** p < 0.001.
Abbreviation: ROC, receiver operating characteristic.

ZNF652 Expression Was Elevated in the Validation Group Dataset

Upon validation of the DDIT3, ZNF652, and PAIP2B genes in the GSE117999 dataset, it was found that only ZNF652
displayed differential expression, aligning with previous findings (Figure 4A). Subsequently, the ROC curve for ZNF652
in the GSE117999 dataset (Figure 4B) indicated an area under the curve exceeding 0.7, solidifying its status as the final
identified differential gene.

Expression of Zfp652 in Cartilage of OA Rats

Upon investigation, it was determined that ZNF652 corresponds to human gene nomenclature, while Zfp652 corresponds
to rat gene nomenclature. Subsequently, the mRNA and protein sequences of the two genes were obtained from the NCBI
database (https://www.ncbi.nlm.nih.gov/). Then sequence comparisons were performed, revealing a high similarity in

sequences between the two genes (21% and 100% of sequence similarity in mRNA and protein, respectively;
Supplementary Figure 1 and 2; Supplementary Text 1 and 2). Furthermore, the qRT-PCR and Western blot results
indicated that the expression of ZFN652 mRNA (1.193 £ 0.005 [95% CI 1.18 to 1.20] vs 1.000 £+ 0.005 [95% CI 0.99 to
1.01], p < 0.001; Figure 5A), MMP13 mRNA (1.100 + 0.027 [95% CI 1.05 to 1.15] vs 1.000 = 0.019 [95% CI 0.96 to
1.04], p = 0.027; Figure 5B), and ZFN652 protein (0.981 £ 0.055 [95% CI 0.87 to 1.09] vs 0.856 + 0.026 [95% CI 0.81 to
0.91], p = 0.012; Figure 5C and D) was elevated in the OA group than the control group, aligning with our initial
prediction.

Related Genes of ZNF652 in OA

Following the identification of the DEG, Spearman correlation analysis was conducted on the expression matrix of
ZNF652 to illustrate its associated genes in a heatmap (Figure 6A). Subsequently, a visual representation depicting the
correlation of the DEGs linked to ZNF652 was generated (Figure 6B).

OA is Associated with Diverse Functional States and Disease Pathways in
Chondrocytes

We conducted GO and KEGG enrichment analyses of the downloaded sequences using R software to discern the shared
characteristics of these genes in terms of molecular functions and biological processes. Based on the results of the GO
analysis, the differentially expressed genes were primarily associated with biological processes and other pathways,
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Abbreviation: ROC, receiver operating characteristic.

closely linked to functions such as elastic fiber assembly, macrophage value-added, NO anabolic regulation, and OA-
associated ECM organization metabolism in cartilage (Figure 7A-E). The KEGG analysis revealed that the OA group
showed enrichment in most of the disease pathways, such as the PI3K-Akt signaling pathway, MAPK signaling pathway,
calcium signaling pathway, renin-angiotensin system, and Ras signaling pathway (Figure 8A-E).

ZNF652 is Closely Related to Various Pathways Associated with OA

The potential role of ZNF652 in distinguishing between diseased and normal samples was further elucidated through
GSEA of the single gene associated with ZNF652, reflecting the characteristics of the regulatory pathway of ZNF652.
Upon detailed scrutiny, it came to light that ZNF652 may be correlated with mitochondrial protein and gene anabolism,
vascular development, glucose metabolism, transforming growth factor B (TGF-B) signaling pathway, Wnt signaling
pathway, and Toll-like receptor pathway, all of which are pertinent to the ECM components of OA (Figure 9A-D).
Subsequently, a comparative analysis of the activation pathways between the high and low expression groups in the
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Figure 5 Expression of ZNF652 and MMPI3 in cartilage of the two groups of rats. (A and B) The mRNA expression of ZNF652 and MMP13 in the cartilage of OA and
control rats using qRT-PCR. (C and D) The protein expression of ZNF652 in the cartilage of the OA and control rats using Western blot. *p < 0.05; *** p < 0.001.
Abbreviation: OA, osteoarthritis.

single gene bound to GSVA was performed. The findings revealed that heightened levels of ZNF652 transcript in the
diseased state triggered in vivo substance metabolism, while concurrently repressing metabolic processes such as growth
factor binding and inhibiting the melanin synthesis pathway, the Wnt signaling pathway, and the TGF-B signaling
pathway (Figure 10A and B). These alterations likely contributed to the up-regulation of ZNF652, consequently leading

to cartilage modifications in OA.

ZNF652 is Associated with Immune Cells and Their Functions in OA

The study revealed variations in the functions of immune cells, including antigen-presenting cells (APC) and mast cells,
in two distinct groups associated with ZNF652 (Figure 11A). Subsequently, a correlation analysis was performed on
immune cells concerning ZNF652, demonstrating that MO macrophages, M2 macrophages, and resting mast cells
exhibited correlations with ZNF652. In comparison to the control group, the number of MO cells and M2 macrophages
was reduced in OA (Figure 11B and C), showcasing a negative correlation with ZNF652. Conversely, the quantity of
resting mast cells was elevated in the OA group (Figure 11D) and positively correlated with ZNF652. Additionally,
Figure 11E visually illustrates the results of the correlation analysis for the three distinct cell types.
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CeRNA Network

We have established a ceRNA-based network associated with ZNF652, using the starBase and miRanda databases. The
network consists of 168 nodes, including 1 marker gene, 38 miRNAs, and 130 IncRNAs, revealing intricate inter-regulatory
connections. We found that hsa-miR-1229-3p, hsa-miR-1224-5p, hsa-miR-331-3p, hsa-miR-27a-5p, hsa-miR-1237-3p, hsa-
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Abbreviation: GO, Gene Ontology.

miR-539-5p, hsa-let-7a-3p, hsa-miR-224-3p, hsa- miR-142-3p, hsa-miR-765, hsa-miR-618, hsa-miR-205-5p, hsa-miR-106a-
5p, hsa-miR-199a-5p, hsa-miR-518d-5p, hsa-miR-570-3p, hsa-miR-590-3p, hsa-miR-576-5p, hsa-miR-135a-5p, hsa-let-7a-
5p, hsa-miR-342-3p, hsa-miR-561-3p, hsa-miR-490-5p, hsa-miR-302a-3p, hsa-miR-194-5p, hsa-miR 125a-5p, hsa-miR
-186-5p, hsa-miR-7-5p, hsa-miR-513a-3p, hsa-miR-130a-3p, hsa-miR-28-5p, hsa-miR-335-3p, hsa-miR-924, hsa-miR
-190a-5p, hsa- miR-345-5p, hsa-miR-508-5p, hsa-miR-421, and hsa-miR-340-5p probability regulate ZNF652 (Figure 12).
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Abbreviation: GSEA, Gene Set Enrichment Analysis.

Discussion
The OA pathogenesis remains complex and not fully elucidated. Currently, the early diagnosis of OA is challenging and
there is no effective disease-modifying treatment for OA. Nonetheless, several clinical studies have demonstrated an
association between the development of OA and abnormal mechanical loading, aging, and specific signaling
pathways.>'~*” In the current study, 307 DEGs were identified as significantly associated with OA. Furthermore, after
a rigorous screening and validation process employing three mechanistic learning tools, the gene ZNF652 emerged as
a notable candidate which was associated with synthetic metabolism and immune response, various pathways, and
immune cells and their functions in OA. The results were validated using a rat animal of OA. Our findings suggest that
ZNF652 plays an important role in OA pathogenesis and can serve as an early diagnostic and therapeutic target for OA.
Elevated expression of ZNF652 has been implicated in the pathogenesis of various malignant tumors, including breast
cancer, bladder cancer, hepatocellular carcinoma, and osteosarcoma.’>***! Furthermore, prior studies showed that the
gene ZNF652 is implicated in cellular inflammatory responses.*? The expression of ZNF652 is notably elevated in LPS-
induced human embryonic lung cells, consequently impeding cellular function.** Suppression of ZNF652 promotes LPS-
induced proliferation of human embryonic lung cells and mitigates the inflammatory response.*> The downregulation of
ZNF652 alleviates LPS-induced injury in human embryonic lung cells by upregulating MiR-302e.** However, the
correlation between ZNF652 and OA has not been reported. On the other hand, a previous study found an association
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Abbreviation: GSVA, Gene Set Variation Analysis.
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Figure 12 A ceRNA networks of ZNF652 and the potential RNA regulatory pathways.

between ZNF652 and immune function alterations.>® Consistently, in the current study, we explored novel molecular
detection targets through immune infiltration analysis. This connection aligns with the hypothesis that OA development
is intricately linked to immune function.*?

In this study, the GO and KEGG analysis revealed notable differences in biological processes, encompassing elastic
fiber assembly, macrophage function, and various substance metabolic pathways. Furthermore, the DEGs in the two
groups were predominantly enriched in the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB/AKT), mitogen-
activated protein kinases (MAPK), calcium signaling, renin-angiotensin, and Ras pathways. The PI3K/Akt and MAPK
signaling pathways play significant roles in cartilage alterations during OA development. The up-regulation of these
pathways has a substantial impact on chondrocyte degeneration, protective biological effects, and the synthesis of
cartilage matrix in OA cartilage.***” A previous study revealed that components associated with the PI3K/Akt signaling
pathway were activated in the joints of OA rats.>' Upon inhibiting the expression of these factors, an anti-inflammatory
response was observed, along with the restoration of type II collagen expression and a reduction in the expression of
Matrix metalloproteinases (MMP13) and ADAMTSS. This resulted in the alleviation of clinical symptoms and

a deceleration in OA progression.”! A prior study reported that the activation of the PI3K/Akt signaling pathway
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exacerbated chondrocyte inflammation, increased the severity of joint damage in rats, and promoted the development of
OA.** Tt is worth noting that the PI3K/AKT pathway can interact with the MAPK pathway to modulate OA.** A study
found that PI3K/Akt/NF-«kB and MAPK pathways exert protective effects on joints in both in vivo and in vitro studies.
Furthermore, the inhibition of these pathways resulted in diminished inflammatory responses and cartilage degeneration
in OA mice.”® The activation of the PI3K/Akt signaling pathway promotes mitochondrial autophagy, upregulates mTOR
protein expression, and attenuates OA.>' Moreover, in coordination with MAPK and other signaling pathways, the PI3K/
Akt pathway can suppress M1 polarization and facilitate M2 polarization via TGF-B/SMAD, TLR/NF-«B, JAK/STAT,
and other signaling pathways. This can regulate the OA inflammation, contributing to the treatment of the disease.>
Additionally, the MAPK/PI3K-AKT pathway plays a crucial role in alleviating OA by inhibiting synovial inflammation
and fibrosis induced by M1 polarization of synovial macrophages.’*>* Thus, based on the findings of the current study
and those of the prior studies, it is plausible to propose a regulatory interrelationship between the PI3K/AKT and MAPK
pathways, macrophage polarization, and OA.

Our findings suggest that ZNF652 contributes to the immune pathogenesis of OA. As a nuclear regulator, when up-
regulated ZNF652 can transmit its pathogenic effects through macrophages, potentially involving signaling pathways
such as PI3K/AKT, MAPK, and macrophage polarization. Our immunofunctional results indicate an increase in mast cell
number in the OA group. Numerous studies have demonstrated the involvement of mast cells in OA, wherein mast cells
are abundant in synovial tissue and their presence is correlated with structural damage.”~° Mast cells are frequently
located in the joint synovial membrane, particularly in the vicinity of blood vessels and nerve endings. They are closely
linked to the onset of joint pain.”” Multiple studies have documented an increase in mast cells and their degranulation in
individuals with OA. A prior study found the exclusive immune cell types in the synovial tissue of OA patients, in
contrast to mast cells in patients with rheumatoid arthritis.® The activation of mast cells triggers the release of pro-
inflammatory mediators, leading to synovial inflammation, bone remodeling, and cartilage damage.>”

The analysis of immune cell correlation in the current study indicates differences between M0 and M2 macrophages
in the OA group, both types of which were down-regulated in the OA group. Macrophages are ubiquitously present in
tissues and are fundamentally involved in tissue remodeling, homeostasis, and regeneration.®® MO macrophages are
derived from monocytes and promptly migrate to the injury site and secrete inflammatory factors such as monocyte
chemotactic protein-1 (MCP-1). Depending on the healing stage at the injury site, MO polarizes to the appropriate
activation pathway and, contingent upon the in vivo changes, transitions sequentially into two main distinct phenotypes,
M1 macrophages and M2 macrophages. M1 macrophages are often referred to as pro-inflammatory macrophages, while
M2 macrophages are termed anti-inflammatory macrophages. The activation and phenotypic transition of M0 macro-
phages from a pro-inflammatory (M1) to an anti-inflammatory (M2) state may significantly influence the inflammatory
response and the onset of related diseases.®’ The infiltration of macrophages is a prominent pathological characteristic of
OA. Macrophages are recognized contributors to OA progression. Thus, the imbalance of M1 and M2 macrophages in
OA is associated with the disease severity.°*®> In OA, macrophage activation results in the release of pro-inflammatory
cytokines and MMPs, initiating cartilage damage and bone regrowth via catabolic and anabolic imbalances.** The
activation of pro-inflammatory M1 macrophages triggers the release of pro-inflammatory cytokines, subsequently
activating chondrocytes and inducing MMP production, perpetuating a cyclical process of cartilage degradation.®> Our
findings, as well as related studies, suggest a hypothesis that the activation of M1 macrophages is associated with
inflammation in OA.

We also formulated the ceRNA network centering on the characterized genes. Long non-coding RNAs (IncRNAs)
have the capability to compete with mRNAs for miRNA binding, ultimately regulating the expression of the ZNF652-
characterized genes.®®®” The identification of miRNAs that interact directly with mRNAs, and IncRNAs that indirectly
modulate mRNA expression, presents novel potential targets for the prevention or treatment of OA.

This study has some limitations. First, the human data were derived from the GEO database focusing on the cartilage
of OA patients and healthy individuals. However, the sample sizes were relatively small. Moving forward, it is
imperative to validate the findings of the current study in a larger dataset. Second, our results were validated in an
animal (rat) model of OA but not in OA patients. Thus, there was no additional clinical evidence to confirm the
diagnostic and therapeutic effect of inhibiting ZNF652 in OA. Future comparative clinical studies are needed to examine
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the findings of the current study. Third, although we identified an association between ZNF652 and OA, we did not
comprehensively understand the biological functions of ZNF652 in OA. Therefore, more studies are required to
investigate the molecular and signaling mechanisms of this gene in OA. Last, the observed differences in immune
cells were limited to mast cells and MO and M2 macrophages between the OA and the control groups. Thus, the role of
other immune cells such as T cells and B cells in OA warrant further investigation.

In conclusion, this study found that ZNF652 was related to OA pathogenesis and can potentially serve as a diag-
nostic and therapeutic target of OA. The underlying mechanism is that ZNF652 was related to nitric oxide anabolism,
macrophage proliferation, various signaling pathways, and immune cells and their functions in OA. Nevertheless, the
findings need to be confirmed in clinical trials and the molecular mechanism requires further future studies.
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