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Abstract: Objective: To probe into the role and regulatory mechanisms of INSR in pathogenesis of osteoarthritis 
(OA). Methods: KLF4 and INSR expression was detected in cartilage tissues of 40 OA patients and 10 controls us-
ing RT-qPCR. IL-1β-induced OA chondrocytes and anterior cruciate ligament transection (ACLT)-induced OA models 
were respectively constructed. After overexpressing or silencing KLF4 or INSR, flow cytometry assay was utilized 
to detect chondrocyte apoptosis. Furthermore, JAK2/STAT3, cartilage markers and OA-related markers were ex-
amined by western blot. Dual luciferase report and CHIP assay were carried out to verify the interactions between 
KLF4 and INSR, followed by functional gain and loss assay. INSR promoter methylation was assessed by MS-PCR. 
Results: Both KLF4 and INSR were down-regulated both in OA chondrocytes and cartilage tissues. Knockdown of 
KLF4 or INSR accelerated apoptosis of IL-1β-induced OA chondrocytes. However, overexpression of KLF4 or INSR 
ameliorated OA progression both in OA chondrocytes and OA mouse models. Moreover, INSR inactivated JAK2/
STAT3 pathway in OA chondrocytes. Dual luciferase report and CHIP assay results confirmed that INSR was tran-
scriptionally regulated by KLF4. As shown in MS-PCR results, INSR expression was mediated by DNA methylation in 
OA. Conclusion: Our findings suggested that INSR, as a key regulator for OA, was regulated by transcription factor 
KLF4 and DNA methylation, thereby mediating the activation of JAK2/STAT3 signaling, which was considered as an 
underlying therapeutic target for OA.
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Introduction

Osteoarthritis (OA) is the most common degen-
erative joint disease, which has been the main 
cause of disability in the elderly, affecting 200 
million people worldwide [1]. It is characterized 
by continued destruction of articular cartilage, 
as well as inflammation and degeneration [2]. 
OA puts a heavy burden on the society and 
economy. So far, the etiology and pathogenesis 
of OA have not been fully understood.

Accumulated evidence shows that inflammato-
ry factors (such as IL-1β) stimulate the synthe-
sis of matrix-degrading enzymes (such as 
MMP3/13), resulting in the degradation and 
destruction of articular cartilage tissues [3-5]. 
As an example, IL-1β stimulation induces the 
activation of MAPK and NF-kB signaling path-

ways, thereby mediating the expression of ch- 
ondrocyte markers (such as Col2a1 Aggrecan) 
and OA markers (such as MMP13, ADAMTS-4 
and ADAMTS-5) [6, 7]. 

Kruppel-like factor (KLF)-4 (KLF4), a family 
membrane of zinc finger protein regulates vari-
ous cellular processes like proliferation, differ-
entiation and apoptosis [11]. Increasing evi-
dence suggests that KLF4 may mediate chon-
drocyte physiology [12]. Its overexpression sti- 
mulates the expression of chondrogenic MMPs 
and aggrecanase, which contributes to carti-
lage maintenance [13]. Furthermore, KLF4 
blocks IL-1β-induced the activation of NF-kB 
signaling pathway, which may prevent OA pro-
gression [14]. A global gene expression analysis 
shows that lowly expressed transcription factor 
KLF4 targets many dysregulated genes in OA 
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cartilage tissues [15]. Although these studies 
have explicitly confirmed the potential role of 
KLF4 on OA progression, there is still a lack of 
molecular regulatory mechanisms concerning 
KLF4 in the development of OA. In addition to 
MAPK and NF-kB, JAK2/STAT3 signaling is 
involved in chondrocyte and OA development. 
In 2003, Legendre F, et al. has found that JAK2/
STAT3 signaling could mediate IL-induced inhi-
bition of the expression of chondrocyte makers 
and contribute to progression of OA [16]. Thus, 
JAK2/STAT3 signaling has been considered as 
a therapeutic target for OA therapy [17].

Abnormal gene expression induced by tran-
scription factors or DNA methylation plays an 
important role in regulating the pathogenesis of 
OA [8]. For example, the transcription factor, 
HIF-1α inhibits the expression of catabolic 
genes by inhibiting NF-κB signaling, such as 
MMP13 and Hif2a [9]. DNA methylation partici-
pates in the progress of OA through mediation 
of CtBP expression [10]. As previous studies, 
INSR is involved in multiple biological process-
es such as inflammatory response [19] and 
apoptosis [20]. Its abnormal expression con-
tributes to the progression multiple diseases 
like cancers [21] and Alzheimer’s disease [22]. 
It has been reported that insulin receptor (INSR) 
expression is down-regulated in OA chondro-
cytes [18]. Nevertheless, the role of INSR in OA 
remains unclear. Furthermore, the regulatory 
mechanism of its low expression in OA is also 
unclear. In this study, we identified INSR as a 
novel key regulator for OA. INSR could be dou-
ble regulated by transcription factor KLF4 and 
DNA methylation, thereby affecting JAK2/
STAT3 signaling pathway activation during OA 
progression.

Materials and methods

Bioinformatics analysis

GSE114007, GSE43269, GSM1364027, GSM- 
2183789, GSM447584 and GSM2183790 da- 
tasets were downloaded from the Gene Ex- 
pression Omnibus (GEO; https://www.ncbi.nlm.
nih.gov/). GSE114007 RNA-seq dataset was 
composed of 20 OA and 18 healthy human car-
tilage knee samples on the GPL11154 plat- 
form [15], which was used for differential 
expression analysis under the screening crite-
rion of |log2fold change (FC)| > 1 and FDR < 
0.05. GSE43269 methylation profiles included 

23 OA and 18 healthy human cartilage knees 
based on the GPL8490 platform [23]. The  
average methylation difference of each probe 
group was calculated. Wilcoxon rank sum  
test was used to screen probes with p-value < 
0.05 as differentially methylated genes. The 
average methylation difference of each pro- 
be in each group was calculated. Wilcoxon rank 
sum test was used to screen probes with  
p-value < 0.05 as differentially methylated 
genes. Target genes of KLF4 were screen- 
ed using the GSM1364027, GSM2183789, 
GSM447584 and GSM2183790 datasets. Ac- 
cording to the DisGeNET (http://www.disgenet.
org/web/DisGeNET/menu) database, OA-relat- 
ed genes were identified, which were validated 
as reported studies. Interested genes related 
to OA were imported into the STRING (version 
11.0; https://string-db.org/) database [24]. A 
protein-protein interaction (PPI) network was 
visualized via Cytoscape 3.6.1 [25].

Clinical specimens

Cartilage tissues were collected from 40 OA 
patients who underwent synovectomy or arthro-
plasty and 10 normal controls in the Sun Yat-
sen Memorial Hospital, Sun Yat-sen University 
between 2016 and 2018. All procedures per-
formed in this study involving human partici-
pants were in line with the Helsinki Declaration. 
All participants signed written informed con-
sent. This study got the approval of the Ethics 
Committee of Sun Yat-sen Memorial Hospital, 
Sun Yat-sen University (2016082).

OA model construction

A total of 40 eight-week-old male C57BL/6J 
mice were purchased from Hujingda Laboratory 
Animal Co., Ltd. (Hunan, China). All animals 
were kept in an environment of 23±2°C, humid-
ity of 50±10%, and 12:12 light cycle. In this 
study, anterior cruciate ligament transection 
(ACLT) was adopted to induce OA in mice [26]. 
All mice were randomly separated into sham 
operation group (n=10) and ACLT operation 
group (n=30). In brief, after anesthetizing, the 
right knee joint was exposed by a medial 
parapatellar method. The ACL was transected 
using micro-scissors. Complete transection 
was confirmed via a positive anterior drawer 
sign. The mice in the control group experienced 
arthrotomy without ACLT. Following surgery, all 
mice exercised freely for 20 min a day. After 2 
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weeks, the success of the model was deter-
mined by immunohistochemistry. The success-
ful rate was 93.3% (28/30). Then, pcDNA3.1-
KLF4 lentivirus was injected into the joint. After 
the experiment was over, all mice were eutha-
nized through intraperitoneal injection of an 
overdose of pentobarbital sodium (200 mg/
kg). The study was approved by the Animal 
Ethics Committee of Sun Yat-sen Memorial 
Hospital, Sun Yat-sen University (2016082).

Chondrocyte isolation and culture

Chondrocytes were isolated from articular car-
tilage tissue of mice. Briefly, following repeat-
edly washing cartilage tissues with PBS under 
sterile conditions, the synovium and fibrous tis-
sues attached to cartilage tissues were care-
fully peeled off, and then tissues were cut to a 
thickness of 1 mm3. The pieces were digested 
with 0.05% type II collagenase for 30 min, fol-
lowed by centrifugation at 1000 r/min. Then, 
samples were digested with 0.1% collagenase 
type II and 0.25% trypsinase at 37°C for 60-100 
min. Finally, the isolated chondrocytes were 
cultured in DMEM medium plus 20% FBS at an 
atmosphere of 37°C and 5% CO2. The purity of 
chondrocytes was determined by flow cytome-
try. Briefly, chondrocytes in log phase were col-
lected. After digestion with 0.25% trypsin, the 
number of cells were counted. After resuspen-

sion, the samples were centrifuged at 1,000 r/
min for 5 min. After discarding the supernatant, 
cells were incubated with anti-col2A1 (1:1000; 
ab188570, abcam, USA) and FITC-labeled flow 
cytometry antibodies. Following fixation, flow 
cytometry analysis was presented.

Transfection

pCDNA3.1-KLF4, PCDNA3.1-INSR, shKLF4, sh- 
INSR and their corresponding vectors from 
Shanghai Generay Biotech Co., Ltd. (Shanghai, 
China) were transfected into chondrocytes via 
Lipofectamine 3000 (Invitrogen, Carlsbad, Ca- 
lifornia, USA). The sequences of three siRNAs 
targeting KLF4 were as follows: 5’-GATGGC- 
TGTGGGTGGAAATTT-3’; 5’-UGAGAUGGGAACUC- 
UUUGUGUAGGU-3’; 5’-CCAUUAUCAAGAGCUCA- 
UGCCACCG-3’. The sequence of pCDNA3.1-
KLF4 was as follows: 5’-CCCCGGATGAGTGAG- 
GGGGCTGGAGTGAGTCAC-3’. After 24 h, trans-
fection efficiency was assessed by RT-qPCR 
and western blot. 48 h after transfection, chon-
drocytes were stimulated with 10 ng/ml IL-1β 
[27].

RT-qPCR

RNA extraction from tissues or chondrocyt- 
es was presented utilizing TRIzol reagent 
(Invitrogen). First strand cDNA was synthesiz- 
ed with 1 μg RNA by PrimerScript™ RT Reagent 
Kit (Takara, Beijing, China). RT-qPCR was car-
ried out through miScript SYBR-Green PCR  
Kit (Qiagen, Nasdaq, New York, USA) on the 
ABI7500 Sequence Detection System (Applied 
Biosystems, Shanghai, China). The PCR condi-
tions were as follows: one cycle for 2 min at 
50°C (initial denaturation); one cycle for 10 min 
at 95°C (denaturation); 40 cycles for 15 sec at 
95°C (annealing and elongation) and 40 cycles 
for 1 min at 60°C (final extension). Relative 
expression levels were calculated using the 
2-ΔΔCT method. The primer sequences are in 
Table 1. β-actin was utilized as the internal 
reference.

Western blot

The tissue or cells were lysed through RIPA 
lysate. The BCA protein kit (Pierce, Shanghai, 
China) was utilized to measure protein concen-
tration. Protein samples were separated by 
12% SDS-PAGE and transferred to PVDF mem-
brane. The membrane was blocked with 5% 

Table 1. The primer sequences for RT-qPCR
Gene Sequence (5’-3’)
KLF4 GTCCCGGGGATTTGTAGCTC (forward)

TGTAGTGCTTTCTGGCTGGG (reverse)
Aggrecan CAGACCATGACAACTCGCTG (forward)

GCAGCACTACCTCCTTCTCC (reverse)
MMP3 TGAGGACACCAGCATGAACC (forward)

ACTTCGGGATGCCAGGAAAG (reverse)
Col2a1 GCAGGATGGGCAGAGGTATAA (forward)

CGAGGTCAGTTGGGCAGATG (reverse)
MMP13 CAGTTTGCAGAGCGCTAC (forward)

TCAAGTTTGCCAGTCACC (reverse)
ADAMTS5 CTCGGGAGGATTTATGTG (forward)

ATGCTGGTAAGGATGGAA (reverse)
ADAMTS-4 GGAAATTCAGATGTGGTACTGCC (forward)

GCCACTAGGACTTGCAGTGT (reverse)
INSR GATCCGCGCCGCCTTTT (forward)

GGGACTGTCTCTCGGCTCTC (reverse)
β-actin AGGGGCCGGACTCGTCATACT (forward)

GGCGGCACCACCATGTACCCT (reverse)
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skim milk and incubated with primary antibod-
ies (KLF4 (1:1000; ab215036, abcam, USA), 
INSR (1:1000; ab227831, abcam, USA), MMP3 
(1:1000; ab52915, abcam, USA), MMP13 (1: 
1000; ab51072, abcam, USA), ADAMTS-4 (1: 
200; ab84792, abcam, USA), col2A1 (1:1000; 
ab188570, abcam, USA), JAK2 (1:2000; ab24- 
5303, abcam, USA), STAT3 (1:5000; ab119352, 
abcam, USA), p-JAK2 (1:1000; ab195055, ab- 
cam, USA), p-STAT3 (1:2000; ab76315, abcam, 
USA) and GAPDH (1:1000; ab8245, abcam, 
USA)) and HRP-conjugated goat anti-mouse 
(1:5000; ab97040, abcam, USA) or anti-rabbit 
(1:5000; ab7090, abcam, USA) secondary anti-
bodies. GAPDH was used as the internal refer-
ence. Enhanced chemiluminescence (ECL) was 
used to visualize the protein blots. ImageJ soft-
ware was used to quantify grayscale values of 
each protein.

Flow cytometry

Cell apoptosis was detected via an Annexin 
V-fluorescein Isothiocyanate (FITC) Apoptosis 
Kit (Biovision, Milpitas, CA). In brief, after wash-
ing using phosphate-buffered saline (PBS) for 
twice, cells (2×105) were incubated with 200 μl 
binding buffer and 5 μl Annexin-V FITC (20 mg/ 
ml) in the dark on ice for 15 min. Then, cells 
were treated with 10 μl propidium iodide (PI). 
Apoptosis was analyzed by flow cytometry BD 
FACSCalibur (BD Biosciences, San Jose, CA).

Immunohistochemistry and Safranin O and 
fast green staining 

Cartilage tissues were fixed in 4% paraformal-
dehyde and embedded into paraffin. The sec-
tion was at a thickness of 5 μm. After deparaf-
finizing in xylene and hydrating with graded 
ethanol, the sections were stained with 
Safranin O and fast green. Then, the sections 
were stained with hematoxylin for 1 min, 0.02% 
fast green for 5 min, and 0.1% Safranin O for 30 
min. The results were investigated under a 
microscope.

Immunohistochemistry

Cartilage tissues were fixed in 4% paraformal-
dehyde for paraffin embedding. The slices are 
cut into 4 μm thick. The sections were dried, 
deparaffinized, rehydrated, and then placed on 
the slides for immunohistochemistry analysis. 
Then sections were incubated with a primary 
antibody against KLF4 (ab106629, Abcam, 

Cambridge, United Kingdom), followed by HRP-
conjugated secondary antibody.

Dual luciferase activity

A luciferase assay was performed to detect  
the effects of KLF4 on transcriptional regula-
tion of INSR. An upstream promoter region of 
INSR was cloned into the specific luciferase 
reporter pGL3 basic vector (Promega, Madison, 
Wisconsin, USA). Then, 0.5 mg of the luciferase 
was constructed and 100 ng cytomegalovirus-
Renilla vector were co-transfected into cells via 
lipofectamine 2000 (Life Technologies). After 
24 h, cells were transfected with the KLF4 len-
tiviral vector and incubated for 24 h. A commer-
cial dual luciferase detection kit (Promega) was 
used to analyze the luciferase activity.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (CHIP) assay 
was utilized to evaluate whether KLF4 could 
bind to the INSR promoter. Briefly, chondro-
cytes were transfected with KLF4 lentiviral  
vector. Cells were cross-linked with 1% formal-
dehyde for 10 min. The reaction was stopped 
with 100 mM glycine. Then, intracellular DNA 
was sheared into 0.3- to 3-kb fragments and 
incubated with an anti-KLF4 antibody overnight 
at 4°C. A subsequent PCR analysis was per-
formed with the specific INSR primers. The 
reaction mixture was analyzed on 1.8% aga-
rose gel electrophoresis.

Methylation-specific polymerase chain reac-
tion (MS-PCR)

Chondrocyte DNA was extracted using a 
QIAamp DNA Blood Mini Kit (Qiagen, 51104), 
and genomic DNA was processed using a 
CpGenome DNA kit (Chemicon International 
Inc., Temecula, CA). INSR promoter methylation 
was assessed via a two-step method. Methy- 
lation primers were as follows: M-F: GGTCG- 
AGAGTCGAGAGATAGTTTC and M-R: CAAATACT- 
AAACGAAAACCCTTACG. Nonmethylated prim-
ers were as follows: U-F: GGGTTGAGAGTTG- 
AGAGATAGTTTT and U-M: AATACTAAACAAAA- 
ACCCTTACAAT. The fragments of methylated 
and nonmethylated PCR products were 128 bp 
and 127 bp, respectively.

Statistical analysis

Data are presented as the means ± standard 
deviation (SD). All statistical analysis was car-
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ried out using GraphPad Prism 8.0 (GraphPad, 
San Diego, CA). Comparisons between two 
groups were assessed by student’s t test, while 
multiple comparisons were presented using 
one-way ANOVA followed by Tukey’s post hoc 
test. P < 0.05 was statistically significant.

Results

Identification of down-regulated and hyper-
methylated target genes of KLF4

From GSE114007 dataset, a total of 2247 dif-
ferentially expressed genes were screened 
between OA and normal cartilage tissues, 
including 936 down-regulated and 1311 up-
regulated genes (Figure 1A). Among them, 
KLF4 was down-regulated in OA cartilage tis-
sues (Figure 1B). Using GSE43269 dataset, 
1381 hypermethylated genes were identified in 
OA than normal cartilage tissues. Through com-
prehensively analyzing GSM1364027, GSM21- 
83789, GSM447584 and GSM2183790 data-
set, we identified 8130 target genes of KLF4. 
After overlapping target genes of KLF4, hyper-
methylated and down-regulated genes, a total 
of 28 genes were finally identified for further 
analysis (Figure 1C). Heat map depicted the 
expression patterns of the 28 genes between 
OA and normal cartilage tissues (Figure 1D). 
Using the DisGeNET database, ten genes have 
been reported to be related to OA, including 
COL1A1, COL1A1, COL1A2, COL2A1, COL9A2, 
COL11A2, GDF5, FBN1, FRZB and SMAD3. 
Then, a PPI network was constructed where 
INSR could be considered as a hub gene (Figure 
1E).

Knockdown of KLF4 accelerates apoptosis of 
IL-1β-induced OA chondrocytes

To verify bioinformatics analysis results, we 
presented RT-qPCR assay to detect the expres-
sion of KLF4 between OA and normal cartilage 
tissues. As expected, down-regulated KLF4 
was found in OA cartilage tissues (Figure 2A). 
We then further probed into the function of 
KLF4 in OA progression. Chondrocytes were 
isolated from normal cartilage tissues. The flow 
cytometry results confirmed that the purity of 
chondrocytes was up to 95% (Figure 2B).  
We designed and synthesized three shRNAs 
targeting KLF4 as well as pcDNA3.1-KLF4. As 
shown in Figure 2C, shKLF4-3 had the most 
stable transfection effect in chondrocytes, 

which was chosen for further analysis. Also, 
KLF4 was successfully overexpressed in chon-
drocytes following transfection with pcDNA3.1-
KLF4 (Figure 2D). Transfection effect was also 
confirmed by western blot (Figure 2E, 2F). 
Intriguingly, we found that the apoptotic rate of 
IL-1β-induced OA chondrocytes was elevated by 
shKLF4 and decreased by pcDNA3.1-KLF4 
(Figure 2G, 2H).

KLF4 ameliorates OA progression both in 
IL-1β-induced OA chondrocytes and ACLT-
induced OA mouse model

Our RT-qPCR results showed that shKLF4 dis-
tinctly promoted MMP3 and MM13 expression, 
while pcDNA3.1-KLF4 inhibited their expres-
sion in IL-1β-induced OA chondrocytes (Figure 
2I). shKLF4 suppressed COL2A1 and Aggrecan 
expression and promoted ADAMTS-4/5 expres-
sion in IL-1β-induced OA chondrocytes, and 
converse results were detected after overex-
pressing KLF4 (Figure 2J, 2K). We established 
an ACLT-induced OA mouse model. Safranin O 
and fast green staining results suggested that 
the OA model was successfully constructed 
(Figure 3A). Our immunohistochemistry results 
showed that KLF4 was primarily expressed in 
the nucleus of chondrocytes, and its expres-
sion was decreased as OA severity increased 
(Figure 3B). In Figure 3C, after injection with 
pcDNA3.1-KLF4, OA progression was obviously 
suppressed. Furthermore, western blot results 
showed that COL2A1 and Aggrecan expression 
was increased, whereas MMP3, MMP13 and 
ADAMTS-4 expression was decreased (Figure 
3D, 3E) in OA model after overexpression of 
KLF4. These results indicated that KLF4 could 
inhibit the progression of OA.

INSR promotes cell apoptosis and inactivates 
JAK2/STAT3 pathway in IL-1β-induced OA 
chondrocytes

Our RT-qPCR results revealed that INSR was 
lowly expressed in OA cartilage tissues, which 
was consistent with bioinformatics results 
(Figure 4A). As shown in Figure 4B, 4C, western 
blot results confirmed that INSR was success-
fully overexpressed and silenced in chondro-
cytes transfected with pcDNA3.1-INSR and 
shINSR, respectively. After overexpression of 
INSR, the apoptosis of IL-1β-induced OA chon-
drocytes was distinctly suppressed (Figure 4D, 
4E). Furthermore, western blot results showed 
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Figure 1. Bioinformatics analysis was utilized to identify down-regulated and hypermethylated target genes of KLF4. 
A. Volcano plots depicting differentially expressed genes between OA and normal cartilage tissues. Red: up-regula-
tion; blue: down-regulation. B. Box plots showing the expression patterns of KLF4 between OA and normal cartilage 
tissues. C. Venn diagram was utilized to overlap down-regulated and hypermethylated target genes of KLF4. D. Heat 
map visualizing the expression patterns of above genes between OA and normal cartilage tissues. E. A PPI network 
for OA.
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Figure 2. Knockdown of KLF4 accelerates apoptosis of IL-1β-induced OA chondrocytes. A. Low KLF4 expression 
in OA than control cartilage tissues via RT-qPCR. B. The purity of isolated chondrocytes was determined by flow 
cytometry. C-F. Transfection efficiency of shKLF4 and pcDNA3.1-KLF4 was assessed through RT-qPCR and western 
blot. G, H. Apoptosis rate was determined after transfection with shKLF4 and pcDNA3.1-KLF4 in IL-1β-induced OA 
chondrocytes. I-K. MMP3/13, COL2A1, Aggrecan and ADAMTS-4/5 expression was quantified using RT-qPCR. *P < 
0.05; ***P < 0.001; ****P < 0.0001; ns: no statistical significance.

Figure 3. Overexpression of KLF4 suppresses the progression of OA in an OA mouse model. A. Safranin O and fast 
green staining was used to assess the pathological changes of cartilage tissues in an ACLT-induced OA mouse 
model. B. Immunohistochemistry was presented to detect the expression of KLF4 in an OA mouse model. C. Safra-
nin O and fast green staining was presented to detect the pathological changes of cartilage tissues in an OA mouse 
model following injection with pcDNA3.1-KLF4. Magnification: 200×. D, E. COL2A1, Aggrecan, MMP3, MMP13 and 
ADAMTS-4 expression was examined in OA cartilage tissues using RT-qPCR. ***P < 0.001; ****P < 0.0001.
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that p-JAK2 and p-STAT3 levels not JAK2 and 
STAT3 were prominently elevated in IL-1β-
induced OA chondrocytes transfected with 
pcDNA3.1-INSR (Figure 4F, 4G).

KLF4 ameliorates OA progression via activa-
tion of INSR transcription

We found that INSR mRNA and protein expres-
sion was distinctly decreased after transfection 
with shKLF4 and was significantly increased 
following overexpressing KLF4 in chondrocyt- 
es (Figure 5A-C). Further analysis results 

showed that shINSR elevated the expression of 
MMP3/13 and ADAMTS-4/5 and decreased 
the expression of COL2A1 and Aggrecan in 
IL-1β-induced OA chondrocytes, which was 
reversed after overexpressing KLF4 (Figure 5D, 
5E), indicating that KLF4 could mediate the 
expression of these proteins by targeting INSR. 
Furthermore, western blot results suggested 
that KLF4 overexpression could reverse the 
activation of JAK2 and STAT3 induced by shIN-
SR in IL-1β-induced OA chondrocytes (Figure 
5F, 5G). To further probe into the mechanism by 
which KLF4 could regulate INSR, the LASAGNA-

Figure 4. INSR promotes cell apoptosis and inactivates JAK2/STAT3 pathway in IL-1β-induced OA chondrocytes. A. 
Low INSR expression in OA cartilage tissues according to RT-qPCR. B, C. Transfection efficiency of pcDNA3.1-INSR 
and shINSR was evaluated in chondrocytes. D, E. Flow Cytometry showing lower apoptosis rate of IL-1β-induced OA 
chondrocytes transfected with pcDNA3.1-INSR. F, G. JAK2, p-JAK2, STAT3 and p-STAT3 levels were determined in 
chondrocytes using western blot. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns: no statistical significance.
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Figure 5. KLF4 ameliorates OA progression via targeting INSR. (A) RT-qPCR was utilized to determine INSR expres-
sion in chondrocytes transfected with shKLF4. (B, C) Western blot was presented to examine INSR expression 
in chondrocytes transfected with pcDNA3.1-KLF4. (D, E) MMP3/13, COL2A1, Aggrecan and ADAMTS-4/5 expres-
sion was quantified in IL-1β-induced OA chondrocytes transfected with shINSR and/or KLF4 using RT-qPCR. (F, G) 
Western blot was utilized to examine the expression of JAK2/p-JAK2 and STAT3/p-STAT3. (H) Prediction of binding 
sites between KLF4 and INSR. (I) INSR promoter activity was detected using dual luciferase report. (J) Chip-PCR 
confirmed that KLF4 could bind to the INSR promoter. **p < 0.01; ****p < 0.0001; ns: no statistical significance.
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Search 2.0 (http://biogrid-lasagna.engr.uconn.
edu/lasagna_search/) online software was uti-
lized to predict the binding sites of KLF4 and 
INSR (Figure 5H). Dual luciferase report results 
revealed that KLF4 promoted INSR promoter 
activity (Figure 5I). Furthermore, Chip-qPCR 
results showed that KLF4 bound to the INSR 
promoter (Figure 5J), indicating that KLF4 could 
promote INSR expression by activating its pro-
moter. Above results demonstrated that KLF4 
could mediate OA progression via the activa-
tion of INSR transcription.

DNA methylation mediates INSR expression in 
OA

It has been known that DNA methylation could 
regulate the expression of INSR. In this stu- 
dy, the methylation region of the INSR promot- 
er was predicted, as shown in Figure 6A.  
The methylation level of INSR was examined in 
OA and normal cartilage tissues by MSP. The 

results were consistent with the bioinformatics 
results (Figure 6B). Furthermore, methylation 
inhibitor 5-Aza could effectively promote the 
expression of INSR (Figure 6C), suggesting that 
hypermethylation of INSR promoter could inhib-
it the expression of INSR in OA.

Discussion

In the current study, we probed into a novel 
regulator INSR for OA. INSR was down-regulat-
ed in OA cartilage tissues and chondrocytes, 
induced by KLF4 transcription regulation and 
DNA methylation. Overexpression of INSR could 
inactivate JAK2/STAT3 pathway and suppress 
OA progression, which possessed potential as 
a therapeutic target for OA.

We employed the GSE114007 dataset to con-
firm that KLF4 expression was down-regulated 
in OA cartilage tissues, consistent with previ-
ous research results [15, 28]. Its down-regula-

Figure 6. DNA methylation mediates INSR expression in OA. (A) Prediction of methylation sites in the INSR promoter. 
(B) Methylation levels of INSR were detected in OA and normal cartilage tissues by MSP. (C, D) Western blot showing 
the promotion effect of methylation inhibitor 5-Aza on INSR expression in OA cartilage tissues. ****p < 0.0001.
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tion has been confirmed in OA compared to 
non-OA samples using RNA-seq analysis [15]. 
Furthermore, it has been found that Astragalus 
polysaccharide, a traditional Chinese herbal 
medicine, could ameliorate lipopolysaccharide-
induced cell injury in ATDC5 cells by mediat- 
ing KLF4 expression [28]. Thus, it is of impor-
tance to further explore the regulatory mecha-
nisms of KLF4 in OA. Herein, we further verified  
the prediction results of bioinformatics. Con- 
sistently, the expression of KLF4 was down-
regulated in OA cartilage tissues. Its overex-
pression inhibited IL-1β-induced apoptosis of 
OA chondrocytes. Additionally, RT-qPCR results 
showed that overexpression of KLF4 stimulat-
ed the expression of cartilage markers, but 
suppressed the expression of OA-related mark-
ers. These results indicated that KLF4, as an 
inhibitor of OA progression, could inhibit the 
apoptosis of chondrogenic cells and synthesis 
of matrix degrading enzymes, and could pro-
tect the maintenance of chondrogenic matrix. 
Also, in an OA mouse model, KLF4 overexpres-
sion attenuated the progression of OA. Herein, 
we concluded that KLF4 could inhibit the pro-
gression of OA in vivo and in vitro.

Through comprehensive analysis of multiple 
datasets, we identified 28 KLF4-targeted hy- 
permethylation and low expression candidate 
genes in OA cartilage tissues. Among them, 
INSR was considered as a hub gene in the 
OA-related PPI network, indicating that it had a 
strong correlation with OA. According to our bio-
informatics prediction, KLF4 may target INSR 
and regulate its expression in chondrocytes. 
Thus, our study further studied the role of INSR 
in OA. A previous finding has demonstrated that 
INSR expression is reduced in OA chondrocytes 
[18]. However, the exact role of INSR in the 
pathogenesis of OA remains unknown. INSR 
expression was down-regulated in OA cartilage 
tissues in this study. Overexpression of INSR 
inhibited apoptosis in IL-1β-induced OA chon-
drocytes and the expression of matrix-degrad-
ing enzymes including MMP3, MMP13 and 
ADAMTS-4/5, but stimulated the expression of 
chondrogenic markers including Col2a1 and 
Aggrecan [6, 7]. These results indicated that 
INSR could exert an inhibitory effect on the OA 
development. Additionally, we observed that 
INSR suppressed the activation of JAK2/STAT3 
signaling pathway. Previous studies have con-
firmed that JAK2/STAT3 signaling pathway can 
contribute to the development of OA [29]. This 

pathway is activated in IL-1β-induced OA chon-
drocytes and OA mouse models, and its inacti-
vation can suppress the degradation of articu-
lar cartilage of OA [29]. Therefore, INSR may be 
used as a therapeutic target for OA by inhibiting 
JAK2/STAT3 signaling pathway. As previous 
studies, JAK2/STAT3 pathway has been con-
firmed to be mediated by several factors. For 
instance, lncRNA DANCR regulates the prolifer-
ation and apoptosis of chondrocytes in OA 
through the JAK2-STAT3 pathway [30]. HIF-1α 
induces osteocyte-mediated osteoclastogene-
sis via activation of JAK2/STAT3 pathway [31]. 
In this study, we discovered the novel role of 
INSR in regulating the pathogenesis of OA.

In line with our bioinformatic analysis, INSR 
may be a regulatory target of transcription fac-
tor KLF4. The experimental results showed that 
overexpression of KLF4 stimulated the expres-
sion of INSR, while knockdown of KLF4 sup-
pressed its expression. These results suggest-
ed that KLF4 may be an upstream factor of 
INSR and positively regulated its expression. 
Moreover, overexpression of INSR inhibited the 
cartilage formation mediated by KLF4 gene 
silencing, including chondrogenic markers and 
OA-related markers. Intriguingly, knockdown of 
KLF4 activated the JAK2/STAT3 signal path-
way. However, INSR overexpression inhibited 
the activation of this pathway. More important-
ly, our dual luciferase report and ChIP results 
confirmed that KLF4 may directly bind to the 
predicted promoter region of INSR. As a  
transcription factor, KLF4 can activate INSR 
expression by binding to the promoter region. 
These results indicated that KLF4 may inhibit 
the activation of JAK2/STAT3 signaling by 
inducing INSR expression, thereby negatively 
affecting OA progression. Interestingly, we  
also confirmed the epigenetic mechanism that 
regulated INSR expression. Consistent with bio-
informatics predictions, MSP analysis show- 
ed that INSR was hypermethylated in OA carti-
lage tissues. DNA methylation status can  
suppress gene expression [32]. INSR hyper-
methylation has been found in various diseas-
es, such as obesity [33], diabetes [34] and 
endometrial cancer [35]. Therefore, in addition 
to transcription factor KLF4, DNA hypermethyl-
ation status also suppressed the expression of 
INSR in OA.

Collectively, the present study focused on the 
role of KLF4 and INSR and revealed a new 
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mechanism of OA pathogenesis. KLF4 stimu-
lated INSR expression, which led to the sup-
pression of JAK2/STAT3 signaling and ultimate-
ly exerted a suppressive role in OA progression. 
We also identified that the inhibition of INSR 
expression in OA cartilage was mediated by  
the downregulation of KLF4 and high levels of 
INSR gene methylation. Our discoveries could 
provide a new mechanism of OA pathogenesis 
and facilitate the development of therapeutic 
agents for the treatment of OA.

Conclusion

In summary, INSR was identified as a key regu-
lator for OA, which distinctly mediated OA pro-
gression. Furthermore, its downregulation 
could be co-regulated by transcription factor 
KLF4 and DNA methylation. Thus, the roles of 
INSR in OA worth further study.
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