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Background: Growing evidence suggests that long non-coding RNAs (IncRNAs), as decoys of microRNAs (miRNAs), are in-
volved in osteoarthritis (OA) progression, but the potential mechanism of IncRNA SNHG15 in OA remains un-
known. Thus, the present study explored the molecular mechanism of SNHG15 in OA progression.

Material/Methods: OA chondrocytes were created by 20 ng/ml IL-1f stimulation, and the experimental OA model was created by
destabilization of the medial meniscus (DMM) surgery. Cartilage histomorphology was observed by safranin and
fast green double dyeing. The relationships between SNHG15 and miR-7, KLF4, and miR-7 were determined by
dual-luciferase assay or RNA immunoprecipitation (RIP). Immunofluorescence was used to detect the expres-
sions of Ki67, collagen Il, and Aggrecan. Moreover, SNHG15, miR-7, KLF4, MMP3, ADAMTS5, COL2A1, Aggrecan,
and B-catenin expressions were assessed by qRT-PCR or Western blot. The methylation status of SNHG15 pro-
moter was evaluated by MS-PCR.

Results: Underexpression of KLF4 and SHNG15 and overexpression of miR-7 were found in human OA knee cartilage
tissues and IL-1B-stimulated OA chondrocytes. SHNG15 overexpression significantly inhibited ECM degrada-
tion and promoted chondrocyte formation of OA chondrocytes. Furthermore, SNHG15 regulated KLF4 expres-
sion by sponging miR-7. Further analysis found that SNHG15 significantly inhibited B-catenin in OA chondro-
cytes. SNHG15 had a higher level of methylation in human OA tissues than in normal cartilage tissues.

Conclusions: Our results revealed that SNHG15 alleviated OA progression by regulating ECM homeostasis, which provides
a promising target for OA therapy.
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Abbreviations: IncRNAs - long non-coding RNAs; miRNAs — microRNAs; OA - osteoarthritis; SNHG15 — small nucle-
olar RNA host gene 15; DMM - destabilization of the medial meniscus; ECM — extracellular matrix;

GEO - Gene Expression Omnibus; RIP — RNA immunoprecipitation; SD — standard deviation
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Background

OA has become the most prevalent chronic degenerative joint
disease in the elderly [1]. Patients with OA usually experience
joint pain and deformities, and even chronic disability. As the
pathogenesis of OA remains unknown, the current treatment
is mainly to relieve symptoms [2]. Therefore, a deeper under-
standing of the molecular mechanisms of OA can help deter-
mine appropriate therapeutic targets for OA.

IncRNAs are non-coding RNA transcripts with over 200 nucle-
otides [3]. Growing findings suggest that IncRNAs can regu-
late various biological processes like cell proliferation, migra-
tion, and invasion [4]. It has been confirmed that dysregulated
IncRNAs participate in OA progression. For example, IncRNA
HOTAIR can promote OA progression by regulating the miR-
17-5p/FUT2/B-catenin axis [5]. It has been recognized that
inflammation and cartilage degeneration are 2 major mecha-
nisms for OA [1]. Inflammation in the synovium and cartilage
induces secretion of inflammatory factors, including IL-1p [6].
Furthermore, the secretion of inflammatory factors stimulates
chondrocytes and negatively mediates cartilage maintenance
and self-renewal [7]. OA is characterized by articular cartilage
destruction that is induced by the imbalance of extracellular
matrix (ECM) components. ECM components are mainly com-
posed of collagen Il and Aggrecan. MMP-13 and ADAMTS5
are responsible for ECM degradation. Therefore, inhibiting
MMP-13 and ADAMTS5 expression and promoting collagen II
and Aggrecan expression in cartilage are potential strategies
for treating OA. Dysregulation of IncRNAs has been found to
mediate the imbalance of ECM components in chondrocytes
of OA. As an example, IncRNA-CIR knockdown can accelerate
apoptosis of chondrocytes and induce cartilage deterioration [8].
Increasing evidence suggests that IncRNA SNHG15 can medi-
ate many human cancers by sponging several miRNAs [9-11].
A recent study has reported that SNHG15 is downregulated
in OA cartilage tissue and IL-1B-induced chondrocytes [12].
Furthermore, inhibition of SNHG15 can reduce chondrocyte
apoptosis and ECM degradation and ameliorate articular car-
tilage damage, indicating that SNHG15 is involved in the pro-
gression of OA. However, the molecular mechanism of SNHG15
in OA is unknown.

KLF4 is a zinc finger transcription factor involved in various
biological processes like cell differentiation and tissue forma-
tion [13,14]. KLF4 has been confirmed to be downregulated
in human OA cartilage tissues [15]. Astragalus polysaccha-
ride, a traditional Chinese medicine, can ameliorate LPS-
induced chondrocyte damage via upregulation of KLF4 [16].
miRNAs, small non-coding RNAs with about 22 nucleotides in
length, can bind with the 3’UTR of their target mRNAs, there-
by regulating gene expression at the post-transcriptional level.
Previous studies found that KLF4 expression is regulated by
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several miRNAs, such as miR-32-5p [17], miR-9-5p [18], and
miR-92a [19], but the molecular mechanism of KLF4 in OA re-
mains to be further clarified.

In the present study, the function of IncRNA SNHG15 in OA
progression was explored. The results revealed that IncRNA
SNHG15 can alleviate the progression of OA by modulating
ECM homeostasis. Mechanistically, SNHG15 regulates the
miR-7/KLF4/B-catenin axis and could become a novel tar-
get for OA.

Material and Methods

Bioinformatics analysis

RNA-seq data were obtained from the Gene Expression Omnibus
(GEOQ) (https://www.ncbi.nlm.nih.gov/geo; accession number:
GSE114007), including 8 normal and 20 human OA knee car-
tilage tissues [15]. Differential expression analyses were per-
formed using the limma package in R [20]. mRNAs and [ncRNAs
with |log2FC| >1 and FDR<0.05 were considered as differential-
ly expressed mRNAs or IncRNAs. Among them, KLF4 has been
confirmed to be involved in the development of OA. We pre-
dicted 164 miRNAs targeting KLF4 using the ENCORI database
(http://starbase.sysu.edu.cn/). Among them, 8 KLF4-binding
miRNAs were verified in previous studies: hsa-miR-346 [21],
hsa-miR-140-3p [22], hsa-miR-18a [23], hsa-miR-15a [24],
hsa-miR-103a [25], hsa-miR-7 [26], hsa-miR-135 [27], and
hsa-miR-29a [28]. Furthermore, targeted miRNAs of down-
regulated IncRNAs were predicted using the InCeDb data-
base (http://gyanxet-beta.com/Incedb/). After integration of
IncRNA-miRNA and KLF4-miRNA pairs, a ceRNA network re-
lated with KLF4 was visualized by use of Cytoscape 3.6.1. Co-
expressed proteins of KLF4 were predicted using the STRING
database (https://string-db.org/), followed by functional en-
richment analysis.

Tissue specimens

OA cartilage tissues were harvested from 30 patients who un-
derwent total knee arthroplasty at West China Hospital, Sichuan
University from 2016 to 2018. Normal cartilage tissues were
collected from 15 amputees without OA or rheumatoid arthri-
tis. This study was approved by the Ethics Committee of West
China Hospital, Sichuan University (HXYY20160026). All pa-
tients signed written informed consent.

Isolation and culture of chondrocytes
Synovial and fibrous tissues were removed from cartilage

tissues under sterile conditions, followed by shearing to
1-mm? slices. The slices were digested using 0.05% type I
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Table 1. The primer information for qRT-PCR assay.

Gene Name Sequence
Forward 5’-GTCCCGGGGATTTGTAGCTC-3’
T
Reverse 5’-TGTAGTGCTTTCTGGCTGGG-3’
Forward 5’-CAGACCATGACAACTCGCTG-3’
Aggrecan
Reverse 5’-GCAGCACTACCTCCTTCTCC-3’
Forward 5’-TGAGGACACCAGCATGAACC-3’
MMP3
Reverse 5’-ACTTCGGGATGCCAGGAAAG-3’
Forward 5’-GCAGGATGGGCAGAGGTATAA-3’
COL2AT
Reverse 5’-CGAGGTCAGTTGGGCAGATG-3’

LAB/IN VITRO RESEARCH

Gene Name Sequence

Forward 5’-CTCGGGAGGATTTATGTG-3’

D) A N TS i
Reverse 5’-ATGCTGGTAAGGATGGAA-3’
Forward 5’-CTAGTCATCCACCGCCATCC-3’

S N 1 G I i
Reverse 5’-TTTGAGACCGTCACCTCAGC-3’
Forward 5’-GCGCCATTTTAAGCCTCTCG-3’

B-catenin oo
Reverse 5’-GGCCATGTCCAACTCCATCA-3’
Forward 5’-AGGGGCCGGACTCGTCATACT-3’

B-actin
Reverse 5’-GGCGGCACCACCATGTACCCT-3’

collagenase for 30 min, centrifuged at 1000 rpm, and oscillat-
ed for 60-100 min at 37°C using 0.1% type Il collagenase and
0.25% pancreatin. After that, the slices were dissolved with
DMEM medium containing 20% FBS. Finally, isolated chondro-
cytes were grown at 37°C and 5% CO,.

Cell transfection and IL-1f3 stimulation

pCDNA3.1-SNHG15 and vector were purchased from Shanghai
Generay Biotech Co. (Shanghai, China). miR-7 mimics and inhib-
itor, SNHG15-shRNAs (sh-SNHG15) or KLF4-shRNAs (sh-KLF4)
and corresponding scramble shRNAs (sh-NCs) were purchased
from RiboBio (Guangzhou, China). Chondrocytes were trans-
fected via Lipofectamine 3000 (Invitrogen) for 24 h. Finally,
chondrocytes were stimulated with 20 ng/ml IL-1p for 24 h,
as previously described [29].

OA animal model

All male C57BL/6) mice (10-week-old) from Hunan Slake Jingda
Experimental Animal Co., China, were randomly divided into
an experimental OA model group (n=10) and a sham opera-
tion group (n=30). All mice were housed at 23+2°C, 50+10%
humidity, and a 12-h light: 12-h dark cycle. The experimen-
tal OA model was constructed by DMM surgery, as described
previously [30]. For the DMM surgery group, mice were anes-
thetized with 1% pentobarbital (50mg/kg). Then, surgery was
performed to induce OA by transecting the medial menisco-
tibial ligament on the right and left knees. For the sham oper-
ation group, the medial meniscotibial ligament was visualized
but not transected. Three weeks after surgery, an intra-artic-
ular injection of 10 pl SNHG15 overexpression lentiviruses or
miR-7 lentiviruses was performed on the operation group mice
(5 per group) by a trans-patellar tendon. All mice were euth-
anized 8 weeks after surgery. Our study was approved by the
Ethics Committee of West China Hospital, Sichuan University

Immunofluorescence staining

We used 4% paraformaldehyde to fix IL-1B-stimulated chondro-
cytes for 20 min. After that, chondrocytes were blocked with
5% BSA for 1 h, followed by incubation with primary antibod-
ies. Primary antibodies included anti-Ki67 (ab15580, Abcam),
anti-COL2A1 (ab34712, Abcam), and anti-Aggrecan (13880-
1-AP, ProteinTech). Nuclei were stained by DAPI (Solarbio).

Safranin-O and fast green staining and
immunohistochemistry assay

After fixing with 4% paraformaldehyde, cartilage tissues were
decalcified with 10% EDTA for 4 weeks and embedded into
paraffin. The thickness of the sections was 5 ym. Dewaxing
was performed with xylene. Afterwards, the sections were
hydrated with a series of ethanol, followed by staining with
hematoxylin for 1 min, 0.02% fast green for 5 min, and 0.1%
Safranin-O for 30 min. The severity of OA articular cartilage
degeneration was evaluated using the OARSI scores and mod-
ified Mankin scales [31,32]. For immunohistochemistry assay,
paraffin-embedded tissue sections were dewaxed to water
and incubated with primary antibodies including anti-COL2A1
(ab34712, Abcam) and anti-Aggrecan (13880-1-AP, ProteinTech)
at 4°C overnight, followed by biotin-labeled secondary anti-
bodies at 37°C for 15 min.

Luciferase reporter assay

Wild-type and mutated KLF4 or SNHG15 3’UTR luciferase vec-
tors were created. Chondrocytes were transfected with vec-
tors via Lipofectamine 3000 (Invitrogen). After 48 h, the dual-
luciferase reporter assay kit (Promega) was used to assess the
luciferase activity.
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RIP assay

RIP lysis buffer (Solarbio) was used to lyse chondrocytes. Then,
lysate was incubated with RIP buffer plus magnetic beads con-
jugated to human anti-Ago2 antibody (Millipore), followed by
proteinase K. Finally, qRT-PCR was used to examine enriched
RNA levels.

qRT-PCR

Treated chondrocytes (1000 cells/well) were seeded for this
assay. RNA extraction was performed using TRIzol reagent
(Invitrogen). We reverse transcribed 2 pg RNA into 40 ng cDNA.
gRT-PCR was carried out using the miScript SYBR-Green PCR
Kit (Qiagen). The primer sequences of target genes are list-
ed in Table 1. U6 or B-actin was used as a control. The results
were determined with the 224" method.

Western blot assay

Chondrocytes were lysed using RIPA lysis buffer. The BCA pro-
tein kit was used to measure the protein concentration. We iso-
lated 20 pg proteins by 12% SDS-PAGE and transferred them
onto PVDF membranes. The membranes were incubated with
primary antibodies (including anti-MMP3, anti-ADAMTS5, anti-
KLF4, anti-B-catenin, and anti-B-actin) overnight, followed by
secondary antibodies. Finally, the blots were visualized with ECL.

MS-PCR

DNA was extracted from chondrocytes by QlAamp DNA
Blood Mini Kit (Qiagen, 51104), and genomic DNA was pro-
cessed by CpGenome DNA kit (Chemicon International,
Inc., Temecula, CA). The methylation of SNHG15 promot-
er was carried out by two-step method [33]. SNHG15 meth-
ylation primers (M-F: GTTTTGGTTGGTAGATTTGTATTTC, M-R:
ACTAATACCCCCACTCACTACGAC) and SNHG15 non-methyla-
tion primers (U-F: TAGTTTTGGTTGGTAGATTTGTATTTT; U-M:
ACCACTACACTCCAACCTAAACAAC) were used for MS-PCR, with
1.5% agarose gel electrophoresis. The fragments of methyl-
ated and non-methylated MS-PCR products were 209 bp and
212 bp, respectively.

Statistical analysis

Data are expressed as the meansstandard deviation (SD), n >3.
All data were analyzed using GraphPad Prism 7.0 (San Diego,
CA, USA) or R language. The t test or ANOVA was used to eval-
uate statistical differences. P<0.05 was considered statisti-
cally significant.
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Results

KLF4 is downregulated both in human OA knee cartilage
tissues and IL-1B-induced OA chondrocytes

In the GSE114007 dataset, 2247 differentially expressed genes
(936 downregulated and 1311 upregulated) were identified
between human OA knee cartilage tissues and normal carti-
lage tissues (Figure 1A). The expression patterns of the top 30
downregulated IncRNAs and KLF4 between OA knee cartilage
tissues and normal cartilage tissues are shown in Figure 1B.
After integration of miRNAs targeting KLF4 and target miRNAs
of downregulated IncRNAs, a ceRNA network was construct-
ed for OA (Figure 1C). As shown in Figure 2A, KLF4 was signif-
icantly downregulated in OA. Consistent with bioinformatics
results, its low expression was found in IL-1B-stimulated OA
chondrocytes (Figure 2B). Using the STRING database, 10 co-
expressed proteins of KLF4 were predicted, including LIN28A,
POU5F1, SMAD2, MYC, SOX2, SMAD4, CEBPB, NANOG, EP300,
and CTNNB1 (Figure 2C). Functional enrichment analysis re-
sults showed that these proteins were significantly associated
with biological processes (BP) such as somatic stem cell popu-
lation maintenance, endoderm development, and cell fate com-
mitment (Figure 2D). Furthermore, these proteins were main-
ly enriched in several important cellular components (CC) like
activin responsive factor complex, SMAD protein complex, and
nuclear transcription factor complex (Figure 2D). As shown in
Figure 2E, these proteins had the molecular function (MF) of
miRNA binding, activating transcription factor binding, and
DNA binding. KEGG enrichment analysis results showed that
these proteins were significantly involved in the TGF-f signal-
ing pathway, Hippo signaling pathway, cell cycle, and Wnt sig-
naling pathway. According to the above analysis, KLF4 plays a
key role in the progression of OA. To further explore the func-
tions of KLF4 in OA progression, KLF4 was successfully overex-
pressed and silenced in chondrocytes (Figure 2F). IL-1 stimu-
lation was used to induce OA phenotype in vitro. As shown in
Figure 2G, after IL-1 stimulation, ECM degradation biomarkers
including MMP3 and ADAMTS5 were significantly upregulat-
ed in chondrocytes, while chondrocyte formation biomarkers
including COL2A1 and Aggrecan were significantly downreg-
ulated in chondrocytes. However, KLF4 overexpression signif-
icantly reversed changes in the above genes induced by IL-1,
indicating that KLF4 can alleviate ECM degradation and pro-
mote chondrocyte formation in OA.

MiR-7 is upregulated in human OA knee cartilage tissues
and IL-1B3-stimulated OA chondrocytes and directly targets
KLF4

Among all miRNAs targeting KLF4, miR-7 had the highest ex-
pression level in IL-1B-stimulated chondrocytes (Figure 3A).
Similarly, miR-7 had a higher expression level in human OA
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Figure 1. Construction of the ceRNA network of KLF4 for OA. (A) Volcano plot showing differentially expressed mRNAs between human
OA and normal cartilage tissues in the GSE114007 dataset. (B) The expression patterns of the top 30 downregulated IncRNAs
and KLF4. (C) The ceRNA network of KLF4 for OA.
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Figure 2. Low KLF4 expression in human OA knee cartilage tissues and IL-1B3-stimulated OA chondrocytes. (A) Comparison of
expression levels of KLF4 between human OA and normal cartilage tissues in GSE114007 dataset. (B) qRT-PCR showing KLF4
expression in IL-1B3-stimulated chondrocytes. (C) Protein-protein interaction network of KLF4. (D, E) Functional enrichment
analysis results of co-expressed proteins of KLF4. (F) gRT-PCR showing the transfection efficiency of KLF4 overexpression
or knockdown in chondrocytes. (G) The expression levels of MMP3, ADAMTS5, COL2A1, and Aggrecan in IL-1B-stimulated
chondrocytes transfected by KLF4 overexpression as shown by gRT-PCR. * p<0.05; ** p<0.01, *** p<0.001; **** p<0.0001.
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Figure 3. MiR-7 was upregulated in OA and directly targeted KLF4. (A) qRT-PCR showing miR-346, miR-15a, miR-103a, miR-29a, miR-7,
miR-18a, miR-135b, miR-140, and miR-135a expression in IL-1B-stimulated chondrocytes. (B) MiR-7 expression in human
OA and normal cartilage tissues as shown by qRT-PCR. (C) The expression levels of MMP3, ADAMTS5, COL2A1, and Aggrecan
in OA model cartilage tissues injected with miR-7 inhibitor as shown by gRT-PCR. (D) Safranin-O and fast green staining
showing the morphology changes of OA model cartilage tissues. Bar: 500 pym. (E) Luciferase activity assay revealed the target
relationship between miR-7 and KLF4. (F, G) Western blot results showing KLF4 expression in OA chondrocytes transfected by
miR-7 mimics. * p<0.05; ** p<0.01, *** p<0.001; **** p<0.0001.

cartilage tissues than normal cartilage tissues (Figure 3B).
The experimental OA model was constructed by DMM sur-
gery. qRT-PCR results showed that MMP3 and ADAMTS5
were upregulated while COL2A1 and Aggrecan were down-
regulated in OA models (Figure 3C). Three weeks after sur-
gery, an intra-articular injection of miR-7 inhibitor was per-
formed. We found that miR-7 inhibitor significantly reversed
MMP3, ADAMTS5, COL2A1, and Aggrecan expression induced
by DMM. Also, miR-7 inhibitor ameliorated the morphology
changes in OA cartilage tissues (Figure 3D). As shown by lu-
ciferase activity assay, miR-7 directly targeted the 3’ UTR of
KLF4-mut (Figure 3E). Moreover, miR-7 mimics suppressed KLF4
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expression in chondrocytes (Figure 3F, 3G). Collectively, these
findings demonstrated that miR-7 is upregulated in IL-1B-
stimulated OA chondrocyte and human OA knee cartilage tis-
sues, and KLF4 was directly targeted by miR-7.

IncRNA SHNG15 is downregulated in human OA knee
cartilage tissues and its overexpression alleviates ECM
degradation and promotes chondrocyte formation of IL-1[3-
stimulated OA chondrocytes

IncRNA SHNG15 was downregulated in human OA carti-
lage tissues as shown by bioinformatics analysis (Figure 4A).
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Figure 4. SHNG15 was downregulated in OA knee cartilage tissues and its overexpression inhibited ECM degradation and promoted
chondrocyte formation in IL-1B-induced chondrocytes. (A) SNHG15 expression in human OA and normal cartilage
tissues using GSE114007. (B) qRT-PCR showing the expression of SNHG15 in human OA and normal cartilage tissues.
(€) Transfection efficiency of SNHG15 overexpression vector in chondrocytes. (D) Immunofluorescence assay results showing
the expression levels of COL2A1 and Aggrecan in IL-1B-stimulated chondrocytes transfected by SNHG15 overexpression.
(E, F) Western blot assay showing MMP3 and ADAMTS5 expression in IL-1B3-stimulated chondrocytes transfected by SNHG15
overexpression. (G) The Ki67 expression in IL-1B-stimulated chondrocytes transfected by SNHG15 overexpression using
immunofluorescence assay. *** p<0.001, **** p<0.0001.
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Figure 5. SNHG15 overexpression inhibited ECM degradation and promoted chondrocyte formation in an experimental OA model.
(A) The morphology changes of cartilage tissues in the experimental OA model injected by SMHG15 overexpression using
Safranin-O and fast green staining. (B, C) Cartilage destruction was assessed according to the OARSI and Mankin scores.
(D) Representative images of immunohistochemistry of COL2A1 and Aggrecan in cartilage tissues of the experimental
OA model injected by SMHG15 overexpression. Scale bar: 50 pm. Magnification: 200x. (E) Quantitative results of
immunohistochemistry for COL2A1 and Aggrecan. (F) COL2A1 and Aggrecan expression in cartilage tissues of experimental
OA model injected by SMHG15 overexpression using qRT-PCR. (G, H) MMP3 and ADAMTS5 expression in cartilage tissues
of experimental OA model injected by SMHG15 overexpression using western blot. * p<0.05; ** p<0.01, *** p<0.001;

5% 0¢0.0001.

Consistently, the results showed that SNHG15 had a lower ex-
pression in human OA cartilage tissues than in normal carti-
lage tissues (Figure 4B). We further assessed whether SNHG15
could affect ECM degradation and chondrocyte formation of OA
chondrocytes. qRT-PCR results confirmed that SNHG15 was suc-
cessfully overexpressed in chondrocytes (Figure 4C). As shown
in immunofluorescence results, SNHG15 overexpression pro-
moted the expression of COL2A1 and Aggrecan in OA chondro-
cytes after IL-1B stimulation (Figure 4D). Furthermore, Western
blot results showed that overexpression of SNHG15 significant-
ly inhibited the expression levels of MMP3 and ADAMTSS5 in
IL-1B-stimulated chondrocytes (Figure 4E, 4F), indicating that
SNHG15 overexpression could inhibit ECM degradation of OA
chondrocytes. Furthermore, SNHG15 overexpression signifi-
cantly elevated Ki67 expression in IL-1B-stimulated chondro-
cytes, indicating that SNHG15 could promote OA chondrocyte
proliferation (Figure 4G).

In the experimental OA model, SNHG15 overexpression alleviat-
ed the morphology changes in OA cartilage tissues, as shown by
Safranine fixation green staining results (Figure 5A). According
to the OARSI and modified Mankin scores, SNHG15 overexpres-
sion distinctly alleviated OA cartilage damage (Figure 5B, 5C).
Immunohistochemistry results showed that SNHG15 overex-
pression remarkedly increased the expression of COL2A1 and
Aggrecan in the OA model (Figure 5D, 5E). At the mRNA levels,
SNHG15 overexpression significantly promoted cartilage for-
mation by elevating the expression of COL2A1 and Aggrecan
in the OA model (Figure 5F). Furthermore, SNHG15 overexpres-
sion significantly alleviated ECM degradation by decreasing
the expression levels MMP3 and ADAMTSS5 in the OA model

at the protein level (Figure 5G, 5H). The above results suggest
that SNHG15 overexpression alleviates ECM degradation and
promotes chondrocyte formation of OA in vitro and in vivo.

SNHG15 indirectly regulates KLF4 expression by sponging
miR-7

SNHG15 was mainly expressed in the cytoplasm (Figure 6A).
Furthermore, its expression had a negative association with
miR-7 expression (Figure 6B; p<0.0001, r=—0.8967). Dual-
luciferase reporter confirmed that miR-7 was directly targeted
by SNHG15 (Figure 6C). Furthermore, RIP assay results showed
that SNHG15 and miR-7 were preferentially enriched in the
Ago2 pellet. SNHG15 pull-down was mainly enriched in chon-
drocytes with miR-7 overexpression (Figure 6D). These find-
ings revealed that miR-7 is a target of SNHG15.

In a previous study, KLF4 was confirmed to be a potential tar-
get of miR-7 [26]. In this study, we found that SNHG15 over-
expression significantly promoted the expression levels of
KLF4 in OA chondrocytes (Figure 6E, 6F; p<0.0001), which was
reversed by miR-7 overexpression (Figure 6G, 6H). These re-
sults suggested that SNHG15 as a ceRNA of miR-7 regulates
KLF4 expression.

SNHG15 inhibits 3-catenin via miR-7/KLF4 in IL-1f3-
stimulated chondrocytes

We further conducted rescue experiments to explore wheth-
er SNHG15 could inhibit B-catenin via targeting miR-7 in
IL-1B-stimulated chondrocytes. Our results showed that
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Figure 6. SNHG15 indirectly regulates KLF4 expression by miR-7. (A) The distribution of SNHG15 in subcellular fractions of
chondrocytes was evaluated by qRT-PCR. U6 and GAPDH served as nuclear and cytoplasmic markers, respectively.
(B) Correlation analysis results showed that SNHG15 was negatively correlated with miR-7. (C, D) Luciferase reporter assay
and RIP confirmed that SNHG15 was a target of miR-7. (E, F) SNHG15 overexpression significantly promoted the expression
levels of KLF4 in IL-1B-induced chondrocytes as shown by Western blot. (G, H) MiR-7 significantly reversed the elevated
expression of SNHG15 on KLF4 expression in IL-1B-induced chondrocytes as shown by Western blot. **** p<0.0001.

overexpression of SNHG15 significantly inhibited B-catenin
expression, which was reversed by miR-7 overexpression
(Figure 7A, 7B). We also found that miR-7 inhibitor reversed
the promotion effects of MMP3 and ADAMTS-5 and inhibitory
effects of COL2A1 and Aggrecan induced by SNHG15 knock-
down in OA chondrocytes (Figure 7C). Furthermore, KLF4 knock-
down significantly suppressed the overexpression of MMP3
and ADAMTS-5 and elevated the downregulation of COL2A1
and Aggrecan induced by miR-7 inhibitor in OA chondrocytes
(Figure 7C). Similarly, knockdown of SNHG15 promoted the ex-
pression levels of B-catenin, which was blocked by miR-7 inhib-
itor (Figure 7D). The above results reveal that SNHG15 inhib-
its B-catenin via miR-7/KLF4 in IL-1B-stimulated chondrocytes.

Hypermethylation of SNHG15 promoter region in OA
cartilage tissues

The methylation level in the promoter region of SNHG15 was
predicted. The results showed that there was a methylation site
(Figure 8A) in the promoter region of SNHG15. Furthermore,
we detected the methylation levels of SNHG15 in OA and nor-
mal cartilage tissues. In MSP results, SNHG15 had a higher lev-
el of methylation in OA compared to normal cartilage tissues
(Figure 8B). Methylation inhibitor 5-Aza significantly promoted
SNHG15 expression in OA chondrocytes (Figure 8C). The above
results indicated that hypermethylation of SNHG15 promoter
region could inhibit its expression in OA chondrocytes.
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Figure 7. SNHG15 inhibits B-catenin via miR-7/KLF4 in IL-1B-stimulated chondrocytes. (A, B) B-catenin expression was inhibited
by SNHG15 overexpression in IL-1B-stimulated chondrocytes, which was reversed by miR-7 overexpression as shown by
Western blot. (C) MiR-7 overexpression reversed the effects of SNHG15 and KLF4 on ECM degradation and chondrocyte
formation in IL-1B-stimulated chondrocytes by qRT-PCR. (D) MiR-7 reversed the effects of SNHG15 and KLF4 on B-catenin
expression in IL-1B3-stimulated chondrocytes by qRT-PCR. * p<0.05, ** p<0.01, **** p<0.0001.

Discussion

In our study, IncRNA SNHG15 was identified to be downregu-
lated in OA cartilage tissues, which could regulate OA progres-
sion by ECM homeostasis. Furthermore, our findings showed
SNHG15 could mediate miR-7/KLF4/B-catenin axis in OA, which
could provide a novel insight into the pathogenesis of OA.

It has been confirmed that IncRNAs are involved in OA progres-
sion [34 35]. As an example, IncRNA CASC2 is upregulated in
OA. Overexpression of CASC2 can inhibit chondrocyte prolifer-
ation and promote chondrocyte apoptosis by upregulation of
IL-17 [36]. IncRNA FOXD2-AS1 overexpression promotes pro-
liferation of chondrocytes via sponging miR-27a-3p in OA [37].
In this study, our findings showed that IncRNA SNHG15 was
underexpressed in OA cartilage tissues and IL-1B-induced
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Figure 8. Hypermethylation of SNHG15 promoter region in OA cartilage tissues. (A) Methylation sites of SHNG15 promoter region.
(B) Methylation levels of SHNG15 promoter region in OA and normal cartilage tissues as shown by MSP assay; (C) qRT-PCR
results showing SHNG15 expression in OA chondrocytes treated with 5-Aza. *** p<0.001.

chondrocytes. Previous studies have found that SNHG15
participates in the progression of several cancers, including
colorectal cancer [38], lung cancer [39,40], papillary thyroid
carcinoma [10], and renal cell carcinoma [41]. The disruption
of ECM homeostasis is a key event in the pathogenesis of OA
due to the ability to degrade various ECM components [42].
In our study, we found that overexpression of SNHG15 allevi-
ated ECM degradation and promoted chondrocyte formation.
These results indicated that low SNHG15 expression was in-
volved in OA progression.
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Accumulating evidence suggests that IncRNA as a ceRNA regu-
lates OA progression by sponging miRNAs [43, 44]. Previously,
low HOTAIRM1-1 expression was found to inhibit MSC viabili-
ty and differentiation via the miR-125b/BMPR2 axis [35]. Our
findings confirmed that miR-7 was underexpressed in OA car-
tilage tissues and IL-1B-induced chondrocytes. KLF4 is a target
of miR-7, which is consistent with our bioinformatics analy-
sis results and previous studies [26,45]. Zhou confirmed that
miR-7 is underexpressed in IL-1B-induced chondrocytes, and
its underexpression inhibits inflammatory cytokine release and
cell apoptosis [45]. Zhao found that KLF4 is a target of miR-7
in acute lung injury [46]. In this study, our findings suggested
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that miR-7 expression was negatively associated with SNHG15,
and SNHG15 could directly target miR-7. Additionally, we found
that overexpression of miR-7 reversed SNHG15-mediated KLF4
expression in OA chondrocytes. These findings demonstrated
that SNHG15 as a ceRNA of miR-7 can inhibit OA progression,
and can indirectly stimulate the expression of KLF4, which deep-
ens our understanding of the molecular mechanisms of OA.

In this study, B-catenin was identified as a functional down-
stream effector of KLF4. Inhibition of B-catenin expression ame-
liorated OA in an experimental OA model [47,48]. B-catenin is
mediated by many factors. For example, tyrosine kinase Fyn can
induce OA by activation of B-catenin [49]. We found that KLF4
overexpression could suppress the expression of B-catenin. Our
findings revealed that SNHG15/miR-7/KLF4 axis could regu-
late B-catenin expression in OA chondrocytes. We further ex-
plored the cause of the underexpression of SNHG15 in OA. We
found that there was a methylation site in the SNHG15 pro-
moter region. High methylation of SNHG15 inhibited its ex-
pression. Therefore, our study provides a novel insight into
the mechanism of OA.
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In this study, the lentiviral vector was used for the overexpres-
sion and knockdown of targeted genes. Although the applica-
tion of lentiviral vectors has theoretical potential for altering
the expression of target genes, the long-term safety and ef-
fectiveness of these vectors still require further observation.
Moreover, other basic and clinical studies are still needed to
improve transduction efficiency. In future work, we will con-
tinue to evaluate the potential of lentiviral vector in clinical
applications for OA treatment.

Conclusions

Our results suggest that IncRNA SNHG15 inhibits the progres-
sion of OA by ECM homeostasis, and it regulates the miR-7/
KLF4/B-catenin axis, which suggest it may be a novel target
for OA therapy.
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