
A Novel Role for Protein Tyrosine Phosphatase 1B in Alleviating
Chondrocyte Senescence
Hui-Min Li,# Xianda Che,# Zhicheng Tong, Wei Wei,* and Chong Teng*

Cite This: ACS Omega 2024, 9, 27017−27029 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Osteoarthritis (OA) is a kind of arthritis that impairs movement and causes
joint discomfort. Recent research has demonstrated a connection between cellular senescence
and the degenerative processes of OA chondrocytes. In yeast and human cells, protein tyrosine
phosphatase 1B (PTP1B) knockdown prolongs longevity; however, the function of PTP1B in
chondrocyte senescence has not been investigated. The goal of the current investigation was to
evaluate PTP1B’s contribution to human OA chondrocyte senescence. The function of PTP1B
and cellular senescence in the onset of OA was investigated and confirmed by using a
combination of bioinformatics techniques, clinical samples, and in vitro experimental
procedures. The RNA sequencing data pertinent to the OA were obtained using the Gene
Expression Omnibus database. Function enrichment analysis, protein−protein correlation
analysis, the construction of the correlation regulatory network, and an investigation into
possible connections between PTP1B and cellular senescence in OA were all carried out using
various bioinformatic techniques. Compared with healthy cartilage, PTP1B expression was
increased in OA cartilage. According to a Pearson correlation study, cellular senescence-related genes, including MAP2K1 and ABL1,
were highly correlated with PTP1B expression levels in senescent chondrocytes. Furthermore, in vitro tests confirmed that PTP1B
knockdown slowed cartilage degradation and prevented chondrocyte senescence in OA. In conclusion, we showed that PTP1B
knockdown prevented the senescence of chondrocytes and prevented cartilage degradation in OA. These findings offer a fresh
perspective on the pathophysiology of OA, opening up new avenues for OA clinical diagnosis and targeted treatment.

■ INTRODUCTION
Osteoarthritis (OA), the most common kind of arthritis, is
characterized by abnormal growth of osteophytes, synovial
inflammation, and a progressive loss of cartilage matrix. More
than 67 million people are expected to have OA by 2030, and
treatment costs are projected to surpass $3 billion annually.
Consequently, OA is a significant health and economic
burden.1−8 The current standard of care for OA consists of
pain management and eventually complete joint replacement;
the former just deals with symptoms and enhances joint
function, while the latter is connected to infection and other
comorbidities. However, because of a lack of effective disease-
modifying medications, the onset of OA cannot be stopped or
suppressed.9

The pathogenesis of OA is often connected to aging and
aberrant mechanical stress-induced changes in the chondrocyte
microenvironment.10 As cellular senescence is a crucial aspect
of aging, chondrocytes exhibit a number of characteristics of
senescent cells as we age and the progression of OA.11,12

Senescent cells are distinguished by their inability to divide,
resistance to apoptosis, and strong secretome of the
senescence-associated secretory phenotype (SASP), which
may change the structure and functionality of the cells and
tissues around them. A characteristic of SASP that coincides
with mediators involved in the progression of OA is increased
production of proinflammatory mediators, such as interleukin

(IL)-1, IL-6, and matrix metalloproteinase (MMP)3.13,14 The
molecular processes governing the control of cellular
senescence in OA are still unknown as of this writing.
In human chondrocytes, insulin-like growth factor 1 (IGF1)

signaling is disrupted with aging, which lowers the expression
of extracellular matrix genes and decreases protein syn-
thesis.15,16 This effect was linked to a higher sensitivity to
oxidative stress in human chondrocytes from older adults,
which inhibited IGF1-mediated RAC serine/threonine protein
kinase (AKT) activation and increased catabolic mitogen-
activated protein kinase (MAPK) signaling pathways activa-
tion.16,17 Protein tyrosine phosphatase 1B (PTP1B), which
dephosphorylates and inactivates IGFR, is one substance that
has been shown to inhibit IGFR activity.18,19 Simultaneously,
research has demonstrated that PTP1B was downregulated by
SIRT1, which was crucial in enhancing aging-related health.20

By suppressing PTP1B, resveratrol enhances insulin sensitivity
and lengthens the life span of diet-induced obese (DIO)
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mice.21−23 These results support the hypothesis that PTP1B
represents a suitable target for the treatment of aging and
obesity. PTP1B’s involvement in chondrocyte senescence and
cartilage aging, however, is uncertain, and there is no known
molecular relationship between the two.
Through the use of a variety of well-established

bioinformatics methodologies, clinical samples, and in vitro
experimental techniques, we for the first time established the
following items in this work: (1) the cellular senescence-
related genes implicated in the pathogenesis of OA, their
primary biological functions, and likely hub cellular sen-
escence-related genes; (2) the expression of PTP1B in OA and
its potential association with cellular senescence; and (3) the
effect of PTP1B knockdown.

■ MATERIALS AND METHODS
The flowchart of this research is shown in Figure 1.
Acquisition and Preprocessing of Data Sets. The Gene

Expression Omnibus (GEO) data source (https://www.ncbi.
nlm.nih.gov/geo/) was used to retrieve the gene expression
profile of OA. Chondrocytes were harvested, and total RNA
was extracted using the TRIzol reagent (Takara Bio) after they
had been treated with inflammatory cytokines (10 ng/mL IL-
1) for 4 h. A total of ∼2 × 105 cells were employed for the
transcriptome analysis of each human chondrocyte sample.
Ultimately, the GSE158875 mRNA expression data set was
chosen and downloaded for additional investigation. Four
samples of human OA chondrocytes and four samples of
normal chondrocytes’ RNA sequencing data were used to
create the expression files for this data set. The expression
matrix’s “probe id” was changed to “symbol” using a platform
annotation file. We determined the average result for several
probes corresponding to a single gene symbol as the gene’s
expression level.

PTP1B Expression Research in GSE158875. To perform
a differential analysis, genes having expression levels greater
than 0 in at least 90% of the samples from GSE158875 were
first chosen. The “sva” R package was used to fix the batch
effect caused by the various platforms. To find differentially
expressed genes (DEGs), we next utilized DEseq2. The select
criteria of DEGs were set as p < 0.05 and fold change
>1.5.24−27 To show how these genes differed between samples,
we created a gene expression heatmap. Using the R “ggplot2”
software, we then produced a DEG volcano plot. The
“Violinplot” function of the R programming language was
then used to display the variations in PTP1B percentage
between samples.28

Identification of Genes Associated with OA and
Cellular Senescence. Genes associated with cellular
senescence were taken from the Gene Set GOBP CELLULAR
SENESCENCE in the Molecular Signatures database (http://
www.gsea-msigdb.org/gsea/msigdb/index.jsp).29−31 The re-
lated genes for cellular senescence and OA were obtained by
intersecting the genes linked to both conditions using a Venn
diagram.
Analysis of Functional Enrichment. Gene ontology

(GO) study was carried out to understand the biological
mechanism, cellular components, and molecular functions of
cellular senescence-related DEGs. The signaling pathways
connected to the cellular senescence-related DEGs were
examined by using Reactome pathway analysis. The GO and
Reactome pathway studies were performed on the Enrichr
database, and specific findings of the GO and Reactome
pathway analyses with p < 0.05 were chosen for additional
visualization.32,33

Analysis of the Relationships Between DEGs Linked
to Cellular Senescence. In order to look into potential
connections between cellular senescence-related DEGs in OA,

Figure 1. Schematic diagram. We demonstrated that PTP1B knockdown reduced chondrocyte senescence and halted cartilage deterioration in OA
using a range of well-established bioinformatics tools, clinical samples, and in vitro experimental procedures.
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correlation research across these DEGs was carried out using
the Pearson test. Statistical significance was assigned to
correlated pairings with |r| > 0.50 and p < 0.05. A correlation
network was also built using couples with |r| > 0.50 and p <
0.05.
Analysis of the PPI Between PTP1B and DEGs

Connected to Cellular Senescence. It was common
practice to utilize the STRING database (https://cn.string-
db.org) to examine the association networks of functional
proteins.34,35 STRING (version 11.5, https://cn.string-db.org/
) was used to create the protein−protein interaction (PPI)
network, and a confidence score of >0.4 was used. For
visualization, Cytoscape (version 3.9.1) was utilized. For
further investigation, all PTP1B and cellular senescence-related
DEGs ranked by the PPI score were chosen.
Analysis of the Relationship Between Cellular

Senescence and PTP1B. To explore any potential
connections between PTP1B and cellular senescence in OA,
Pearson test was used to conduct a correlation study between
PTP1B and senescence-related DEGs. The regulatory network
was constructed by integrating the couples with |r| > 0.50 and p
< 0.05.
Clinical Samples’ Experimental Verification. Cartilage

Sample Collection. Samples of damaged cartilage from
patients (n = 3; male: 1, female: 2; mean age: 65 years;
range: 60−76 years) who underwent total knee arthroplasty
(TKA) surgery due to knee OA were collected. The patients (n
= 3; 1 male and 2 female; mean age: 45 years; range: 38−59
years) who underwent lower limb amputation in the hospital
for trauma provided normal cartilage samples. The informed
consent form was signed before sample collection by each
participant, who consented to take part in the scientific study.
The Shanxi Medical University’s Second Hospital’;s ethical
committees gave their approval for the sample collection and
the research protocol.
Histological Evaluation. Human cartilage samples were

decalcified for 8 weeks in a 10% solution of ethyl-
enediaminetetraacetic acid (pH 7.2) after being fixed in 4%
buffered paraformaldehyde for 48 h. Following standard tissue
preparation, these samples were embedded in paraffin, and
coronal slices measuring 6-m thick were produced using a
rotary microtome (Leica Microsystems GmbH).

The sections were stained with Safranin O/Fast Green
(Sigma-Aldrich; Merck KGaA) after deparaffinization in
xylene, rehydration in graded ethanol solutions, and finally in
H2O.
Immunohistochemistry. These human tissue samples were

cut into paraffin-embedded slices, which were then immunos-
tained for the expression of PTP1B and p21. For 10 min at
room temperature, the deparaffinized and rehydrated sections
were treated in 3% H2O2 in phosphate-buffered saline (PBS)
to inhibit any endogenous peroxidase activity. To reveal
antigens that could have been obscured by tissue fixation and
processing, the sections were first cleaned with PBS before
being digested with 0.1% trypsin at 37 °C for 30 min. The
sections were then treated with 20% normal serum for 30 min
at room temperature, followed by overnight incubation at 4 °C
with antihuman PTP1B (1:100; cat. no. sc-6246; Santa Cruz
Biotechnology) and antihuman p21 (1:100; cat. no. 11334-1-
AP; Proteintech). The slices were then briefly treated in 3,3′-
diaminobenzidine solution before being rinsed three times
with PBS and incubated at 37 °C for 30 min with a secondary
antibody (ZSGB-BIO) coupled to horseradish peroxidase. For
quantification, the immunostained sections were examined and
captured on a camera by using a Leica DM6B microscope
(Leica Microsystems GmbH).

In Vitro Experimental Verification. Cell Culture. The
immortalized human chondrocyte cell line C28/I2 was created
in the lab of Professor Mary B. Goldring (Hospital for Special
Surgery/Weill Medical College of Cornell University, New
York, NY). It was isolated from the costal cartilage of a 15-
year-old female and immortalized using SV-40 large T-
antigen.36 C28/I2 cells were cultured in DMEM/high glucose
medium with 10% FBS added. The cells were divided in a new
medium after being isolated using the trypsin-EDTA (Gibco)
solution, after they had achieved around 90% confluence. To
induce senescence in C28/I2 cells, 7 days of exposure to 100
ng/mL doxorubicin (Dox, SC0159, Beyotime, China) was
required.37 The dox-containing medium was replaced every 2
days.
Transfection and Treatment. Chondrocytes were trans-

fected for 48 h with either the PTP1B siRNA (GenePharma,
Shanghai, China) or the negative control siRNA using the
Lipofectamine RNAiMAX Reagent from Invitrogen in
Carlsbad, California. To mimic the cellular senescence

Table 1. Primers Used for qPCR

primers sequence(5′-3′)

gene forward reverse

ACTB CAGATGTGGATCAGCAAGCAGGAG CGCAACTAAGTCATAGTCCGCCTAG
COL2A1 TGAGGGCGCGGTAGAGACCC TGCACACAGCTGCCAGCCTC
ACAN CATTCACCAGTGAGGACCTCGT TCACACTGCTCATAGCCTGCTTC
PTP1B GCTGATACCTGCCTCTTGCTGATG ATCCTCCTGGGTCTCTTCCTTCAC
CDKN1A GATGGAACTTCGACTTTGTCAC GTCCACATGGTCTTCCTCTG
CDKN2A GGCACCAGAGGCAGTAACCATG AGTTGTGGCCCTGTAGGACCTTC
MAP2K1 CAAGCCCTCCAACATCCTAGTCAAC ATACCTCCCAACCGCCATCTCTAC
ABL1 GCTTCTTGGTGCGTGAGAGTGAG CTGGATAATGGAGCGTGGTGATGAG
IL1A CTATCATGTAAGCTATGGCCCA GCTTAAACTCAACCGTCTCTTC
IL1B GCCAGTGAAATGATGGCTTATT AGGAGCACTTCATCTGTTTAGG
IL6 CACTGGTCTTTTGGAGTTTGAG GGACTTTTGTACTCATCTGCAC
IL8 AACTGAGAGTGATTGAGAGTGG ATGAATTCTCAGCCCTCTTCAA
IL13 CATGTCCGAGACACCAAAATC CCCTCGCGAAAAAGTTTCTTTA
MMP3 GGCAAGACAGCAAGGCATAGAGAC ACGCACAGCAACAGTAGGATTGG
MMP13 CACTTTATGCTTCCTGATGACG TCTGGCGTTTTTGGATGTTTAG

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10313
ACS Omega 2024, 9, 27017−27029

27019

https://cn.string-db.org
https://cn.string-db.org
https://cn.string-db.org/
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


environment of osteoarthritis, chondrocytes were treated with
100 ng/mL dox (SC0159, Beyotime, China) for an additional
24 h after transfection. The sequences of negative control
siRNA (siCtrl) or PTP1B siRNA (siPTP1B) were: siCtrl,
sense 5′-UUCUCCGAACGUGUCACGUTT-3′, antisense 5′-
ACGUGACACGUUCGGAGAATT-3′; and siPTP1B, sense
5′-GAGCCACACAAUGGGAAAUTT-3′, antisense 5′-
AUUUCCCAUUGUGUGGCUCTT-3′.
Western Blot Analysis. Cells were processed to extract their

total protein content, and BCA tests (Beyotime) were used to
calculate the protein concentration. The proteins were
separated by SDS-polyacrylamide gel electrophoresis and
then transferred to a polyvinylidene difluoride membrane.
The membrane was incubated with the primary antibody
overnight at 4 °C after being blocked with 5% BSA for 1 h at
room temperature. Antirabbit and antimouse IgG (1:3000,
Thermo Fisher Scientific, USA) were then incubated on the
membrane for 120 min. Then, immunolabeled bands were
seen using an enhanced chemiluminescence reagent from
Thermo Fisher Scientific in the United States. The level of
protein expression was calculated using ImageJ. The antibodies
used for Western blotting were anti-PTP1B (1:2000, Santa
Cruz Biotechnology), anti-p16 (1:1000, Abcam), anti-p21
(1:2000, Santa Cruz Biotechnology), anti-ACTB (1:2000,
Proteintech), anti-Collagen II (1:2000, Proteintech), anti-
MMP3 (1:1000, Proteintech), and anti-MMP13 (1:500,
Proteintech).
Quantitative Real-Time PCR. Total RNA was extracted

from cells or tissues using the TRIzol reagent (Invitrogen) in
accordance with the manufacturer’s instructions. The cDNA
was created by using HiScript Q RT SuperMix (Vazyme,
Nanjing, China). The ABI Step-One Plus Real-Time PCR
System and ChamQ SYBR qPCR Master Mix (Vazyme)
(Applied Biosystems) were used to perform qPCR. The

findings were normalized using ACTB as an internal check
after the data were processed using the 2−ΔΔCt method. All
primers were listed in Table 1.
SA-β-Gal Staining. Senescence-associated -galactosidase

(SA-β-Gal) staining was done using a Beyotime Biotechnology
cell senescence β-galactosidase staining kit and adhering to the
manufacturer’s instructions. Cells were briefly washed in PBS
before being fixed for 5 min in 2% PFA and 0.2%
glutaraldehyde. After cleaning, the cells were allowed to soak
in the SA-β-Gal staining solution for 16 h at 37 °C. After
incubation, the cells were cleaned, and a Nikon Eclipse Ni−U
131 microscope was used to take pictures of them. Three
random locations per culture dish were counted for total cells
and SA-β-Gal-positive cells by using ImageJ.
Statistical Analysis. In our investigation, R (version 4.4.1)

was employed. Pearson analysis was used for correlation
analysis, and the “pheatmap” R package was used to generate
heatmaps. Graph prism software (version 5.0; Graph Prism
Software, Inc.) and SPSS software (version 19.0; IBM
Corporation) are used to statistically evaluate the data,
which are reported as the mean SEM. To determine if the
data were normally distributed, the Shapiro−Wilk test was
applied. For values having a normal distribution, unpaired
Student’s t tests across two groups and one-way analysis of
variance across multiple groups were utilized. The Mann−
Whitney test (2 groups) and the Kruskal−Wallis test (multiple
groups) were used for values with non-normal distribution. p
values were considered significant at *p < 0.05, **p < 0.01, and
***p < 0.001.

■ RESULTS
Determination of DEGs. With the criteria of fold change

>1.5 and p < 0.05, a total of 2717 DEGs were found, as
indicated in the heatmap and volcano plot (Supporting Table 1

Figure 2. Identification of PTP1B in GEO. Heatmap of gene expression for OA and normal samples are shown in (A), volcano plots of OA-related
genes are shown in (B), and PTP1B’s differential mRNA expression in OA and normal samples is shown in (C). The red and green dots,
meanwhile, stand for the upregulated and downregulated RNAs, respectively. The black dots indicate RNAs that are not differentially expressed,
**p < 0.01.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10313
ACS Omega 2024, 9, 27017−27029

27020

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c10313/suppl_file/ao3c10313_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10313?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10313?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10313?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10313?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 3. Cellular senescence-related DEG identification and function analysis. (A) Genetic overlap with genes associated with OA and cellular
senescence. For the DEGs connected to cellular senescence, GO (biological process, cell component, and molecular function) and pathway
annotation were used. (B) biological process; (C) cell component; (D) molecular function; (E) pathway. Ranking by-log10(p-value).

Table 2. Top 10 Items in the Biological Process

term overlap p-value adjusted p-value odds ratio combined Score

regulation of cellular senescence (GO:2000772) 8/31 1.32 × 10−17 9.00 × 10−15 408.2250639 15865.72523
protein phosphorylation (GO:0006468) 13/496 4.55 × 10−15 1.55 × 10−12 43.71911663 1443.739696
phosphorylation (GO:0016310) 11/400 6.19 × 10−13 1.41 × 10−10 39.56041131 1112.058579
regulation of cell aging (GO:0090342) 5/13 2.55 × 10−12 4.34 × 10−10 623.96875 16657.402
negative regulation of cell aging (GO:0090344) 5/17 1.22 × 10−11 1.66 × 10−09 415.8958333 10451.00104
regulation of cell cycle (GO:0051726) 9/296 5.01 × 10−11 5.68 × 10−09 38.58710801 915.1878218
positive regulation of transcription, DNA-templated (GO:0045893) 12/1183 4.40 × 10−09 4.28 × 10−07 14.82283387 285.2233903
regulation of apoptotic process (GO:0042981) 10/742 9.17 × 10−09 7.81 × 10−07 17.52550091 324.3485141
cellular protein modification process (GO:0006464) 11/1025 1.39 × 10−08 1.06 × 10−06 14.69223725 265.7516199
cellular senescence (GO:0090398) 4/27 3.27 × 10−08 2.22 × 10−06 165.2339545 2848.112932

Table 3. Top 10 Items in the Cell Component

term overlap p-value
adjusted p-

value odds ratio
combined
score

nucleus (GO:0005634) 15/4484 5.62 × 10−05 0.002248326 5.204520027 50.93376961
intracellular membrane-bounded organelle (GO:0043231) 15/5192 3.33 × 10−04 0.0066616 4.287618312 34.33150782
dendrite (GO:0030425) 3/270 0.004492014 0.059893522 10.06537283 54.40791072
protein kinase complex (GO:1902911) 1/7 0.008718464 0.063977326 138.6736111 657.633561
HFE-transferrin receptor complex (GO:1990712) 1/8 0.009957992 0.063977326 118.8571429 547.857721
extrinsic component of endoplasmic reticulum membrane (GO:0042406) 1/8 0.009957992 0.063977326 118.8571429 547.857721
transferase complex, transferring phosphorus-containing groups (GO:0061695) 1/9 0.011196032 0.063977326 103.9947917 467.164971
neuron projection (GO:0043005) 3/556 0.031213306 0.151430473 4.789248726 16.60389819
cyclin-dependent protein kinase holoenzyme complex (GO:0000307) 1/30 0.036854213 0.151430473 28.65804598 94.59405782
cytoskeleton (GO:0005856) 3/600 0.037857618 0.151430473 4.426222019 14.49111026
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and Figure 2A,B). The relative expression of PTP1B in
GSE158875 was then found. The findings demonstrated that
IL-1β-induced OA chondrocytes had considerably increased
PTP1B expression (Figure 2C). We intersected these 2717
DEGs with the Gene Set from the Molecular Signatures
database to create 25 DEGs that are specifically associated with
cellular senescence (Figure 3A).
GO and KEGG Enrichment Analysis of Cellular

Senescence-Related DEGs. The biological roles of DEGs
connected to cellular senescence were investigated using GO
analysis, which included biological processes, cell components,
and molecular functions. These cellular senescence-associated
DEGs were mostly abundant in biological processes linked to
controlling cellular senescence, protein phosphorylation,
phosphorylation, controlling cell aging, and controlling cell
aging negatively (Figure 3B and Table 2). The main molecular
functions of these cellular senescence-related DEGs were
protein serine/threonine kinase activity, ATP binding, and
adenyl ribonucleotide binding (Figure 3C,D, Tables 3 and 4).
They also elicited the cell component primarily at the nucleus,
intracellular membrane-bound organelle, dendrite, and protein
kinase complex. These cellular senescence-related DEGs,
according to Reactome pathway analysis, were mostly engaged
in the biological processes of general transcription pathway,
oxidative stress-induced senescence, and regulation of Tp53
activity through acetylation (Figure 3E and Table 5).
Correlation Analysis Among Cellular Senescence-

Related DEGs. The heat map (Figure 4A) displayed the
expression of these DEGs associated with cellular senescence
in chondrocytes from healthy cells and OA-induced by IL-1β
conditions. The correlation analysis among cellular senescence-
related DEGs was conducted (Figure 4B), and the correlation
network was also constructed based on |r| > 0.50 and p < 0.05
(Figure 4C). The couples with |r| > 0.95 and p < 0.05 were
depicted in Figure 4D−I. ABL1-MAP2K1 pair was the most

positively correlated pair (r = 0.93, p < 0.01), and PLK2-
BMPR1A pair was the most negatively correlated pair (r =
−0.90, p < 0.01) among the DEGs related to cellular
senescence.
PPI Analysis and Correlation Analysis Between

PTP1B and Cellular Senescence-Related DEGs. In
addition to conducting the correlation analysis between
PTP1B and the DEGs linked to cellular senescence, the
correlation network was also built (Figure 5A). A network of
26 nodes and 24 edges was used for the PPI analysis of PTP1B
and DEGs linked to cellular senescence (PPI enrichment p <
0.01) (Figure 5B). Combining the PPI analysis and correlation
analysis, it is possible that PTP1B is more closely connected to
DEGs associated with cellular senescence, such as ABL1 and
MAP2K1 (Figure 5C−F).
OA Development is Highly Correlated with Cartilage

Senescence and PTP1B Overexpression. We started by
gathering cartilage samples from six individuals who had
surgery and separating them into OA cartilage tissues and
comparable nonlesion samples. In contrast to the injured
region, which was fractured, the tissue was rather smooth when
stained with safranin O and quickly green (Figure 6A). The
qPCR revealed that the normal samples expressed higher levels
of COL2A1, and ACAN, whereas they exhibited lower levels of
MMP-13, compared to those of the OA group (Figure 6B). In
addition, we initially looked at the expression of p21, a
characteristic biomarker of senescent cells, in human OA
cartilage tissues in order to investigate the involvement of
cellular senescence in the development of OA. In the cartilage
of OA patients, the protein level of p21 was markedly increased
(Figure 6C). The qPCR revealed that the normal samples
exhibited lower levels of mRNA expression of p16 and p21,
compared with those of the OA group (Figure 6D). Besides,
we initially used dox to cause the cellular senescence of
chondrocytes for 7 days. According to SA-β-Gal staining,

Table 4. Top 10 Items in Molecular Function

term overlap p-value adjusted p-value odds ratio combined score

protein serine/threonine kinase activity (GO:0004674) 9/344 1.90 × 10−10 1.66 × 10−08 32.97761194 738.1248124
ATP binding (GO:0005524) 6/278 9.69 × 10−07 4.22 × 10−05 22.875 316.7461954
adenyl ribonucleotide binding (GO:0032559) 6/306 1.69 × 10−06 4.91 × 10−05 20.71052632 275.2227003
purine ribonucleoside triphosphate binding (GO:0035639) 6/460 1.75 × 10−05 3.81 × 10−04 13.5782518 148.7266903
DNA-binding transcription factor binding (GO:0140297) 4/208 1.21 × 10−04 0.002107539 18.46031746 166.4881536
MAP kinase kinase activity (GO:0004708) 2/15 1.56 × 10−04 0.002261128 133.5250836 1170.486231
protein serine/threonine/tyrosine kinase activity (GO:0004712) 2/28 5.56 × 10−04 0.006908112 66.71906355 500.063177
magnesium ion binding (GO:0000287) 3/146 7.79 × 10−04 0.008472227 18.91163382 135.3586666
actin binding (GO:0003779) 3/177 0.001358082 0.013128129 15.51802508 102.4450615
SH3 domain binding (GO:0017124) 2/62 0.002709221 0.023570227 28.86231884 170.6078788

Table 5. Top 10 Items in Pathway

term overlap p-value adjusted p-value odds ratio combined score

generic transcription pathway R-HSA-212436 11/1190 6.50 × 10−08 1.44 × 10−05 12.52611172 207.3008899
RNA polymerase II transcription R-HSA-73857 11/1312 1.76 × 10−07 1.95 × 10−05 11.27780828 175.4165955
gene expression (transcription) R-HSA-74160 11/1449 4.79 × 10−07 3.55 × 10−05 10.12850189 147.3782851
regulation of TP53 activity R-HSA-5633007 5/157 1.31 × 10−06 7.26 × 10−05 32.60361842 441.6663224
developmental biology R-HSA-1266738 9/1073 3.33 × 10−06 1.45 × 10−04 9.997591635 126.0891076
transcriptional regulation by TP53 R-HSA-3700989 6/354 3.93 × 10−06 1.45 × 10−04 17.81034483 221.6937054
oxidative stress induced senescence R-HSA-2559580 4/93 5.14 × 10−06 1.63 × 10−04 42.55965757 518.2948998
regulation of TP53 activity thru acetylation R-HSA-6804758 3/29 6.17 × 10−06 1.69 × 10−04 104.6276224 1255.096032
activation of BH3-only proteins R-HSA-114452 3/30 6.85 × 10−06 1.69 × 10−04 100.7474747 1198.018615
intrinsic pathway for apoptosis R-HSA-109606 3/55 4.34 × 10−05 9.63 × 10−04 52.24562937 524.8593532
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Western blot, and qPCR, we saw an accumulation and
phenotypical characterization of senescent chondrocytes in the
dox group as well as higher expression levels of p16, p21, and
SA-β-Gal (Figure 6E,F,J). Further evidence of the excessive
chondrocyte senescence brought on by dox was provided by
increased SASP mRNA and protein levels (Figure 6G,J). Then,
the expression of PTP1B was then analyzed in 3 pairs of OA
cartilage tissues and matched nonlesion samples. Immunohis-

tochemical staining was used to assess the expression of the
PTP1B protein (Figure 6H). The findings demonstrated that
OA cartilage had considerably greater PTP1B expression than
nonlesion tissues. In addition, the mRNA and protein
expression of PTP1B were higher in senescence chondrocyte
(Figure 6I,J).
Expression of PTP1B and Cellular Senescence-

Related DEGs. Senescent chondrocytes had considerably

Figure 4. DEGs associated with cellular senescence were correlated. (A) Heat map comparing the expression of DEGs related to cellular
senescence in OA and normal samples; (B) correlation heatmap of DEGs related to cellular senescence; (C) correlation network of DEGs related
to cellular senescence; (D) Correlation analysis between ABL1 and MAP2K1; (E) correlation analysis between ZMIZ1 and BMPR1A; (F)
correlation analysis between PML and TP63; (G) correlation analysis between MAP3K5 and TP63; (H) correlation analysis between PLK2 and
BMPR1A; and (I) correlation analysis between PLK2 and ZMIZ1.
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higher levels of mRNA for cellular senescence-related DEGs
such as MAP2K1 and ABL1 compared to the control group
(Figure 7A). Besides, the findings of the correlation analysis
demonstrated a positive association between PTP1B and ABL1
and MAP2K1 (r = 0.95, p < 0.01; and r = 0.89, p < 0.01,
respectively) (Figure 7B). Furthermore, the findings of the
correlation analysis demonstrated a positive association
between PTP1B and CDKN1A and CDKN2A (r = 0.79, p <
0.01; and r = 0.78, p < 0.01, respectively) (Figure 7C).
Effects of PTP1B Knockdown on Chondrocyte

Senescence. Using PTP1B siRNA, we inhibited chondrocyte
senescence to establish that PTP1B governs senescence. By
inhibiting PTP1B, we also saw a reduction in the accumulation
and morphological characteristics of senescent chondrocytes,
as shown by SA-β-Gal staining (Figure 8A). Besides, PTP1B
knockdown could suppress the expression of p16, p21, and
SASP, while contributing to the expression of collagen II
(Figure 8B−E).

■ DISCUSSION
The destruction of periarticular bone and cartilage is a
significant contributing element to OA, a prevalent chronic
joint degenerative disease.38 It has been demonstrated that

cellular senescence happens in OA chondrocytes and
accelerates the development of OA.39,40 Therefore, it is crucial
to understand how cellular senescence-related genes in
chondrocytes work in order to treat OA. Candidate biomarkers
associated with cellular senescence can be found using
bioinformatics techniques. Bioinformatics has been effectively
employed in several prior studies to pinpoint prospective
osteoarthritis target genes. In the aged meniscus, the LTF
expression was shown to be higher. By activation of the NF-B
signaling pathway, LTF might cause meniscal senescence and
degeneration. These findings suggested that LTF may serve as
a possible treatment target for meniscal degeneration
associated with aging as well as a diagnostic marker.41 In
primary chondrocytes, DPP-4 expression was linked to
increased senescence-related β-galactosidase activity, p16
expression, senescence-related gene and catabolic gene
expression (ADAMTS5, MMP13, IL6, and IL8), increased
senescence-associated secretory phenotype secretion, and
decreased anabolic gene expression (COL2A1 and ACAN).42

In this study, 25 hub cellular senescence-related DEGs were
selected, their important biological roles were described, and
correlation networks were built by using a variety of
bioinformatic techniques.

Figure 5. PPI network and correlation study of DEGs and PTP1B connected to cellular senescence. (A) The PTP1B and cellular senescence-
related DEGs correlation network; (B) the PTP1B and cellular senescence-related DEGs PPI network; (C) the PTP1B and ABL1 correlation
analysis; (D) the PTP1B and MAP2K1 correlation analysis; (E) the PTP1B and ZMIZ1 correlation analysis; (F) the PTP1B and BMPR1A
correlation analysis.
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PTP1B, SHP1, SHP2, and LAR are among the phosphatases
that make up the protein tyrosine phosphatase (PTP) family
and function to inhibit tyrosine kinase activity.21,43,44 PTP1B
has been demonstrated to serve as an essential insulin receptor
phosphatase and a negative regulator of the insulin signal
transduction cascade.45,46 In comparison to wild-type mice,

PTP1B-deficient animals are more insulin-sensitive, have better
glycemic control, and are more resistant to diet-induced
obesity.47 Previous research has shown that human chon-
drocytes’ IGF1 signaling is disrupted with aging, which lowers
the expression of extracellular matrix genes and protein
production.16,48 Earlier work showed that SirT1-mediated

Figure 6. PTP1B expression is elevated in OA cartilage along with cellular senescence associated with OA etiology. Representative images of
healthy and OA cartilage tissues are shown in (A), scale bar, 200 μm; (B) COL2A1, ACAN, and MMP13 mRNA expression was analyzed by
qPCR; anti-p21 immunohistochemistry assay in healthy and OA cartilage tissues (C), scale bar, left, 200 μm; right, 50 μm (D) CDKN1A, and
CDKN2A mRNA expression was analyzed by qPCR; (E) representative photos of SA-β-Gal-stained C28/I2 cells from the control and dox groups,
along with a quantitative analysis of SA-β-Gal-stained C28/I2 cells. n = 3, scale bar, 200 μm; (F) qPCR analysis of mRNA levels of CDKN1A, and
CDKN2A in C28/I2 cells, n = 6; (G) qPCR analysis of mRNA levels of SASP-related inflammatory cytokines (IL-1α, IL-1β, IL-6, IL-8, and IL-13),
MMP3 and MMP13 in C28/I2 cells, n = 4; anti-PTP1B immunohistochemistry test in healthy and OA cartilage tissues (H), scale bar, left, 200 μm;
right, 50 μm; (I) qPCR analysis of mRNA levels of PTP1B in C28/I2 cells, n = 6; (J) representative Western blot and quantification of PTP1B,
p16, p21, Collagen II, MMP3, and MMP13 in C28/I2 cells, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001; all data were presented as the means ±
SEM. Student’s t test was used for statistical analysis.
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suppression of PTP1B contributed to the activation of IGFR,
at least in part. While siRNA-mediated downregulation of
PTP1B greatly reduced apoptosis, overexpression of PTP1B in
chondrocytes enhanced apoptosis and lowered IGFR phos-
phorylation. PTP1B levels are increased in OA cartilage when
SirT1 levels are lowered, according to research on normal
donors and OA patients’ cartilage.22,49 Recent research by Zhu
et al. indicates PTP1B is a key regulator of cellular aging since
PTP1B knockdown extends longevity in yeast and human
cells.50 PTP1B’s involvement in chondrocyte senescence and
cartilage aging, however, is uncertain, and there is no known
molecular relationship between the two. The findings of our
study’s clinical samples and in vitro tests revealed that the
expression of PTP1B matched those of our bioinformatics
analysis of GSE158875. The strong correlation observed in our
study suggests that PTP1B and cellular senescence may be
related to the pathomechanism of OA. We first used the
correlation network analysis to identify 25 hub cellular
senescence-related DEGs, and then we used the Pearson
analysis to try to understand how they relate to other cellular
senescence-related DEGs. It is fascinating that PTP1B and the
bulk of DEGs linked to cellular senescence exhibited a
substantial relationship since it shows a connection between
the two in OA. Combining the PPI analysis and correlation
analysis, PTP1B may be more closely connected to DEGs
associated with cellular senescence, such as MAP2K1 and
ABL1, according to the findings of our in vitro tests. The
findings presented above seem to confirm our theory that
PTP1B deficiency or inhibition may slow the course of OA by
preventing chondrocyte senescence.
To verify the aforementioned theory, we looked at how the

expression of PTP1B and p21 varied between OA and non-OA
cartilage tissues. Without a doubt, we discovered that OA
dramatically upregulated the expression of PTP1B and p21.

PTP1B knockdown was demonstrated to prevent OA-related
cartilage degradation in vitro studies through the increased
expression of Collagen II and reduced expression of SASP,
which includes IL-1, IL-6, and MMP3. Additionally, its
reduction prevented chondrocyte senescence, as seen by the
lowered SA-β-Gal, p21, and p16 expression levels. Further
research is necessary, nevertheless, to fully understand the
intricate process by which PTP1B controls chondrocyte
senescence to control cartilage deterioration. Tyrosine-protein
kinase Abl1 was shown to be an NSC aging factor by a single-
cell transcriptome study of quiescence in deep neural stem cells
(NSCs), which also showed multiple markers of molecular
aging in the mature brain. In the middle-aged brain, treatment
with the Abl inhibitor imatinib enhanced NSC activation
without compromising NSC maintenance.51 Ras is initially
mitogenic in primary cells but later triggers premature
senescence involving tumor suppressors p53 and p16. Inducing
both p53 and p16, constitutive activation of MEK (a part of
the MAPK cascade, such as MAP2K1) is necessary for Ras-
induced senescence of normal human fibroblasts.52 Con-
sequently, the PTP1B and ABL1 interaction may trigger the
MAPK signaling pathway and encourage chondrocyte
senescence.
There are still certain limitations, even though this study

employed bioinformatic methods to collect a ton of important
data that were later verified in trials. First of all, while we tried
to explain how PTP1B could be related to cellular senescence
in OA, the analysis carried out in the current study was fairly
brief and needs more investigation. Second, there are not many
studies on how cells operate. Last but not least, no additional
in vivo and in vitro experimental studies of the precise processes
behind this process have been carried out; these studies will be
the focus of future studies.

Figure 7. Senescent chondrocytes have increased PTP1B expression that is positively connected with genes associated with cellular senescence. (A)
qPCR analysis of mRNA levels of PTP1B in C28/I2 cells, n = 6, *p < 0.05, ***p < 0.001; (B) correlation analysis of mRNA levels of PTP1B with
ABL1 and MAP2K1 in C28/I2 cells. (C) correlation analysis of mRNA levels of PTP1B with CDKN1A and CDKN2A in C28/I2 cells. All data
were presented as the means ± SEM. Student’s t test was used for statistical analysis.
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■ CONCLUSION

In conclusion, we showed that PTP1B knockdown prevented
the senescence of chondrocytes and prevented cartilage
degradation in OA. To the best of our knowledge, this study
is the first to show a connection between PTP1B and
chondrocyte senescence in OA chondrocytes. These findings
offer a fresh perspective on the pathophysiology of OA,
opening up new avenues for OA clinical diagnosis and targeted
treatment.
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