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MicroRNA-1 promotes cartilage matrix synthesis and
regulates chondrocyte differentiation via post-transcriptional
suppression of IThh expression
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Abstract. Indian hedgehog signaling molecule (Ihh) is
known to play critical roles in chondrogenesis and cartilage
development. However, it remains largely unknown how Ihh
is regulated during the process. Previous studies suggest that
Ihh plays an important regulatory role in the growth and
development of articular cartilage, but whether it is regulated
by miRNAs is unclear. The present study aimed to investigate
the effects of miR-1 on chondrocyte differentiation and matrix
synthesis, and to determine whether miR-1 can regulate the
Ihh signaling pathway. In the present study, the expression
level of miR-1 was altered via transfection of the miR-1 mimic
or inhibitor in mouse thorax chondrocytes, and the impact on
chondrocyte phenotypes and Ihh expression was examined.
Overexpression of miR-1 promoted the expression of the
matrix synthesis-associated molecules collagen (Col)-II and
aggrecan, two key components in cartilage matrix. Conversely,
overexpression of miR-1 significantly downregulated the
expression of chondrocyte differentiation markers Col-X and
matrix metallopeptidase 13. Moreover, overexpression of
miR-1 dose-dependently inhibited endogenous Thh expres-
sion, and an association was observed between miR-1 and
Ihh expression. The 3' untranslated region (UTR) of Ihh from
various species contains two miR-1 binding sites. Luciferase
reporter assays indicated that miR-1 post-transcriptionally
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suppressed Thh expression, which was dependent on the
binding of miR-1 to one of the two putative binding sites of
the Thh 3'UTR. Furthermore, via inhibition of Thh expression,
miR-1 decreased the expression of molecules downstream of
Ihh in the Hedgehog signaling pathway in mouse thorax chon-
drocytes. This study provided new insight into the molecular
mechanisms of miR-1 in regulating chondrocyte phenotypes
via targeting the Ihh pathway.

Introduction

MicroRNAs (miRNAs/miRs) are a class of endogenous small
single-stranded non-coding RNAs that have post-transcription
regulatory functions in eukaryotes (1). Ranging from 20 to 25
nucleotides in size, miRNAs recognize the 3' untranslational
region (3'UTR) of their target mRNAs through base pairing,
and suppress the translation or promote the degradation of
target mRNAs via the formation of RNA-induced silencing
complexes (2-4). miRNAs are involved in a variety of physi-
ological processes including cell proliferation, differentiation,
apoptosis, energy metabolism, and various pathological condi-
tions such as cardiac remodeling, B cell development, diabetes
and allergic inflammation (5-10).

Accumulating studies have demonstrated that miRNAs
are also actively involved in regulating chondrogenesis
and cartilage development (11). For example, miR-410 (12),
miR-29b (13) and miR-218 (14) have been identified to regulate
chondrogenic differentiation of bone marrow mesenchymal
stem cells. miR-1 is expressed in muscle tissues and is involved
in the regulation of proliferation and differentiation of muscle
tissues through targeting histone deacetylase 4, as well as the
activation of oxidative metabolism during muscle cell differ-
entiation through the miR-1/133a-myocyte-specific enhancer
factor 2A-A like non-canonical notch ligand 1-iodothyronine
deiodinase 3 axis (15,16). Knockout of skeletal muscle-specific
miRNAs-1-2 in vivo resulted in the death of 50% of mice due
to cardiac morphological abnormalities, electrical conduction
and cell cycle disorders (17). Our previous study demonstrated
that miR-1 is highly expressed in the hypertrophic zone of
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growth plate cartilage, and regulates chondrocyte phenotypes
during growth plate development (18). However, the roles
of miR-1 in regulating matrix synthesis and chondrocyte
proliferation and differentiation have not been extensively
investigated.

The Hedgehog genes were originally identified during the
study of the gene mutations in Drosophila melanogaster (19).
One subtype of secretory Hedgehog proteins, Indian
hedgehog (Ihh), is expressed predominantly in mammalian
prehypertrophic chondrocytes (20,21). Ihh plays an important
role in bone development and maintains bone balance before
and after birth. Activation of Ihh has been reported to promote
chondrocyte hypertrophy in human osteoarthritic carti-
lage (22) and cultured chicken chondrocytes (23). Previous
studies suggest that Thh plays an important regulatory role in
the growth and development of articular cartilage (24-26), but
whether it is regulated by miRNAs is unclear.

In the present study, mouse primary chondrocytes were
isolated and miR-1 levels were altered via the transfec-
tion of a miR-1-specific miRNA mimic and inhibitor in
chondrocytes. The expression of matrix synthesis associ-
ated molecules collagen (Col)-II and aggrecan (AGG), and
chondrocyte differentiation markers Col-X and matrix
metallopeptidase (MMP)-13 were evaluated upon miR-1
overexpression and inhibition in chondrocytes. Importantly,
this study demonstrated that miR-1 promotes cartilage matrix
synthesis and regulates the chondrocyte differentiation by the
post-transcriptional suppression of the Ihh gene.

Materials and methods

miRNA mimic, inhibitor and small interfering (si)RNA oligo-
nucleotides (oligos). The miR-1 mimic, corresponding negative
control mimic (ConmiR), the miR-1 inhibitor (Anti-miR-1),
control miRNA inhibitor (Control), and the siRNA oligos were
purchased from Shanghai GenePharma Co.,Ltd. The miRNA-1
mimics were double-stranded siRNA oligos. The sense strand of
miRNA-1 mimic (5-UGGAAUGUA AAGAAGUAUGUAU-3')
consisted of 21 bases, and the antisense strand was complemen-
tary to the sense chain. The miR-1 inhibitor consisted of RNA
oligos of 21 bases fully complementary to the target sequences
and modified with 2' oxygen methyl. The siRNA oligo for
knockdown of Ihh (silhh) was designed and synthesized by
Shanghai GenePharma Co., Ltd., and the sequences were as
follows: sense, 5'-CCUUCAGUGAUGUGCUUAUTT-3".

Isolation and culture of primary chondrocytes. CSTBL/6 mice
of specific-pathogen-free-grade (male, 6-8 weeks old) were
purchased and maintained in the Animal Experimental Center
of Shanxi Medical University. A total of 10 mice were main-
tained in a specific pathogen-free (SPF) ‘barrier’ facility and
housed under 25°C and humidity and alternating 12-h light
and dark cycles. The mice received SPF mouse food and were
provided with sterile drinking water ad libitum. All experi-
ments involving the use of animals in this study were approved
by the Ethics Committee of Shanxi Medical University. The
isolation and culture of murine primary chondrocytes were
conducted as previously reported (27). Briefly, mouse thoraxes
were isolated and digested in PBS supplemented with 3 mg/ml
collagenase D (Roche Diagnostics GmbH) for 90 min at 37°C

2405

until soft tissues were peeled clean. Then, the tissues were
further digested with fresh digestion medium containing
3 mg/ml collagenase D at 37°C for an additional 4 h with
shaking. Chondrocytes were harvested after centrifugation
of the suspension at 1,000 x g, 4°C for 10 min, and cultured
in Dulbecco's modified Eagle's medium/Nutrient Mixture
F-12 (DMEM/F-12; 1:1 ratio mixture) medium supplemented
with 10%, 100 U/ml of penicillin and 100 pg/ml of strepto-
mycin (all purchased from Gibco; Thermo Fisher Scientific,
Inc.). Chondrocytes were grown in a humidified atmosphere
with 5% CO, at 37°C, and the medium was changed every
other day.

Chondrocyte transfection. Chondrocytes at passages 2-4
were used for transfection of the miR-1 mimic, inhibitor
and siRNA. Transfection experiments were performed with
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) following the manufacturer' s protocols.
Briefly, chondrocytes were seeded at 3x10%/well in 6-well
plates. The miR-1 mimic, and its inhibitor, and siRNA oligos
against Thh (40 pM) were resuspended in GenMutt buffer
(Promega Corp.) and mixed with 10 u1 of Lipofectamine 2000
reagent for transfection of cells in a single well. At 24 or 48 h
after the transfection, the cells were harvested for RNA isola-
tion, western blotting and immunofluorescence.

Cell proliferation assay. Cell proliferation was detected by
5-ethynyl-2'-deoxyuridine (EdU; Cell Light EAU Apollo 567
In Vitro Imaging Kit; RiboBio) labeling of cultured cells
according to a previous study (13). After permeabilization
with 0.5% Triton X-100 in PBS for 10 min and washing with
PBS for 3 times, the cells were subsequently stained with
Apollo and DAPI at room temperature for 1 h. The cells were
observed immediately after staining under a fluorescence
microscope (DM6 B; Leica Microsystems GmbH) under x40
magnification, and the percentages of positively stained cells
(red) were calculated using Image Lab software 5.1 (Bio-Rad
Laboratories, Inc.). A total of ~300 cells in each group were
counted, and three independent experiments were performed.

ELISA. The levels of Thh (cat. no. SED116Mu; Wuhan USCN
Business Co., Ltd.), MMP-13 (cat. no. SEA099Mu; Wuhan
USCN Business Co., Ltd.), tissue inhibitor of metalloprotein-
ases-1 (TIMP-1) (cat. no. SEA552Mu; Wuhan USCN Business
Co., Ltd.), glycosaminoglycan (GAG) (cat. no. EK3456;
Signalway Antibody, Ltd.) and Col-X (cat. no. SEC156Mu;
Wuhan USCN Business Co., Ltd.) in cell culture supernatants
were determined using ELISA. Chondrocytes seeded in
24-well plates at a density of 8,000 cells/well in DMEM/F-12
medium were cultured overnight, and then separately trans-
fected with the miR-1 mimic, the miR-1 mimic control, the
miR-1 inhibitor and the miR-1 inhibitor control. ELISAs were
performed according to the manufacturer' s protocols. All
samples were normalized according to the total protein levels
and run in duplicate, and the average value was calculated.

Reverse transcription-quantitative PCR (RT-qPCR).
RT-qPCR was performed as previously described (18).
Total RNA was isolated from in vitro cultured chondrocytes
using the RNeasy Mini kit (Qiagen GmbH). Total RNA (1 pg)
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was reverse transcribed to complementary DNA (cDNA) using
the iScript™ cDNA Synthesis kit (Bio-Rad Laboratories,
Inc.). The cDNA (40 ng) was used to quantify the expres-
sion of the target genes by RT-qPCR, using the QuantiTect
SYBR®-Green PCR kit (Qiagen GmbH) with the DNA Engine
Opticon® 2 CFD-3220 Continuous Fluorescence Detector
(MJ Research Inc.). The internal controls were 18S and U6
(cat. no. 218300; Qiagen GmbH) for mRNA and miRNA,
respectively (U6 primer sequence not commercially available).
The stem-loop primers for miR-1 were designed and purchased
from Qiagen GmbH. The mRNA expression changes of genes,
including Thh, GLI family zinc finger (Gli)-1, smoothened,
frizzled class receptor (Smo), AGG, Col-1I, Col-X, Sox-9, para-
thyroid hormone-like hormone (PTHrP), Gli-2 and Gli-3, were
quantified as described in our previous publications (22,28).
The thermocycling conditions were as follows: Pre-incubation
of samples at 95°C for 5 min, then 40 cycles of denaturation at
95°C for 10 sec, annealing at 55°C for 30 sec, and extension at
72°C for 30 sec. The sequences of primers used in this study
are listed in Table I. Relative transcript levels were calculated
by the 2244 method (29).

Western blotting. Total proteins were obtained after lysing
in vitro-cultured chondrocytes with RIPA lysis buffer (Beyotime
Institute of Biotechnology). Total protein was quantified using
a bicinchoninic acid assay kit (cat. no. 23225; Pierce; Thermo
Fisher Scientific, Inc.) and 30 ug protein/lane was separated
on a 10% SDS-PAGE gel and then transferred to a PVDF
membrane (Beijing Solarbio Science & Technology Co., Ltd.).
Non-specific binding was blocked with 5% non-fat milk in
Tris-buffered saline plus 0.1% TBST (cat. no. T1081; Beijing
Solarbio Science & Technology Co., Ltd) at 25°C for 2 h, and
then the membranes were incubated with the primary antibodies
(purchased from Abcam) against Ihh (1:1,000; cat. no. ab52919),
Gli-1 (1:50; cat. no. ab49314), Smo (1:100; cat. no. ab236465),
Col-II (1:5,000; cat. no. ab185430), Col-X (1:300; cat. no. ab58632),
and MMP-13 (1:3,000; cat. no. ab39012) overnight at 4°C. 3-actin
(1:1,000; cat. no. ab8227; Abcam) was used as the loading
control. After washing with TBST, the immobilized primary
antibodies were incubated with a horseradish peroxidase-conju-
gated secondary goat anti-rabbit IgG antibody (1:2,000; cat.
no. ab205718; Abcam) for 1 h at 25°C and visualized using the
ECL kit (Thermo Fisher Scientific, Inc.). Finally, the blots were
analyzed quantitatively using Image Lab software (version 5.1;
Bio-Rad Laboratories, Inc.) as previously described (30).

Immunofluorescence assay. Chondrocytes cultured in vitro
were rinsed in PBS three times and fixed with 4% form-
aldehyde in PBS for 15 min at room temperature. After
blocking non-specific binding with 5% normal goat serum
(Sigma-Aldrich; Merck KGaA) at 25°C for 1 h, cells were then
incubated with antibody against Col-I (1:200; cat. no. ab6308;
Abcam), Col-IT (1:200; cat. no. ab34712; Abcam) or Ihh
(1:1,000; cat. no. ab52919; Abcam) in PBS for 8 h at 4°C. After
washing with PBS 3 times at room temperature, the cells were
incubated with FITC-conjugated goat anti-rabbit IgG H&L
antibody (1:1,000; cat. no. ab6717; Abcam) in PBS at 25°C
for 1 h. After another three washes with PBS, the samples
were incubated with 10 pg/ml DAPI (Beyotime Institute of
Biotechnology) for 5 min at room temperature. After the final
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Table I. Sequences of PCR primers used in this study.

Gene Primer sequence (5'-3")
1hh F: CCACTTCCGGGCCACATTTG

R: GGCCACCACATCCTCCACCA
Gli-1 F: GGTCCGGATGCCCACGTGAC

R: TCCCGCTTGGGCTCCACTGT
Gli-2 F: CAT GGT ATC CCT AGC TCCTC

R: GAT GGC ATC AAA GTC AAT CT
Gli-3 F: CAT GAACAG CCCTTTAAGAC

R: TCATAT GTG AGG TAG CAC CA
Smo F: CTCCTACTTCCACCTGCTCAC

R: CAAAACAAATCCCACTCACAGA
PTHrP F: CAACCAGCCCACCAGAGGA

R: GGCGGCTGAGACCCTCCA
Col-X F: GCCAGGAAAGCTGCCCCACG

R: GAGGTCCGGTTGGGCCTGGT
MMP-13 F: GGACCTTCTGGTCTTCTGGC

R: GGATGCTTAGGGTTGGGGTC
Col-I1 F: AAGGGACACCGAGGTTTCACTGG

R: GGGCCTGTTTCTCCTGAGCGT
Aggrecan F: CAGTGGGATGCAGGCTGGCT

R: CCTCCGGCACTCGTTGGCTG
Sox9 F: CGTGGACATCGGTGAACTGA

R: GGTGGCAAGTATTGGTCAAACTC
18s F: CGG CTA CCA CAT CCA AGG AA

R: GCT GGA ATT ACC GAG GCT

Thh, Indian hedgehog signaling molecule; Gli, GLI family zinc
finger; Smo, smoothened, frizzled class receptor; PTHrP, parathyroid
hormone-like hormone; Col, collagen; MMP-13, matrix metallopepti-
dase 13; Sox9, SRY-box transcription factor 9; F, forward; R, reverse.

round of three washes, the samples were mounted on slides and
examined using a confocal microscope (Nikon Eclipse 80i;
Nikon Corporation) under x40 magnification.

Dual-luciferase reporter assay. The online tools including
TargetScan (http://www.targetscan.org) and miRanda
(microrna.org) were utilized to identify target genes for miR-1.
Sequence analysis indicated that miR-1 is conserved across
mammalian species (miRBas accession no. MIMAT0000416;
microrna.sanger.ac.uk/sequences/) and there are two
miR-1 target sites in the 3'UTR of Thh in different species
(CATTCCAT and ATGACCTTCCC).

The dual-luciferase assay was employed to determine the
effect of miR-1 on controlling luciferase expression, which was
linked with and regulated by the 3'UTR of human Ihh gene.
Three luciferase reporter plasmids containing wild-type (WT)
or mutated miR-1 seed sites within the 3'UTR sequence of
human Thh gene were purchased from Sangon Biotech Co.,
Ltd. The 293T cells were co-transfected with a combination
of 200 ng of the wild-type-Ihh-3'UTR-Luc reporter plasmid
(WT 3'UTR of human Ihh gene), or plasmid containing the
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3'UTR of Ihh mutal (miR-1 binding site 1 mutation) or the
3'UTR of Ihh muta2 (miR-1 binding site 2 mutation), or the
3'UTR of Ihh mutal and muta2, with miR-1 mimic or control
miR-NC (20 nM), and a Renilla plasmid (SV40 promoter;
Sangon Biotech Co., Ltd.) using Lipofectamine 2000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc). After transfection
for 48 h, firefly luciferase activity was determined and adjusted
by Renilla luminescence using the assay kit according to the
manufacturer's instructions (Promega Corporation). Each
experiment was repeated four times.

Statistical analysis. All the experiments were repeated at least
three times and the results are expressed as the means + SD.
Statistical analyses were performed using SPSS (version 19.0;
IBM Corp.). Independent sample t-test was used to compare
the data from two different groups. The data from multiple
groups were analyzed by one-way ANOVA followed by the
Turkey-Kramer multiple comparisons tests. Two-way ANOVA
was used to compare the time-dependent changes in GAG.
Statistical significance was set at P<0.05.

Results

miR-1 promotes the proliferation of mouse thorax chondro-
cytes. First, mouse thorax chondrocytes were isolated, and
the expression of matrix components Col-I and Col-II were
measured by immunofluorescence. As shown in Fig. 1A, Col-I
expression was not detected, while Col-II was abundantly
expressed in the chondrocytes (Fig. 2C). To determine the
impact of miR-1 expression on chondrocyte proliferation, the
miR-1 mimic or inhibitor (anti-miR-1) was transfected into
these chondrocytes to alter miR-1 expression. As validated
by RT-qPCR, transfection of the miR-1 mimic significantly
increased miR-1 transcription, while anti-miR-1 significantly
decreased its expression, compared with the corresponding
controls (Fig. 1B). EAU staining at 48 h post-transfection
demonstrated that miR-1 levels were positively associated
with chondrocyte proliferation (Fig. 1C). The miR-1 mimic
almost doubled the percentage of EdU-positive chondrocytes,
whereas the anti-miR-1 reduced the percentage of EdU-stained
chondrocytes by ~50% (Fig. 1D). Moreover, the association
between miR-1 level and cell proliferation in mouse thorax
chondrocytes was further validated using the CCK-8 cell
proliferation assay (Fig. 1E). Furthermore, in chondrocytes at
24 h after transfection of the miR-1 mimic, or inhibitor, or
controls, the mRNA levels of the matrix enzyme Sox-9, which
is also a marker of chondrocyte proliferation, were associated
with miR-1 expression levels (Fig. 1F).

miR-1 increases the expression of matrix synthesis associated
molecules Col-1I and AGG in mouse thorax chondrocytes.
Next, the impact of miR-1 expression on matrix synthesis
was examined by measuring GAG, Col-II and TIMP1 protein
levels in cell culture supernatants using ELISA, and Col-II
protein levels using western blotting. Whereas overexpres-
sion of miR-1 increased GAG levels in supernatant at 24,
36 and 48 h post-transfection, suppression of miR-1 by
anti-miR-1 significantly decreased GAG levels (Fig. 2A).
Immunofluorescence staining and western blotting also indi-
cated an association between miR-1 expression and Col-II
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protein expression (Fig. 2B and C). ELISA results demonstrated
that a miR-1 mimic promoted the secretion of Col-II (Fig. 2D)
and TIMP1 (Fig. 2E) proteins from the chondrocytes at 48 h
after transfection, whereas transfection of anti-miR-1 reduced
expression levels of these proteins in cell culture supernatants.
Moreover, miR-1 promoted transcription of AGG and Col-II,
as the chondrocytes transfected with the miR-1 mimic had
significantly higher mRNA levels of AGG and Col-II, whereas
transfection of anti-miR-1 reduced AGG and Col-II transcript
levels (Fig. 2F and G).

miR-1 downregulates the expression of chondrocyte differ-
entiation associated molecules Col-X and MMP-13 in mouse
thorax chondrocytes. The impact of miR-1 expression on
chondrocyte differentiation was then evaluated by quanti-
fying protein and mRNA levels of chondrocyte differentiation
related molecules, Col-X and MMP-13. Western blotting
and ELISA results indicated that Col-X (Fig. 3A and B)
and MMP-13 (Fig. 3A and D) protein levels decreased at
48 h after transfection of the miR-1 mimic and increased
after transfection of anti-miR-1. In addition, as revealed by
RT-gPCR assays, mRNA levels of Col-X (Fig. 3B) decreased
at 24 h after transfection of the miR-1 mimic but increased
after transfection of anti-miR-1. Therefore, an association
between the expression of miR-1 and hypertrophy-associated
molecules Col-X and MMP-13 was observed in mouse thorax
chondrocytes.

miR-1 suppresses the expression of Ihh in mouse thorax
chondrocytes. To determine the potential interaction between
miR-1 function and Hedgehog signaling pathway in chon-
drocytes, the levels of Ihh protein and mRNA in mouse
chondrocytes was quantified after transfection of the miR-1
mimic and anti-miR-1. At 48 h after transfection, the miR-1
mimic inhibited the expression of Ihh protein in the chon-
drocytes in a dose-dependent manner (Fig. 4A). Consistently,
whereas the miR-1 mimic inhibited the production of Ihh
protein, anti-miR-1 increased Ihh protein expression as
revealed by western blotting (Fig. 4B). Immunofluorescence
staining also demonstrated a role of miR-1 in downregulating
Ihh expression (Fig. 4C). Moreover, the protein levels of Thh
in cell culture supernatant decreased at 48 h after transfection
of the miR-1 mimic (Fig. 4D). Furthermore, similar findings
were observed on Ihh mRNA levels at 24 h after transfection
of the miR-1 mimic and anti-miR-1 in mouse thorax chondro-
cytes (Fig. 4E).

Post-transcriptional regulation of Ihh by miR-1 is dependent
onthe miR-1 binding site in the 3'UTR of Ihh gene. Since miR-1
regulates Thh mRNA levels, the potential post-transcriptional
inactivation of IThh by miR-1 was explored. Sequence analysis
indicated that miR-1 is conserved in different mammalian
species, and there are two putative seed regions of miR-1
in the 3'UTR of the Ihh gene (positions: 5'-271-278-3' and
5'-490-498-3"), and the homologous binding sites in Ihh
gene among human, mouse, chimpanzee and rat were iden-
tified (Fig. 5A). To confirm the contribution of these miR-1
binding sequences in downregulating the Thh mRNA levels,
vectors were constructed that linked the coding sequence of
the luciferase gene and the 3'UTR of human Ihh gene. In these
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Figure 1. miR-1 promotes the proliferation of mouse thorax chondrocytes. (A) Expression of Col-I in mouse thorax chondrocytes was assessed using immu-
nofluorescence staining. Mouse fibroblasts were used as the positive control for Col-I staining; magnification, x40; scale bars, 40 ym. (B) RT-qPCR results
showed that transfection of the miR-1 mimic (40 pM) increased miR-1 levels, whereas transfection of the anti-miR-1 decreased its expression, compared with
the transfection of a negative control mimic (ConmiR) or a control miRNA inhibitor (Control) in the mouse sterna chondrocytes at 24 h post-transfection. n=3
for each group; "P<0.05 vs. ConmiR or Control. (C and D) Cell growth was measured by EdU cell proliferation staining 48 h after mouse sterna chondrocytes
were transfected with the miR-1 mimic (miR-1) or negative control mimic (ConmiR), and miR-1 inhibitor (anti-miR-1) or a control miRNA inhibitor (Control)
at 120 nM, respectively; (C) images show the staining for EQU and DAPI, and (D) bar graph data summarizes the percentage of EdU-proliferating cells in
5 view fields per group; miR-1 stimulates chondrocyte proliferation. Scale bars, 40 pm; "P<0.05 vs. ConmiR; “P<0.05 vs. Control. (E) Transfection of miR-1
enhanced mouse thorax chondrocyte proliferation, while transfection of anti-miR-1 inhibited proliferation, as measured by the CCK-8 cell proliferation assay.
n=5 for each group; "P<0.05 vs. ConmiR or Control. (F) miR-1 increased Sox-9 mRNA levels, a marker for chondrocyte proliferation. Sox-9 mRNA levels
in mouse sterna chondrocytes transfected with the miR-1 mimic (miR-1), or control miRNA mimic (conmiR), and inhibitor (anti-miR-1) or control miRNA
inhibitor (Control) were quantified by RT-qPCR at 24 h post transfection. n=3 for each group; "P<0.05 vs. ConmiR; “P<0.05 vs. Control. Col, collagen;
Sox9, SRY-box transcription factor 9; RT-qPCR, reverse transcription-quantitative PCR; miR/miRNA, microRNA.

vectors, the 3'UTR of human Ihh gene included either two WT  Ihh-3'UTR reporter containing two binding sites, and this
miR-1 seed regions, one mutated miR-1 seed region, or two  suppression was abolished when expressing the Ihh-3'UTR
mutated seed regions. Luciferase reporter assays indicated reporter containing mutations of two putative miR-1 binding
that a miR-1 mimic suppressed luciferase activity of the WT  sites (mutated-1 and 2) or a single mutation of the miR-1



CHEN et al: MicroRNA-1 REGULATES CHONDROCYTE PHENOTYPE THROUGH IThh 2409
A B 5=
GAG =520 .
807 ‘ 3 ConmiR BELS
. e =
= o B miR-1 o= .
E 607 ' *" Col-11 MEG———— - - 1.0
= ¥y # £=05
= -actin W S — e—
S 404 B =
- &0
g 20 &
8 B
- Overlay
0 C
24 h 36h 48 h 72 h
- GAG anti-
60 # GAG # [ | Control 1'|]iIR].|
A #A Wl anti-miR-1
E 401 Lo
&
]
E 20 Control
3
(3
0 40um
—
24 h 36h 48 h 72 h
D miR-1
0 Col-I1 o Col-1I
2 EE ) -
=33 £ ; -
2 = g
K £ P
§ 2 g8, e
g 5 22 []
oo T ~oe T E %0 —— + +
ConmiR miR-1 Control anti-miR-1 F—' anti-miR-1Control miR-1 G
E . .
TIMP-1 TIMP-1 AGG Eol 11
~ 15 =20 * 2.07
E - = * =0 E
@ 20 \%l.s 2 Z1.59
= 1s = 5 o
5 " 210 9;5:1 &
E 1.0 E g UI'U-
= Sos p 2
8 os g - .ﬁz Z0.54
ConmiR miR-1 Control anti-miR-1 0 0.04

ConmiR miR-1 Controlanti-miR-1

ConmiR miR-1 Control anti-miR-1

Figure 2. miR-1 increases the expression of matrix synthesis-associated molecules Col-II and AGG in mouse thorax chondrocytes. (A) Overexpression of
miR-1 by transfection of the miR-1 mimic increased GAG in cell culture supernatant at 24, 36 and 48 h post-transfection in mouse thorax chondrocytes.
“P<0.05 vs. the same group at 24 h; “P<0.05 vs. the same group at 48 h; "P<0.05 vs. the same group at 72 h. (B) Levels of Col-II were analyzed by western
blotting 48 h after miR-1 mimic or anti-miR transfection. The relative protein expression was normalized to f-actin expression. "P<0.05 vs. ConmiR or Control
group. (C) Col-1I expression in the chondrocytes was assessed using immunofluorescence. Magnification, x40; scale bars, 40 ym. ImageJ was used to perform
semi-quantitative analysis of fluorescence intensity. "P<0.05 vs. Control group. “P<0.05 vs. Control group. ELISA results demonstrated secreted (D) Col-II
and (E) TIMP-1 proteins in cell culture supernatants at 48 h after transfection of the miR-1 mimic or inhibitor in the chondrocytes. RT-qPCR results show the
relative mRNA levels of (F) AGG and (G) Col-1I in the mouse chondrocytes with the indicated transfection. n=3 for each group; ‘P<0.05 vs. ConmiR group;
"P<0.05 vs. Control group. miR/miRNA, microRNA; Col, collagen; GAG, glycosaminoglycan; TIMP, tissue inhibitor of metalloproteinases 1; AGG, aggrecan;
RT-qPCR, reverse transcription-quantitative PCR.

putative binding site 2 (mutated-2; Fig. 5C). These results
suggested that the miR-1 binding site 2 contributes to the
suppression of Thh expression by miR-1.

miR-1 decreases the expression of Ihh downstream mole-
cules in the Hedgehog signaling pathway in mouse thorax
chondrocytes. To further validate the post-transcriptional
regulation of miR-1 on the Ihh gene, the impact of altered
miR-1 expression on known genes downstream of Thh in the

Hedgehog signaling pathway was examined in mouse thorax
chondrocytes. Overexpression of miR-1 with the miR-1 mimic
decreased the mRNA levels of Gli-1, Gli-2, Gli-3, Smo and
PTHrP, while knockdown of miR-1 by anti-miR-1 transfection
significantly increased the expression of these Thh downstream
genes, compared with the control miRNAs (Fig. 6A). To
determine whether the regulation of these genes required Ihh,
the mRNA levels of Gli-1, Gli-2, Gli-3, Smo and PTHrP was
quantified in mouse chondrocytes with knockdown of miR-1
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transcription-quantitative PCR.

(anti-miR-1) and knockdown of both miR-1 (anti-miR-1) and
Ihh (silhh; Fig. 6B). Results of RT-qPCR assays demonstrated
that anti-miR-1 significantly increased Gli-1, Gli-2, Gli-3,
Smo and PTHrP mRNAs, and knockdown of Ihh decreased
Smo and Gli-1 expressions (Fig. 6B), but knockdown of Thh
completely abrogated the effects of anti-miR-1 on mRNA
levels of these genes (Fig. 6C). Moreover, western blotting
results showed that the Gli-1 and Smo protein levels were
significantly increased in chondrocytes transfected with
anti-miR-1, and Thh knockdown abolished the effect of
anti-miR-1 (Fig. 6D). Collectively, these data indicated that
miR-1 regulated the expression of downstream genes in the
Hedgehog signaling pathway via the post-transcriptional
inactivation of Ihh.

Discussion

The signaling pathways regulating chondrocyte hypertrophy
are not completely understood. Significant changes in the
extracellular matrix have been observed after hypertrophy,
such as downregulation of Col-II, and upregulation of MMP-13
and Col-X (31). When Ihh expression was suppressed, the

expression of Gli-1, Gli-2, type X collagen and MMP-13 was
decreased and the expression of AGG and type II collagen was
increased (32). However, the mechanism by which miRNAs
are involved in the regulation of extracellular matrix metabo-
lism during chondrocyte hypertrophy is not fully understood.
miR-1 plays an important role in muscle cell proliferation and
differentiation (15,16). The effects of miR-1 on the growth and
development of growth plate have been systematically studied
by our group (18). In the present study it was shown that miR-1
enhanced the expression of the matrix synthesis-associated
molecules Col-1I, GAG, TIMP1 and AGG, and inhibited the
expression of chondrocyte differentiation markers Col-X
and MMP-13 in mouse thorax chondrocytes. Notably, it was
demonstrated that miR-1 post-transcriptionally suppressed
Ihh expression via the targeting of one of the putative binding
sites in the 3'UTR of the Ihh gene, and regulated Hedgehog
signaling downstream genes.

Our previous results showed that miR-1 was expressed in
the articular cartilage and growth plate in addition to muscle
tissues of various species (18). Expression levels of miR-1 in
different regions of chicken tibia growth plates were different
as revealed by various experimental methods. In particular,
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the pre-hypertrophic and hypertrophic zones had higher
miR-1 expression than proliferative zone, which implies a
correlation between miR-1 expression levels and Thh (18,24).
Additionally, miR-1 has been identified as an miRNA involved
in the regulation of chondrocyte phenotypes during the late
stages of differentiation, and its expression was most repressed
upon hypertrophic differentiation (33). Consistent with those
findings, the current study demonstrated that miR-1 promoted
chondrocyte proliferation. Increased EdU-positive cells and
higher OD values in the CCK-8 assay were observed when
miR-1 was overexpressed in chondrocytes by the miR-1
mimic transfection, whereas knockdown of miR-1 by inhibitor
transfection significantly reduced chondrocyte proliferation.
Moreover, overexpression of miR-1 promoted the mRNA
expression of Sox-9, a specific marker of chondrocyte prolif-
eration (34), which further substantiates the proliferative role
of miR-1 in mouse primary chondrocytes. Overexpression of
miR-1 increased GAG levels in the supernatant at 24, 36 and
48 h post-transfection, and the reason for a lack of a significant
change of GAG at 72 h upon miR-1 post-transfection may
be due to the transient transfection and expression of miR-1.
The increased expression of Col-II and AGG in mouse thorax
chondrocytes supported the hypothesis that miR-1 promotes
matrix synthesis metabolism.

Ihh is a secretory protein that belongs to the Hedgehog
signaling family. It is mainly expressed in mammalian

pre-hypertrophy chondrocytes, and regulates the growth and
differentiation of growth plate chondrocytes by regulating their
hypertrophy (20,21,24). Western blotting results demonstrated
that overexpression of miR-1 inhibited Ihh protein expression,
whereas inhibition of miR-1 displayed the opposite effect.
The negative correlation between miR-1 and Thh expression
is consistent with the notion that miRNAs control the trans-
lation and/or mRNA degradation of target genes (9). As the
IHH-PTHTrP axis participates in the maintenance of articular
cartilage and regulates the proliferation and differentiation
of articular chondrocytes (24), the present data suggested
that inhibition of Thh and the Hedgehog signaling pathway
contributed to the role of miR-1 in stimulating chondrocyte
proliferation.

It has been demonstrated that miRNAs act via the 3'UTRs
of targeted transcripts (9). Sequence analysis indicated that
miR-1 is conserved in mammalian species (miRBas accession
no. MIMATO0000416; microrna.sanger.ac.uk/sequences/) and
homologous binding sites in the Ihh gene between multiple
species were identified. Within the Thh 3'UTR two miR-1
binding sites were identified. The present data demonstrated
that the miR-1 mimic inhibited luciferase activity that was
linked with the post-transcriptional suppression of miR-1, when
the luciferase reporter plasmid harboring the two WT binding
sites of Ihh 3'UTR was used. Thus, a decrease of luciferase
activity by miR-1 expression indicated the post-transcriptional
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degradation of Thh mRNA. The mutagenesis study with single
and combined mutations of the miR-1 binding sites further
revealed that the binding region 2 in the 3'UTR of the Thh
mRNA was required for the miR-1 actions.

This report provided evidence that miR-1 is a critical
mediator in regulating chondrocyte proliferation, which is
associated with Ihh suppression via the targeting the 3'UTR
of Thh mRNA by miR-1. However, the role of miR-1 in
regulating Thh expression seems to be species-dependent
and tissue-dependent. In primary chicken embryonic
chondrocytes, the mRNA levels of Ihh and Col-X can be
significantly increased at 24 h after the transfection of the
miR-1 mimic (18). Therefore, miR-1 was proposed to induce
chondrocyte differentiation. On the contrary, the present
study revealed that miR-1 downregulated the expression
of Thh and Col-X in cultured mouse thorax chondrocytes.
miR-1 seems to differentially regulate the expression of
AGG (33), the major cartilaginous proteoglycan gene, in

mouse and human or chicken chondrocytes. Transfection
of human chondrocytic HCS-2/8 cells, and chicken normal
chondrocytes with miR-1 reduced the expression of AGG,
whereas overexpression of miR-1 in culture mouse chondro-
cytes significantly increased AGG mRNA. Therefore, the
specific roles of miR-1 in regulating chondrogenesis under
the context of species, development stages, and tissues need
to be further investigated.

In summary, the present data indicated that miR-1 is able
to regulate cell proliferation and the expression of matrix
synthesis and chondrocyte differentiation associated molecules
in mouse thorax chondrocytes. miR-1 post-transcriptionally
suppressed Thh expression by binding to the 3'UTR of the
Ihh gene, and inhibiting downstream Hedgehog signaling.
These findings may provide new insights into the molecular
mechanisms of miR-1 in regulating chondrocyte phenotypes
and suggest the potential use of a miR-1 mimic to treat chon-
drocyte hypertrophy.
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Figure 6. miR-1 decreases the expression of Ihh downstream molecules in the Hedgehog signaling pathway in mouse thorax chondrocytes. (A) Mouse thorax
chondrocytes with the indicated transfection were subjected to RT-qPCR in order to analyze mRNA levels of Gli-1, Gli-2, Gli-3, Smo and PTHrP genes at 24 h
post-transfection. n=6 for each group; "P<0.05 vs. ConmiR group; “P<0.05 vs. Control group. (B) Knockdown efficiency of siRNA against mouse Ihh in the
chondrocytes and the impact of Ihh knockdown on the expression of Ihh downstream genes Smo and Gli-1 were determined by RT-qPCR at 24 h post-siRNA
transfection. n=6 for each group. "‘P<0.05 vs. Control. (C) Mouse thorax chondrocytes with indicated treatments were subjected to RT-qPCR for Gli-1, Gli-2,
Gli-3, Smo and PTHrP at 24 h post-siRNA transfection. Control, cells transfected with the control miRNA; Anti-miR-1, cells transfected with the miR-1
inhibitor; silhh, cells transfected with the mouse Ihh-targeted siRNA oligos; silhh + Anti-miR-1, cells simultaneously transfected the mouse Ihh-targeted
siRNA oligos and anti-miR-1. n=6 for each group. "P<0.05 vs. Control group; “P<0.05 vs. silhh group. (D) Protein expression of Gli-1 and Smo were assessed by
western blot assays. The representative images are from one of at least three different experiments with similar results. The histograms show the densitometric
analysis of Gli-1 and Smo expression, with normalization to the (3-actin levels. n=3 for each group; "P<0.05 vs. Control group; “P<0.05 anti-miR-1 vs. Control
group. miR/miRNA, microRNA; Ihh, Indian hedgehog signaling molecule; RT-qPCR, reverse transcription-quantitative PCR; Gli, GLI family zinc finger;
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