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Cryptotanshinone (CTS) has emerged as an anti-inflammatory
agent in osteoarthritis (OA). However, the molecular mecha-
nism underlying its potent therapeutic effect on OA remains
largely unknown. MicroRNAs (miRNAs) act as crucial regula-
tors in maintaining cartilage homeostasis. To investigate
whether CTS protects against developing OA through regula-
tion of miRNAs, we examined the potential CTS-mediated
miRNA molecules using microarray analysis. We found that
CTS significantly promoted miR-106a-5p expression in chon-
drocytes. Using the OA mouse model created by anterior
cruciate ligament transection, we revealed that intra-articular
injection of miR-106a-5p agomir attenuated OA. In addition,
miR-106a-5p inhibited GLI-similar 3 (GLIS3) production by
directly targeting the 3’ untranslated region. CTS promoted
miR-106a-5p expression through recruitment of a member of
the paired box (PAX) family of transcription factors, PAX5,
to the miR-106a-5p promoter. Inhibition of PAX5 mimicked
the effect of miR-106a-5p and abolished the CTS ability to
regulate miR-106a-5p expression. In OA patients, miR-106-
5p is downregulated which is accompanied by downregulation
of PAX5 and upregulation of GLIS3. Collectively, these data
highlight that the PAX5/miR-106a-5p/GLIS3 axis acts as a
novel pleiotropic regulator in CTS-mediated OA cartilage pro-
tection, suggesting that miR-106a-5p and PAX5 activation and
GLIS3 inhibition might be useful and attractive for therapeutic
strategies to treat OA patients.

INTRODUCTION

Osteoarthritis (OA) is characterized by alternation of the cartilage
extracellular matrix (ECM) composition and homeostasis and repre-
sents the most common form of arthritis.'~ Articular cartilage degra-
dation and the limited capacity to repair lead to joint integrity disrup-
tion and progressive irreversible dysfunction, resulting in disability in
the worldwide population.*” Consequently, therapeutic agent ap-
proaches coupled with surgical techniques have been developed to
treat patients with OA. Although OA genetics have gained attention,
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the clinical outcomes have not yet been significantly ameliorated.
Therefore, the improved identification of candidates for OA patients
is urgently required, contributing to enhancing the clinical manage-
ment of OA.

Cryptotanshinone (CTS), a natural constituent extracted from the
Salvia miltiorrhiza Bunge root, has been identified as a powerful anti-
oxidative and anti-inflammatory therapeutic agent.°® CTS sup-
pressed p300-mediated STAT3 acetylation in rheumatoid arthritis
(RA).” In addition, CTS abolished lipopolysaccharide (LPS)-triggered
nuclear factor-kB (NF-kB) activation in macrophages.10 Recently, it
was revealed that CTS could protect against IL-1B-induced inflamma-
tion and ameliorate OA progression.'' However, the exact mecha-
nisms involved in the CTS-mediated cartilage degeneration remain
largely unelucidated.

MicroRNAs (miRNAs), a family of endogenous small noncoding
RNAs, play an important role in regulating biogenesis, genomic orga-
nization, and other key cellular processes through preferential bind-
ing to the 3 untranslated regions (3'-UTRs) of specific mRNA targets
as posttranscriptional modulators.">”'”> Currently, accumulating
studies have profiled miRNAs that act as regulators in the pathogen-
esis of OA,'®" thus indicating that miRNAs might contribute to the
renewed understanding of therapeutic targets and might be utilized
as crucial diagnostic biomarkers for OA. Abnormal expression of
miRNAs may lead to impairment of normal function. Recently,
several miRNAs, such as miR-29, miR-30a, miR-105, miR-221-3p,
miR-145 and miR-146a, have been demonstrated to be involved in
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Figure 1. Cryptotanshinone Regulates the Expression of miRNAs in Chondrocytes

(A) Venn diagram of microarray analysis comparison between control (yellow) and CTS (purple) group indicated that a total of 1,006 miRNAs were differentially expressed
(brown). Ctrl, Control; CTS, Cryptotanshinone. (B) A volcano plot indicating differentially regulated miRNA expression. miRNAs upregulated and downregulated are shown in
red and green, respectively. Values are presented as the log2 of tag counts. (C) Hierarchical clustering analysis of miRNAs in chondrocytes stimulated with CTS (10 uM). The
level of MIRNA expression is color coded: red, upregulation; blue, downregulation; white, no change. (D) gRT-PCR measurement of miRNAs upregulated in the microarray
assays. (E) Cultured human chondrocytes stimulated with CTS at different times were analyzed for miR-106a-5p expression. Each bar represents the mean + SD of at least

three independent experiments performed in triplicate. *p < 0.05, **p < 0.01.

OA-like pathology and inflammation.'”>* However, whether CTS
protects cartilage against OA could be regulated through miRNAs
and whether the miRNAs regulated through CTS participate in the
OA pathogenesis remains obscure.

In the current study, we screened potential miRNAs using microarray
analysis and found that CTS significantly upregulated miR-106a-5p
expression. In addition, miR-106a-5p ameliorated OA histological
signs in an OA model created by an anterior cruciate ligament tran-
section (ACLT). We next demonstrated that GLI-similar 3 (GLIS3)
was identified as a functional modulator of a novel direct target of
miR-106a-5p in OA, and that CTS promoted miR-106a-5p expres-
sion though the recruitment of a member of the paired box (PAX)
family of transcription factors, PAX5, to the miR-106a-5p promoter.
Moreover, miR-106a-5p expression was found to be decreased in OA
patients, and was positively correlated with the expression of PAX5
and negatively associated with the expression of GLIS3, which might
provide insight into the mechanisms underlying CTS-modulated OA.

RESULTS

Identification of miR-106a-5p as an Important CTS-Regulated
miRNA

As CTS could protect against developing OA changes and amelio-
rate cartilage degradation, we investigated the CTS-mediated
miRNA targets during the pathogenesis of OA. Microarray analysis
was performed to identify the miRNA expression profiles in chon-
drocytes stimulated with CTS (10 uM). A total of 1,006 signifi-
cantly differentially expressed miRNAs were identified in CTS-
stimulated chondrocytes compared with controls (Figures 1A and
1B). The top 36 miRNAs with altered expression are shown (Fig-
ure 1C). These differentially expressed miRNAs in CTS treated
cells were selected for the following criteria: |log2(foldchange)|
> 1 and p < 0.05. Compared with the control, 13 miRNAs were
upregulated and 23 miRNAs were downregulated (p < 0.05). To
further validate the miRNA results from microarray analysis,
we performed qRT-PCR. A total of 10 upregulated miRNAs
(miR-23b-5p, miR-101-3p, miR-106a-5p, miR-378d, miR-484,
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Figure 2. miR-106a-5p Protects Mice from Developing OA

(A) Representative nCT images of coronal and sagittal views of the knee joints. Scale bar, 1 pm. (B) Quantitative analysis of surface covered area and cartilage volume in mice
(n =6). (C) H&E, Safranin O/fast green staining (S/F), and Masson trichrome staining were performed to examine the proteoglycan content in the cartilage. Scale bar, 200 um.
(D) OARSI grades of the mice are shown (n = 6); yellow, sham; red, control; yellow, miR-106a-5p. (E) Time of mice on rotarod 8 weeks after an anterior cruciate ligament
transection (ACLT) (n = 6); yellow, sham; red, control; yellow, miR-106a-5p. Each bar represents the mean + SD. *p < 0.05, *p < 0.01.

miR-592, miR-874-3p, miR-1197, miR-1262 and miR-3909) were
confirmed. We selected miR-106a-5p for further study, as this
molecule was the most vigorously upregulated miRNA (Figure 1D).
We next detected miR-106a-5p expression at different times in
chondrocytes treated with CTS. The results revealed that CTS-
mediated miR-106a-5p expression was significantly promoted after
stimulation for 12 hr (Figure 1E), suggesting that CTS promoted
the expression of miR-106a-5p in a time-dependent manner in hu-
man chondrocytes.

Injection of miR-106a-5p Agomir Attenuates OA

We then investigated the role of miR-106a-5p in OA treatment;
8-week-old male C57BL/6] (wild-type [WT]) mice were operated
on for ACLT surgery. After 2 weeks, an intra-articular injection
of miR-106a-5p agomir was performed. Cartilage volume and
bone area covered by cartilage in the mice ACLT were quantified
by microcomputed tomography (LCT) (Figure 2A). The mice that
did not receive the injection of miR-106a-5p revealed less covered
cartilage area and cartilage volume compared with the mice that
received the injection (Figure 2B). Additionally, histopathologic
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analysis showed that the mice that received the injection of miR-
106a-5p displayed less severe OA cartilage degradation (Figure 2C).
Articular cartilage degeneration was graded using the Osteoar-
thritis Research Society International (OARSI)-modified Mankin
criteria. The OARSI histologic grading scale of articular cartilage
indicated that the mice that received the miR-106a-5p injection
scored a lower grade on the OARSI scale than the control group
(Figure 2D). Moreover, the rotarod analysis showed that the
mice that did not receive the miR-106a-5p injection achieved a
decreased rotarod time, while the mice that received the miR-
106a-5p injection and without transection revealed no significant
differences in rotarod time (Figure 2E). Taken together, these
data demonstrated that miR-106a-5p protects the articular carti-
lage from developing OA.

miR-106a-5p Inhibits GLIS3 Expression by Directly Targeting the
3'-UTR of GLIS3

To determine the potential candidate targets of miR-106a-5p, we pre-
dicted the probability of a functional binding site of miR-106a-5p us-
ing two target prediction programs, TargetScan and miRanda. The
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A B Figure 3. miR-106a-5p Inhibits GLIS3 Expression by
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results indicated that there were several potential miR-106a-5p-tar-
geting genes involved in OA, including GLIS3, HMGA2, SMAD?7,
CCND1, and CDKB6. As expected, miR-106a-5p inhibited the expres-
sion of HMGA2, as previously reported.”” Based on western blot anal-
ysis, the results revealed that GLIS3 was significantly downregulated
through miR-106a-5p overexpression in human chondrocytes (Fig-
ure 3A; Figure S1). In contrast, inhibition of miR-106a-5p promoted
GLIS3 expression in human chondrocytes (Figure 3B). Notably, miR-
216a did not regulate the GLIS3 mRNA level, indicating that this
modulation is posttranscriptional (Figure S2).

Next, we examined whether GLIS3 is a direct and specific target of
miR-106a-5p. Human chondrocytes were transiently co-transfected
with a GLIS3 3’-UTR wild-type reporter construct or the mutated
luciferase reporter and the miR-106a-5p mimics. The results showed
that miR-106a-5p inhibited the 3’-UTR reporter activity of GLIS3 in
chondrocytes but did not have an effect on the activity of the reporter

pairs (bp) contained a CTS-induced element

(Figure 4A), where three putative transcriptional
factors (IRF2, PAX5, and STAT4) were predicted to be capable of
binding.

We next evaluated the crucial transcriptional factors involved in the
modulation of miR-106a-5p transcription. Using the reporter assay,
we demonstrated that PAX5, but not IRF2 or STAT4, promoted the
miR-106a-5p promoter activity described above, thus suggesting
that PAX5 might be the transcriptional factor participating in the
regulation of miR-106a-5p promoter reporter activity through CTS
(Figure 4B). In addition, the putative PAX5-binding site mutation
in this region resulted in the loss of the promotive effect of CTS on
miR-106a-5p transcription (Figure 4A).

PAX5 Is Required for the CTS-Mediated Expression of miR-
106a-5p

We further examined the effects of PAX5 on the expression of miR-
106a-5p. PAX5 overexpression promoted miR-106a-5p production in
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Figure 4. CTS Promotes the Expression of miR-106a-5p through the Recruitment of PAX5 to the Promoter of miR-106a-5p

(A) Luciferase activity of different miR-106a-5p promoter constructs in cultured human chondrocytes with or without CTS stimulation. P1, promoter (—186 bp); P2, promoter
(=439 bp); P3, promoter (—761 bp); P4, promoter (—1,000 bp); P5, mutated promoter (—761 bp). (B) Luciferase assay in cultured human chondrocytes infected with FLAG-
tagged IRF2 or PAX5 or STAT4 and P5. Immunoblot shows the expression of IRF2, PAX5, and STAT4 with anti-FLAG. (C and D) Cultured human chondrocytes were infected
with the PAX5 plasmid (C) and the vector control or shRNA for PAX5 (D), followed by stimulation with CTS as described in the Methods section. Immunoblot indicates the
expression of PAX5. (E) Chromatin immunoprecipitation (ChlP) assay for PAX5 occupancy on the miR-106a-5p promoter or upstream of the promoter in cultured human
chondrocytes. Each bar represents the mean + SD of at least three independent experiments performed in triplicate. *p < 0.05, **p < 0.01.

human chondrocytes (Figure 4C). CTS stimulation increased the
expression of miR-106a-5p and PAX5. Additionally, CTS cooperated
with PAX5 to upregulate miR-106a-5p expression (Figure 4C). More-
over, the knockdown of endogenous PAX5 inhibited miR-106a-5p
expression and abolished the ability of CTS to modulate miR-106a-
5p production (Figure 4D), indicating that PAX5 is important for
CTS-mediated miR-106a-5p expression.

In addition, the chromatin immunoprecipitation (ChIP) assay re-
vealed that PAX5 was recruited to the promoter of miR-106a-5p
but not to the region approximately 1.0-kb upstream of the miR-
106a-5p promoter (Figure 4E), and this recruitment was enhanced af-
ter treatment with CTS. Taken together, these findings reveal that
CTS promotes miR-106a-5p transcription through the enhanced
recruitment of PAX5 to the promoter of miR-106a-5p.

miR-106a-5p Is Downregulated in OA Patients and Is Positively
Correlated with PAX5 Expression and Negatively Correlated

with GLIS3 Expression

To investigate the potential role of GLIS3, PAX5, and miR-106a-5p in
the pathogenesis of OA, we detected the expression of GLIS3 and

174 Molecular Therapy: Nucleic Acids Vol. 11 June 2018

PAX5 using immunohistochemistry, and assessed the levels of
miR-106a-5p using qRT-PCR in 40 pairs of OA cartilage tissues and
corresponding normal cartilage samples (Figures 5A-5C). In OA pa-
tients, miR-106-5p is downregulated which is accompanied by down-
regulation of PAX5 and upregulation of GLIS3 (Figures 5A-5C).

We next performed correlation analysis. The results demonstrated a
significant negative relationship between miR-106a-5p and GLIS3
in OA cartilage tissues, which was consistent with the miR-106a-
5p-mediated inhibition of GLIS3 expression in human chondrocytes
(Figure 5D). Moreover, the expression of miR-106a-5p was positively
correlated with that of PAX5 in OA cartilage tissues (Figure 5E).
Taken together, these data suggest crucial pathological roles for
miR-106a-5p, PAX5, and GLIS3 in OA.

DISCUSSION

Currently, accumulating studies have indicated miRNAs as crucial
modulators in regulating various biological processes and cellular
functions.”* >’ Aberrant miRNA expression is closely associated
with cartilage degeneration, degradation, and regeneration in the
pathogenesis of OA.”**" Hence, a better understanding of the
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Figure 5. Expression of GLIS3, PAX5, and miR-106a-5p in OA Patients

(A) Representative immunohistochemistry assay of GLIS3 in normal and OA cartilage tissues. Scale bar, left, 500 pm; right, 50 um. The scores of GLIS3 in normal and OA
cartilage tissues based on the immunohistochemistry assay are shown. (B) Representative immunohistochemistry assay of PAX5 in normal and OA cartilage tissues. Scale
bar, left, 500 um; right, 50 um. The scores of PAX5 in normal and OA cartilage tissues based on the immunohistochemistry assay. (C) gRT-PCR measurement of miR-106a-
5p in normal and OA cartilage tissues. Data are expressed as the mean + SD. (D and E) The relationship among GLIS3 (D), PAX5 (E), and miR-106a-5p expression was

determined through Pearson’s 2 analysis.

miRNA-mediated networks might open novel gates for the mecha-
nism of cartilage degradation and facilitate therapeutic treatment
for patients with OA. Studies have implicated that miR-106a-5p
participated in the proliferation, invasion, metastasis, and progression
of various types of cancers, including osteosarcoma,” renal cell
carcinoma,”’ hepatocellular carcinoma,”>** and colon cancer.”
However, the exact role and function of miR-106a-5p in OA is still
unknown. In the present study, we found that miR-106a-5p protected
against developing OA cartilage degradation and ameliorated carti-
lage damage by directly targeting GLIS3. Moreover, miR-106a-5p
expression was significantly decreased in patients with OA, suggest-
ing that miR-106a-5p exerts a protective role in OA.

CTS is an active compound extracted from the root of Salvia miltior-
rhiza Bunge. Studies have demonstrated that CTS exerts its therapeu-
tic potential roles on diverse diseases, such as malignant glioma,
prostate cancer, theumatoid arthritis, and cardiac fibrosis, among
others.””*>*? A recent report revealed that CTS could exert effects
as an anti-inflammatory agent in OA."" However, the mechanism
of CTS-mediated OA therapy has not been fully elucidated. In addi-
tion, whether CTS could protect cartilage against developing OA
perhaps regulated through miRNAs and whether the miRNAs regu-
lated through CTS participate in the OA pathogenesis remain
obscure. In this study, we found that CTS promoted the expression
of miR-106a-5p through the recruitment of the transcription factor
PAX5 to the promoter of miR-106a-5p in human chondrocytes,

providing a novel mechanism for CTS-mediated OA cartilage amelio-
ration in human OA.

GLIS3, a member of the Glis subfamily of Kriippel-like zinc-finger
transcription factors, was characterized as modulating a set of essen-
tial cellular functions, such as insulin production, B-cell maintenance
and maturation, stem and progenitor cell differentiation, and devel-
opment.’”*! Although studies converge on GLIS3 functioning in can-
cer, diabetes, hypothyroidism, and polycystic kidney disease,”>**~**
the exact role of GLIS3 in human OA is unknown, and the miRNA
regulating the expression of GLIS3 remains unclear. In this study,
we demonstrated that GLIS3 was a direct target of miR-106a-5p.
We also identified that the high expression levels of GLIS3 were
more frequent in OA cartilage tissues than the normal tissues.
Conceivably, GLIS3 downregulation could be a promising molecular
strategy for OA therapy. Additionally, GLIS3 was negatively corre-
lated with miR-106a-5p expression, revealing that the miR-106a-
5p/GLIS3 axis might be a novel target for the prevention of OA.

PAXS5 acts as a potent transcription factor that plays an important
role in cancerous processes and development.*> Emerging informa-
tion on PAX5 indicates that abnormal functions of PAX5 protein
contribute to breast cancer, bladder cancer, and HIV.***® GWAS
studies have revealed that in B-cell precursor acute lymphoblastic leu-
kemia (B-ALL), leukemic cells from all affected individuals in both
families exhibited 9p deletion, with loss of heterozygosity and
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retention of the mutant PAXS5 allele at 9p13, leading to the reduced
function of transcriptional activity.””>" However, the exact role of
PAX5 in human OA remains unelucidated, and the relationship be-
tween PAXS5, CTS, and miRNAs is unclear. In this study, we demon-
strated that CTS promoted the expression of miR-106a-5p through
the recruitment of PAX5 to the promoter of miR-106a-5p. Further-
more, introduction of PAX5 in CTS-stimulated chondrocytes
promoted the protective ability of CTS in the pathogenesis of OA.
Moreover, we found decreased expression levels of PAX5 in OA carti-
lage tissues, and PAX5 was positively correlated with miR-106a-5p
expression, suggesting that PAX5 and miR-106a-5p act in the same
pathway. Downregulation of miR-106a-5p in OA patients is also
associated with downregulation of PAX5, since PAX5 regulates
miR-106a-5p, the effect of miR-106a-5p might be a consequence of
the reduction in PAX5 expression. Thus, PAX5 might be the primary
effect in these patients, and that the CTS/PAX5/miR-106a-5p axis
might be a promising therapeutic intervention for OA.

Collectively, our findings demonstrated that CTS protected cartilage
against developing OA through the PAX5/miR-106a-5p/GLIS3 axis.
miR-106a-5p can suppress articular cartilage degradation by targeting
GLIS3 expression. miR-106a-5p was downregulated in OA patients
and was positively correlated with the expression of PAX5 and nega-
tively associated with the expression of GLIS3, thus suggesting that
the CTS/PAX5/miR-106a-5p/GLIS3 axis may be an attractive thera-
peutic strategy for treating OA patients. Furthermore, GWAS studies
of single nucleotide polymorphisms in PAX5 or miR-106a-5p associ-
ated with risk of OA need to be investigated in the following future
study, contributing to provide with new promising options for the
treatment of OA.

MATERIALS AND METHODS

Patients and Specimens

Articular cartilage samples were collected from 40 patients with knee
OA undergoing knee arthroplasty surgery. OA was macroscopically
diagnosed according to the Modified Outerbridge Classification.
Specimens that included all cartilage layers and subchondral bone
were separately harvested from sites of the tibial plateau. Clinical in-
formation was collected from patient records. All human studies were
conducted with informed consent of the patients and were approved
through the institutional ethics review board (No. 20090611-3) of the
General Hospital of the People’s Liberation Army (Beijing, China).
linical and demographic characteristics of the study population are
shown in Table S1.

Cell Isolation and Culture

Chondrocytes were isolated as described previously.'” Briefly, normal
chondrocytes were obtained from the knees of patients who had died
of diseases unrelated to arthritis. Arthritic chondrocytes were ob-
tained from patients undergoing elective total knee arthroplasty for
end-stage OA according to a modified Outerbridge scale (Grade III:
maximal fibrillation). The chondrocytes were incubated in high
glucose DMEM with 10% fetal calf serum (FCS), 100 IU/mL penicillin
and 100 pg/mL streptomycin at 37°C in an atmosphere of 5% CO,.

176 Molecular Therapy: Nucleic Acids Vol. 11 June 2018

Molecular Therapy: Nucleic Acids

The characterization of the chondrocyte phenotype was established
through the analysis of COL2/COLI gene expression. First-passage
chondrocytes at 85% confluence were used for all experiments.

Treatment with CTS

The chondrocytes (serum-starved overnight) were maintained at
2.1 x 10° cells per well in 250 L of medium in 12-well plates, stim-
ulated with CTS (10 uM) for the indicated time, and were subse-
quently used for further analysis.

RNA Extraction and qRT-PCR

Total RNA from tissues or cultured chondrocyte samples containing
miRNA was extracted and reverse-transcribed into cDNA using a
RNeasy Mini kit (QIAGEN, Valencia, CA, USA), according to the
manufacturer’s instructions. The expression of mRNAs and mature
miRNAs was determined using SYBR Premix Ex Taq Master Mix
(2x) (Takara, Mountain View, CA, USA), as previously described.”
The relative expression level of the target was calculated using the
comparative cycle threshold (Ct) method. RNU6B or B-actin was
used as an internal control to normalize sample differences. The se-
quences of the primers used for QRT-PCR analysis are presented in
Table S2.

Microarray Analysis

For miRNA expression analysis, total RNA, including miRNA, was iso-
lated from chondrocytes stimulated with CTS (10 pM) according to the
manufacturer’s instructions and analyzed using Affymetrix GeneChip
miRNA 2.0 arrays (Affymetrix, Santa Clara, CA, USA) containing
4,560 probe sets for human small RNAs. All of the steps of the proced-
ure were performed according to the standardized protocol for Affy-
metrix miRNA 2.0 arrays. Briefly, 1 pg of total RNA of each sample
was subjected to a tailing reaction labeled with the Flashtag RNA label-
ing kit (Genisphere, Hatfield, PA) followed by ligation of the bio-
tinylated signal molecule to the RN A sample according to the manufac-
turer’s instructions. Each sample was then hybridized to a GeneChip
2.0 miRNA Array at 48°C for 16 hr and then washed and stained on
a Fluidics Station 450. After staining, the arrays were scanned on an Af-
fymetrix 3000 GeneScanner. The intensity values for miRNA tran-
scripts were calculated using Affymetrix GeneChip Command Console
3.2. The quality control for the microarray was performed with the Af-
fymetrix miRNA QC Tool. The miRNA expression microarray data
were deposited according to minimum information about a microarray
experiment (MIAME) guidelines to the Gene Expression Omnibus
database. Statistical comparisons were performed using ANOVA.

ACLT Surgery

Eight-week-old male mice underwent ACL surgical transection of the
right knee to induce mechanical instability and create an experi-
mental OA model. Sham operations were performed on independent
mice. For the mice, we analyzed them 8 weeks after surgery. Investi-
gators were blinded to the genotype of the mice when the surgical
transection was performed. The OARSI system (grades 0-6) was
used to quantify OA severity, which was also evaluated by observers
who were blinded to the experimental group.
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Intra-articular Administration

Mice were anesthetized with 3% isoflurane, and then the articular
joint was shaved. Mice were treated with miRNA control (5 nmol)
and miRNA-106a-5p agomir (5 nmol) via injection with 33-gauge
needles (Hamilton Company) and 25 pL. CASTIGHT syringes (Ham-
ilton Company).

nCT Analysis

Mouse knee joints were harvested, and soft tissues were dissected. The
remaining tissues were stored in 70% ethanol. CT scanning was per-
formed using high-resolution pCT (Skyscan 1172). Images were
analyzed and reconstructed with CTAn v1.9 and Nrecon vl1.6.
Three-dimensional model visualization software (CTVol v2.0) was
also used. A voltage of 50 kVp, a resolution of 5.7 pm per pixel,
and a current of 200 pA were set for the scanner. The transverse, cor-
onal and sagittal images of the knee joints were used for analyses. The
region of interest covering the surface area of the tibia and cartilage
volume was collected. After scanning, each sample was assigned a
random number for ensuring blinded assessment and then was pro-
cessed for image analysis.

Rotarod Analysis

Mice were put onto an accelerating rotarod (Ugo Basile). Briefly, the
first round time was recognized as the duration of staying atop the rod
until the first failure. Mice at different time points after surgery were
randomly assigned to different groups. Each trial had a maximum
time of 5 min. Mice were given an inter-trial rest interval of 30 min.

Plasmids, Lentiviruses, and Reagents

Wild-type or mutant promoter luciferase reporters were generated
through the insertion of PCR-amplified promoter fragments from
genomic DNA into the pGL4-Basic vector (Promega, Madison, WI,
USA). Lentiviral vectors overexpressing PAX5 tagged with FLAG
were obtained through lentiviral transduction using the pCDH
plasmid (System Biosciences). Lentiviral sShRNA vectors were gener-
ated after cloning short hairpin RNA (shRNA) fragments into the len-
tiviral vector pSIH-H1-Puro (System Biosciences, Mountain View,
CA, USA). The lentiviruses were produced through the co-transfec-
tion of HEK293T cells with recombinant lentivirus vectors and
pPACK Packaging Plasmid Mix (System Biosciences, Mountain
View, CA, USA) using Megatran reagent (Origene, Rockville, MD,
USA). Lentiviruses were collected at 48 hr after transfection and
added to the medium of target cells with 8 pg/mL Polybrene
(Sigma-Aldrich, St. Louis, MO, USA).

Cryptotanshinone (CTS) (C5624) and antibodies to Flag (A8592)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-
bodies to SMAD7 (42-0400), GLIS3 (PA5-41677), CCNDI1
(AHF0082), IRF2 (700226), and PAX5 (PA1-109) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Antibodies to
HMGA?2 (ab97276), CDK6 (ab124821), STAT4 (ab215428) and
B-actin (ab8226) were purchased from Abcam (Cambridge, MA,
USA). Chromatin immunoprecipitation kits were purchased from
Merck Millipore (Billerica, MA, USA).

Transfection

miRNA mimics were transfected into human normal and OA chon-
drocytes (passage 1) using FUGENE HD (Promega, Madison, WI,
USA), according to the manufacturer’s instructions. miRNA inhibi-
tors (Ambion, Grand Island, NY, USA) were transfected at a concen-
tration of 50 nM.

Luciferase Assay

The chondrocytes were harvested and examined for B-galactosidase
and luciferase activities as previously described.” Cells seeded into
24-well plates were cotransfected with miR-106a-5p and luciferase re-
porter constructs containing wild-type or mutated GLIS3 3'UTR. The
chondrocytes were harvested 48h after transfection and washed with
PBS. The cell extracts were assayed for luciferase activity using the
luciferase assay system (Promega) and B-galactosidase activity was
used as an internal control for transfection efficiency. At least three
independent experiments were performed with triplicate results.

Western Blotting

Total protein extracts from tissues or cultured chondrocytes were pre-
pared for western blot analysis as previously described.”” The mem-
branes were incubated with antibodies to GLIS3 (1:500 dilution),
PAXS5 (1:500 dilution), IRF2 (1:100 dilution), STAT4 (1:1,000 dilu-
tion), HMGA2 (1:500 dilution), SMAD7 (1:100 dilution), CCND1
(1:1,000 dilution) and CDKé6 (1:5,000 dilution), FLAG-HRP
(1:3,000 dilution), and B-actin (1:500 dilution). The immunocom-
plexes were visualized through chemiluminescence using an ECL
kit (Amersham Biosciences, Piscataway, NJ, USA).

ChiP

A ChIP assay was performed according to the manufacturer’s instruc-
tions. Briefly, chondrocytes were fixed in 37% formaldehyde, pelleted,
and resuspended in lysis buffer. The cells were sonicated and centri-
fuged to remove insoluble material. The supernatants were collected,
and Pellet Protein G magnetic beads were added and incubated for
1 hr at 4°C with antibodies against PAX5 (1:50 dilution). The chro-
matin was collected, purified, and de-crosslinked at 62°C for 2 hr, fol-
lowed by incubation at 95°C for 10 min. The precipitated DNA frag-
ments were quantified through RT-PCR analysis.

Histology and Immunohistochemistry

Human cartilage tissues were fixed in 4% buffered paraformaldehyde
for 48 hr and subsequently decalcified with buffered EDTA (20%
EDTA, pH 7.4). The tissues were embedded in paraffin, sectioned
and stained with hematoxylin-eosin (HE), Safranin O/Fast Green
and Masson’s trichrome. The histopathological changes were blindly
scored using the modified Mankin grading system.

For the IHC assay, briefly, the articular cartilage sections were pre-
treated for 10 min with trypsin (0.05%) prior to treatment with 3%
(vol/vol) H,O, for 15 min. Subsequently, the sections were blocked
with 10% goat serum for 1 hr at room temperature. After washing
with PBS, antibodies to GLIS3 (1:10 dilution) and PAX5 (1:50 dilu-
tion) were applied to the sections and incubated overnight at 4°C.
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The sections were subsequently washed with PBS and incubated for
15 min with biotinylated secondary antibodies, followed by incuba-
tion for 30 min using the Histostain Plus kit (Invitrogen, Carlsbad,
CA, USA). Lastly, the sections were washed and incubated for
2 min with 3,3'-diaminobenzidine (DAB) substrate. Using light mi-
croscopy, IHC staining was detected by two experienced pathologists
blindly reviewing the stained tissue sections. The widely accepted
German semiquantitative scoring system, considering the staining
intensity and area extent, was used: 0, no staining; 1, weak staining;
2, moderate staining; and 3, strong staining. In addition, the percent-
age of staining was given a score of 0 (< 5%), 1 (5%-25%), 2 (25%—
50%), 3 (51%-75%), or 4 (>75%). These two scores were multiplied
as the final score. For IHC staining of GLIS3 or PAX5, we defined
a 0 score as negative and scores of 1-12 as positive.

Statistical Analysis

The miRNA statistical analysis was examined using the GeneSifter v.
4.0 (VizX Labs, Seattle, WA). A two-tail t test with Benjamini and
Hochberg correction was used. All data were log transformed.
miRNA clusters were identified by web-based programs MirClust
(http://fgfr.ibms.sinica.edu.tw/MetaMirClust/MetaMirClustSearch.
php) and miRGen Cluster (http://carolina.imis.athena-innovation.gr/
diana_tools/web/index.php?r=mirgenv3%2Findex). The evaluation
of qRT-PCR data was performed using one-way ANOVA with
Tukey’s post hoc test. The correlation of the expression of miR-
106a-5p, GLIS3 and PAX5 was examined through Pearson’s 2 anal-
ysis using GraphPad PRISM 6 (GraphPad, San Diego, CA, USA). All
statistical tests were two-sided. Statistical calculations were performed
using SPSS 17.0. The data are presented as mean + SD. P < 0.05 was
considered statistically significant.
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