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Abstract: Chondrogenic differentiation of mesenchymal stem cells is regulated by many different pathways. Recent
studies have established that hypoxia and epigenetic alterations potently affect expression of chondrogenesis mark-
er genes. Sox9 is generally regarded as a master regulator of chondrogenesis and microRNA-124 (miRNA-124)
regulates gene expression in murine bone marrow-derived mesenchymal stem cells. Therefore, in this study we
investigated whether epigenetic regulation of miRNA-124 could affect the expression of Sox9 and thereby regulate
chondrogenesis. A cell pellet culture model was used to induce chondrogenesis in C3H10T1/2 cells under hypoxic
conditions (2% 0,) to determine the effects of hypoxia on miR-124 expression and DNA methylation. The expres-
sion of miR-124 was significantly downregulated under hypoxic conditions compared to normoxic conditions (21%
0,)- The expression of chondrogenesis marker genes was significantly increased under hypoxic conditions. Bisulfite
sequencing of the CpG islands in the promoter region of miR-124-3 showed that CpG methylation was significantly
increased under hypoxic conditions. Treating the cells with the DNA demethylating agent 5’-AZA significantly in-
creased miR-124 expression and decreased expression of markers of chondrogenesis. Overexpressing miR-124
under hypoxic conditions inhibited NFATc1 reporter activity. NFATc1 was shown to bind to the promoter region of
Sox9. Taken together, our data provide evidence that miR-124 acts as an inhibitor of NFATc1. Under hypoxic condi-
tions when miR-124 is downregulated by methylation of CpG islands in the promoter, NFATc1 can bind to the Sox9
promoter and induce the expression of Sox9 leading to chondrogenesis. These results support the role of epigenetic
regulation in establishing and maintaining a chondrogenic phenotype.
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Introduction following injury. Hypoxia has been shown to
enhance chondrogenic differentiation [3, 4],

Chondrogenesis from stem cells can be divided maintain cartilage phenotypes [5, 6], and

into three distinct stages: cell lodging, prolifera-
tion and differentiation, and differentiation and
hypertrophy [1]. Chondrocyte hypertrophy is
marked by a 10-fold increase in cell volume [2],
extracellular matrix (ECM) remodeling, and ex-
pression of the terminal differentiation marker
collagen X. Due to its avascular nature, carti-
lage tissue is regarded as a hypoxic microenvi-
ronment and has limited regenerative capacity

induce DNA hypo- or hyper-methylation [7]. In
the murine cell line C3H10T1/2, hypoxia has
been shown to enhance chondro-specific differ-
entiation based on the expression of collagen Il
and aggrecan, key ECM components of func-
tional cartilage [7, 8]. Hypoxia also promotes
the expression of Sox9, a transcription factors
that is one of the master regulators involved in
initiating chondrogenesis [9]. Thus, the hypoxic
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microenvironment is implicated in regulating
many cellular events leading to cell survival or
differentiation during chondrogenesis.

Under hypoxic conditions, increased calcineu-
rin activity enhances the functionality of nucle-
ar factor of activated T-cells (NFAT). Like hypox-
ia, calcium [Ca?*] signaling cascades have been
linked to vertebrate development and the
growth and differentiation of multiple cell types
[10, 11]. [Ca?*] acts as a switch for NFAT activity
by regulating its phosphorylation status. In rest-
ing cells, phosphorylated NFAT is retained in
the cytoplasm, while dephosphorylated NFAT
(mediated by [Ca?*]) translocates to the nucleus
and binds to its target promoter regions [12,
13]. Previous research indicated that calcineu-
rin/NFAT pathway is primarily linked to cell dif-
ferentiation, and also influences chondrogenic
differentiation [10, 12]. NFAT4 and NFATc1 both
induce cartilage gene expression [10, 14].
Interestingly, recent studies have suggested
that Sox9 contains an NFAT binding element in
its promoter region [15]. In contrast, NFAT1/
NFATc2 is generally regarded as an inhibitor of
chondrogenesis based primarily on neoplastic
cartilage proliferation in and around articular
cartilage of adult Nfat” mouse appendicular
joints [16, 17]. Given the diverse roles of NFAT
signaling in chondrogenesis, understanding its
regulation is critical to better understanding its
role in establishing and maintaining healthy
cartilage.

MicroRNAs (miRNA) are approximately 22
nucleotides in length and involved in a wide
variety of cellular processes. As previous study,
miR-124 suppressed NFATcl expression by
directly targeting its 3’-UTR in many different
kinds of cells [18-20]. Other studies have high-
lighted the importance of miR-124 in regulating
gene expression in human bone marrow-deriv-
ed mesenchymal stem cells and its transcrip-
tional regulation during differentiation [21].
MiR-124 contains CpG islands, which are se-
quences with a high frequency of cytosine and
guanine [22]. The CpG islands are frequently
targets for DNA hypermethylation, which can
suppress transcription. In pellets of growing
cells, hypoxia has been shown to cause altera-
tions in DNA hypo- and hyper-methylation at the
CpG islands that regulate gene expression and
control fundamental cellular processes such as
proliferation and differentiation [5, 23]. Simi-
larly, in tumor cells, DNA methylation regulates
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expression of miRNAs by methylating their pro-
moter CpG islands [24]. COL10A1, the gene
encoding collagen Xal, was also found to be
methylated in cartilage chondrocytes [25].
Thus, we hypothesize that miR-124 may be reg-
ulated by DNA methylation during hypoxic con-
ditions. Furthermore, methylation changes reg-
ulating the expression of miR-124 may affect
the activity of NFATc1 and its interaction with
Sox9, which drives aggrecan and collagen Il
expression during hypoxia.

Materials and methods
Cell culture methods

The murine mesenchymal cell line C3H10T1/2
was purchased from ATCC (Manassas, VA, USA)
and maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA) at
37°C in a humidified 5% CO, atmosphere. The
medium was replaced every three days. Cells
were passaged using 0.05% trypsin (Invitrogen,
Carlsbad, CA) when they reached 80% conflu-
ence. All of the experiments were conducted
using cells that had been passaged less than
15 times. Chondrogenesis was induced as pre-
viously described [26], briefly cells were initially
grown as a monolayer, then detached by tryp-
sin and collected into 15 mL conical polypropyl-
ene tube in a concentration of 5x10° cells per
tube. Cells were centrifuged at 1,200 rpm for 5
minutes to form into a pellet of 1 mm diameter
approximately. The pellets were then cultured
in 2 mL of chondrogenic medium (high glucose
DMEM containing 2% FBS, 100 nM dexametha-
sone [Sigma, Dorset, UK], 50 mM L-ascorbic
acid-2 phosphate [Sigma, Dorset, UK], BD™
ITS+Premix 1:100 [6.25 uyg/mL insulin, 6.25
pug/mL transferrin, 6.25 ng/mL selenious acid,
1.25 mg/mL bovine serum albumin, and 5.35
mg/mL linoleic acid; BD Biosciences Discovery
Labware, Bedford, MA, USA] and 10 ng/mL
transforming growth factor-B, [TGF-B,; Pepro-
Tech EC, London, UK].

Hypoxic culture condition

To perform the hypoxic culture, the cell pellets
were incubated in a hypoxic chamber (Binder
BD 53, BINDER GmbH, Germany). The reduced
level of oxygen was ensured by flushing the
chamber with 98% N, and 2% O, from an out-
side gas-tank through a cylinder containing
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Table 1. Nucleotide sequences of the RT-PCR primers

(Magen, China) and cloned into the

Gene Size of PCR Primer sequence
product (bp) g

pMD-18T vector (TaKaRa, Japan). Ten
clones from each sample were se-

18s 112

5’-CCTGGATACCGCAGCTAGGA-3’ (F)
5’-GCGGCGCAATACGAATGCCCC-3’ (R)

quenced. The number of total CpG
sites in each sample was used as the
denominator to determine the per-
centage change in methylation.

Total RNA extraction and reverse tran-
scription quantitative PCR analysis

Total RNA was extracted from the
C3H10T41/2 cell pellets using TRIzol

( . ;
5'-GATGGTGAGGGAAGACCCTA-3' (R) (Invitrogen, CA, USA), according to the

manufacturer’s instructions. cDNA

NFATc1 93 5’-ATCCTTGCCTGCCCTTGACT-3’ (F)
5-TGAGCCCTGTGGTGAGACTT-3’ (R)
Sox9 108 5’-CGGCTCCAGCAAGAACAAG-3’ (F)
5-TTGTGCAGATGCGGGTACTG-3’ (R)
COL lIA1 174 5’-ATGTCCATGGGTGCGATGTC-3’ (F)
5’-CATCCAGGGCTCCAATGATGTA-3’ (R)
AGGRECAN 105 5’-GCTGCAGTGATCTCAGAAGAAG-3’ (F)
COL Xal 190 5’-GCAGCATTACGACCCAAGAT-3’ (F

5’-CATGATTGCACTCCCTGAAG-3’ (R

; was synthesized from 0.5 pg of total

water. The oxygen level within the chamber was
maintained at 2% O,. The gas exchange was
calibrated to a flow rate that would prevent
evaporation of the medium, which was replaced
every three days. To reduce transient “normox-
ic” episodes, culture medium was pre-incubat-
ed in hypoxic chamber for one hour before
replacement. Medium replacement procedure
was handled within 10 min.

Bisulfite treatment of DNA samples

Genomic DNA was isolated by standard phenol
chloroform extraction and ethanol precipitation
using a commercially available DNA extraction
Kit (Magen, China). The DNA was modified with
sodium bisulfite using the EpiTect™ Bisulfite Kit
(Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. The bisulfite modified
DNA was resuspended in 25 uL of distilled
water.

Methylation-specific PCR and sequencing

The PCR reaction was carried out in a final vol-
ume of 25 uL. The reaction contained 100 ng of
bisulfite-treated template DNA, 20 mM Tris-HCI
(pPH 7.5), 100 mM KCI, 2 mM MgCl,, 0.2 mM of
each dNTP, 0.5 yM of each primer, and 0.5
units of Ampli-Tag (TakaRa Japan). To amplify
the CpG islands in the promoter region of the
miR-124-3 gene, the sequence was amplified
from position -131 to +29 relative to the tran-
scriptional starting point using the primers: (F)
5-GGATTAGGGTAGTATTGTTAGTTTAG-3’ and (R)
5-TACCTTAATTATATAAACATTAAATCAAAA-3'. The
bisulfite-treated PCR products were purified
with a commercially available extraction Kkit
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RNA with an oligo-dT primer using a
commercially available kit according
to the manufacturer’s protocol (TaKala, Japan).
The oligonucleotide primers used to amplify the
target mRNA are listed in Table 1. The mRNA
expression level of each target gene was nor-
malized to ribosomal 18 s RNA expression from
the same sample. The PCR reaction conditions
were: an initial denaturation step at 95°C for
10 min; and 40 cycles of 95°C for 10 s and
60°C for 30 s. Each experiment was performed
in a real-time PCR system (CFX Connect™
Real-time system, BIO-RAD, USA). The expres-
sion levels of mature miR-124 were detected
using a microRNA RT kit (TaKalLa, Japan). For
the RT-reaction, 0.5 ug of total RNA was used
and no-template reaction was performed for
miR-124, according to the manufacturer’s pro-
tocol (TaKala, Japan). MiR-124 expression was
normalized to U6 expression. The relative
expression levels of all the genes were calcu-
lated using the 22°t method.

NFATc1 inhibition

NFATc1 expression was suppressed in the pel-
leted cell culture using a double-stranded small
interfering (si) RNA, targeted to the murine
NFATc1 mRNA sequence (RIBOBIO, Guangzhou,
China). A scrambled 19-mer siRNA with no
homology to any known mouse sequence was
used as the negative control. The siRNA for
NFATc1 and the scrambled siRNA were trans-
fected at a 50 nM concentration into 80% con-
fluent C3H10T1/2 cells using a commercial
transfection reagent (riboFECT™ CP Reagent,
RIBOBIO, China) according to the manufactur-
er’s protocol. Transfected cells were incubated
for 8 h and then centrifuged into pellets. After
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pellet forming, siRNA was transfected every 3
days before changing medium.

MiR-124 overexpression and inhibition

pENTR/CMV-EGFP-miR124 vectors (Geneup,
Shenzhen, China) were used to overexpress
miR-124 in HEK293 cells. A chemically synthe-
sized miRNA mimic and inhibitor (RIBOBIO,
Guangzhou, China) were used to mimic or inhib-
it miR-124. A miRNA mimic for miR-223 was
used as the negative control for overexpression
of the miR-124 mimic (mimic-con; RIBOBIO).
Eighty (80) percent confluent C3H10T1/2 cells
were cultured overnight on petri-dishes and
then transfected with the miR-223 mimic (50
nM) or miR-124 mimic. The miR-124 inhibitor
and inhibitor control (see below) were transfect-
ed every 3 days into C3H10T1/2 cells that were
cultured as pellets. Transfections were per-
formed using Lipofectamine 2000 (Invitrogen).
The media was replaced 6 h after the transfec-
tion. Two days later the cells were harvested for
Western blot to detect NFATc1 levels. The se-
quences of the miR-124 mimic were: 5-UAAG-
GCACGCGGUGAAUGCC-3’ and 3’-AUUCCGUGC-
GCCACUUACGG-5'. The control sequences we-
re: 5-UUUGUACUACACAAAAGUACUG-3" and 3'-
AAACAUGAUGUGUUUUCAUGAC-5'.

Histochemistry

Cell pellets that had been maintained for 3-
weeks were fixed in 4% phosphate buffered for-
malin for 10 min at room temperature. The
fixed pellet was dehydrated by treatment with a
series of graded alcohols, cleared by treatment
with xylene and xylene substitute, and infiltrat-
ed with paraffin wax. Then, it sectioned into 5
um sections and stained with toluidine blue (1%
toluidine blue) to detect sulfated proteoglycan
matrix deposition. The sections were washed
three times with water and then dehydrated
with 95-100% graded ethanol. The sections
were permanently mounted with Permount TM
Mounting Medium. Sulfated proteoglycan was
visualized by staining with toluidine blue for 5
min at 60°C. Images were captured using a
Leica DMI4000B microscope fitted with an
Optixcam summit series 5 MP digital camera.
The photographs were assembled in Adobe
Photoshop 6.0.

Chromatin immunoprecipitation assay

A chromatin immunoprecipitation (ChIP) assay
was performed to evaluate the physical interac-
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tion between NFATc1 and the endogenous
Sox9 promoter region. Immunoprecipitation of
NFATc1 with the Sox9 promoter was performed
using the monoclonal mouse anti-NFATc1 anti-
body (ChIP grade; Abcam) and the Chromatin
Immunoprecipitation Kit (EZ-ChIP™ Millipore).
Quantitative RT-PCR was utilized to assess the
fold enrichment of the immunoprecipitated pro-
tein-DNA complex for Sox9. Primers were de-
signed to span the 5 upstream region of the
Sox9 gene including the NFATc1 binding motif.
The amplicon produced was 170 bp in length.
The primers were: (F) 5-AAAGCGAAGCTTTGC-
AAGAA-3’; (R) 5-AAGGTTGGCTAAGGGAGGAA-3'.
Two additional non-specific primers were used
as the negative control to assess the specificity
of the immunoprecipitated protein-DNA com-
plex for Sox9: (F) 5'-GCTATGAGGAATGGCTGCAT-
3’ and (R) 5-CTGAGCAGGTCACAACAGGC-3'.

Protein extraction and western blot analysis

Lysates were generated from C3H10T1/2 cell
pellets using RIPA buffer (50 mM Tris-HCI, Ph
7.5; 150 mM NaCl; 1% NP-40; 0.25% sodium
deoxycholate, and 1 mM EDTA) supplemented
with a protease inhibitor cocktail (Sigma-
Aldrich). The total protein concentration was
determined using the Coomassie Bradford pro-
tein assay kit (Bio-Rad). After protein quantifi-
cation, 1 pL of B-mercaptoethanol and brom-
phenol blue was added to each sample. Twenty
[20] micrograms of each lysate was separated
by electrophoresis on an 8% sodium dodecyl
sulfate polyacrylamide gel (SDS-PAGE) and
then transferred onto a 0.45 ym PVDF mem-
brane (Immobilon™, Millipore Corp., Bedford,
MA). The membranes were blocked using a buf-
fer containing TBS, 0.25% Tween-20, 0.1%
serum from the species that the secondary
antibody was raised in, and 5% degreased milk
for 1 h at room temperature. The membranes
were probed overnight with mouse monoclonal
anti-NFATc1 (1:200, Santa Cruz Biotechnology)
or rabbit polyclonal B-actin (1:2000, Abcam).
They were then incubated with horseradish
peroxidase-conjugated secondary antibodies
(Jackson Immuno Research). The protein bands
were visualized using the Super-Signal chemilu-
minescent detection module (Pierce) and ex-
posed to X-ray film. Quantitation of protein
expression was performed using Imagel soft-
ware and normalized by the same protein in
control group.
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3’-UTR luciferase reporter assay

The TargetScan algorithm (http://www.targe-
tscan.org) was used to predict the miRNA bind-
ing sites in the 3’-UTR of NFATc1. The full length
3’-UTR (1789 bp) of NFATc1 was amplified from
a mouse NFATcl plasmid (Open Biosystems)
using the primers (F) 5-GAGAATTCATACGTAA-
CGACCTC-3’ and (R) 5-GGATCTAGAACTGCTTT-
ATTGGATTCATCTC-3'. The 3’-UTR of NFATc1 was
PCR amplified and inserted into the pFLuc-3"-
UTR (Geneup, Shenzhen, China). To construct
vectors that had mutated miRNA target se-
quences in the 3-UTR the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla,
CA) was used. HEK293 cells were seeded in
24-well plates and grown until they reached
approximately 70-80% confluence. The cells
were then transfected with 50 ng of the 3'-UTR
reporter vectors or the mutated 3’-UTR reporter
vectors, 250 ng of plasmid expressing miR-124
(PENTR/CMV-EGFP-miR-124), 5 ng of phRLTK,
and 2 uL of Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). The pENTR/CMV-EGFP vector
without the miRNA sequences was used as the
negative control. Two days after transfection,
the cells were harvested to measure luciferase
activity. The wells were measured indepen-
dently using a Lumat LB9508 luminometer
(Berthold, Bad Wildbad, Germany).

Statistical analysis

Each experiment was repeated at least three
times. Data are presented as the mean + SD.
Comparisons between groups were performed
using the Mann-Whitney test unless otherwise
indicated. Statistical significance was deter-
mined using a two-tailed distribution assump-
tion. Statistically significant results are denoted
using *P<0.05 and **P<0.01.

Results

MiR-124 was downregulated and NFATc1 was
upregulated in C3H10T1/2 cell pellets under-
going chondrogenesis in hypoxic conditions

We first assessed the expression of miR-124,
Sox9, and chondrogenesis related genes in the
C3H10T1/2 cell pellet model under normoxic
and hypoxic conditions to establish whether
hypoxia affected chondrogenesis in this model.
Cell pellets were collected either 3, 14, or 21
days after differentiation was induced and
assayed for expression of miR-124, NFATc1,
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Sox9, collagen llal, aggrecan, and collagen
Xal by RT-PCR. At day 3 and 14, the expression
of miR-124 was significantly reduced in pellets
under hypoxic conditions compared to normox-
ic pellets. Notably, while expression of miR-124
was still reduced in the hypoxic pellets com-
pared to normoxic pellets at day 21, the differ-
ence was not significant; and miR-124 expres-
sion was lower overall on day 21 than on day 3
(Figure 1A). We then assessed the expression
of NFATcl at the gene and protein level.
Expression of NFATc1 mRNA (Figure 1B) and
protein (Figure 1C) was significantly upregulat-
ed on days 3 and 21 in hypoxic pellets com-
pared to normoxic pellets.

The onset of chondrogenesis was determined
by expression of Sox9 (Figure 1D), aggrecan
(Figure 1E), and collagen llal (Figure 1F). The
expression of NFATc1 increased from day 3 to
day 21 while Sox9 and aggrecan increased
since day 14. The expression levels of Sox9,
aggrecan and collagen llal tended to be signifi-
cantly higher in the hypoxic pellets than in the
normoxic pellets at day 21. Expecially, the
expression of Sox9, collagen llal and collagen
Xal at day 14 (Figure 1D, 1F and 1G) were sig-
nificantly lower in the hypoxic pellets compared
to the normoxic pellets. To confirm that differ-
entiation reached the stage of hypertrophic
chondrocytes, the expression of hypertrophy
marker, collagen Xal, was assessed. The col-
lagen Xal level was increased from day 3 to
day 21 in hypoxic pellets and reached maxi-
mum transiently on day 14 in normoxic pellets.
To study onset mediators in epigenetic level, we
defined day 3 as the very early onset of chon-
drogenesis (Figure 1G) and day 21 as hypertro-
phic chondrocytes in this model. Deposition of
ECM in the cell pellets was assessed by tolu-
idine blue staining at 3 and 21 days respective-
ly after differentiation. While the pellets appe-
ared similar at day 3, intense staining was
observed in the hypoxic, but not normoxic pel-
lets on day 21. The positive material was fully
filled of the periphery of hypoxic pellets (Figure
1H). Together, our results strongly suggested
that hypoxia contributed to maintaining a chon-
drogenic phenotype in C3H10T1/2 cells.

Hypoxia promoted DNA methylation of miR-
124-3

Given the significant reduction in miR-124
expression in hypoxic pellets and the role of
hypoxia in epigenetic regulation of gene expres-
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Figure 1. Expression of genes associated with chondrogenic differentiation under normoxic or hypoxic conditions. C3H10T1/2 cells were cultured as cell pellets
under normoxic (21% O,) or hypoxic (2% O,) conditions for 3-21 days to induce chondrogenesis. The expression of chondrogenesis related marker genes was as-
sessed by PCR and normalized to the expression of ribosomal 18sRNA. The fold change in gene expression was calculated using the 24°t method comparing with
undifferentiated cells in normoxic conditions. The time points when gene expression was assessed are indicated on the X-axis. The mRNA expression levels of (A)
microRNA-124 (miR-124); (B) NFATc1; (D) Sox9; (E) aggrecan; (F) collagen llal; and (G) collagen Xal are shown. The bars represent means + SD (n=3; *P<0.05;
**P<0.01; N.S.: not significant). (C) NFATc1 expression at the protein level was assessed by Western blot. (H) Serial paraffin sections of pellet after 3 and 21 days
were stained with toluidine blue; representative images are shown. Scale bar =100 um.
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Figure 2. CpG Island methylation in the miR-124-3 promoter region under
normoxic and hypoxic conditions. The percentage of CpG islands that were
methylated was determined by PCR of bisulfite-treated genomic DNA ex-
tracted from C3H10T1/2 cells grown in pellets under normoxic (21% O,) or
hypoxic (2% O,) conditions. A: The 140 bp DNA fragment in the promoter
region of miR-124-3 that contains 23 CpG sites is shown. B: BGS analysis
was conducted using 3 paired normoxic and hypoxic pellets. The promoter
region was cloned into a pMD-18T vector for amplification and 10 clones
from each pellet were sequenced of the miR-124-3 CpG island in 3 pairs of
pellet samples. Each horizontal line indicates a single clone and each verti-
cal column is an individual CpG site. Methylated sites are shown by a black
circle and the demethylated sites are shown by a white circle. The number
of methylated sites is shown in the absence and presence of the DNA de-
methylating agent 5’-AZA. C: Graphical representation of the percentage of
methylated sites in paired samples under normoxic and hypoxic conditions
in the presence and absence of 5’-AZA. Methylated CpG sites are shown by
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black circles. Each point indicates
the mean. The differences in DNA
methylation levels in different
groups were analysis by Kruskal-
Wallis test. *P<0.05.

sion through DNA methylation,
we next investigated whether
DNA methylation regulated
the expression of miR-124 du-
ring the onset of chondrogen-
esis under normoxic or hypox-
ic conditions. The day 3 pel-
lets were harvested for analy-
sis. We evaluated the methyl-
ation status of miR-124-3 be-
cause its CpG sites are the
most concentrated [20]. In the
promoter region of miR-124-3
is a 140 bp DNA fragment that
contains 23 CpG sites. The se-
quence was showed in Figure
2A. The DNA was collected
from 3 paired cell pellet cul-
tures and cloned for amplifica-
tion. The methylation status of
10 clones was determined.
The black and white circles in
Figure 2B represent the meth-
ylated and unmethylated CpG
islands, respectively. Compar-
ed to the levels of DNA meth-
ylation in normoxic cell pel-
lets, the promoter region of
miR-124-3 in cell pellets from
hypoxic conditions was hyper-
methylated (Figure 2C). To
confirm that DNA methylation
was being measured, we treat-
ed cells with the DNA-deme-
thylating agent 5-AZA-2’-deo-
xycytidine (5'-AZA) under nor-
moxic and hypoxic conditions.
Cell pellets were treated with
1 uM 5-AZA and incubated
under normoxic or hypoxic
conditions. When 5-AZA was
present, the percentage of
methylated DNA sites decrea-
sed significantly (Figure 2C).
These results suggested that
hypermethylation of the CpG
rich region of miR-124-3 may
be associated with hypoxia.
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Figure 3. DNA demethylation with 5’-AZA increased miR-124 gene expression at the onset of chondrogenesis under
hypoxic conditions. C3H10T1/2 cells were cultured as cell pellets under hypoxic (2% O,) conditions in the presence
or absence of 5’-AZA for 3-21 days. The expression of chondrogenesis related marker genes was assessed by PCR
and normalized to the expression of ribosomal 18sRNA. The fold change in gene expression was calculated using
the 2%2° method. The time points when gene expression was assessed are indicated on the X-axis. The mMRNA ex-
pression levels of (A) miR-124; (B) NFATc1; (C) Sox9; (D) aggrecan; (E) collagen llal; and (F) collagen Xal are shown.
The bars represent means + SD (n=3). *P<0.05 compared to the condition without 5’-AZA.

Inhibiting DNA methylation with 5’-AZA delayed
initiation of chondrogenesis

Having established that the promoter region of
miR-124-3 was hypermethylated under hypoxic
conditions, the effect of DNA methylation on
miR-124 expression and chondrogenesis was
evaluated. Cell pellets were cultured in the
presence and absence of 5-AZA (1 uM) for 21
days. Total RNA was extracted from the pellets
and the relative expression of miR-124, Sox9,
collagen llal, NFATcl, aggrecan, and collagen
Xal was assessed. The expression of miR-124
was increased significantly in presence of
5-AZA during the onset of chondrogenesis
(Figure 3A). In contrast, expressions of NFATc1
(Figure 3B), Sox9 (Figure 3C), aggrean (Figure
3D), collagen llal (Figure 3E), and collagen Xal
(Figure 3F) were all significantly downregulated
at day 3 in the presence of 5-AZA. However,
only collagen Xal was reduced at 21 days.
These results suggested that a reduction in
DNA methylation levels significantly increased
miR-124 expression; and that inhibiting DNA
methylation could delay the initiation of chon-
drogenesis and hypertrophy (Supplementary
Figure 1).
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NFATc1 was verified as target of miR-124

To verify our hypothesis that NFATc1 was a tar-
get of miR-124, the TargetScan program was
used to identify sites in the 3’-UTR of NFATc1
that were complementary to miR-124 (Figure
4A); indicating that NFATc1 mRNA contained
sites that were potentially susceptible to miR-
124 regulation. To understand the effects of
miR-124 downregulation during hypoxia we
transfected a miR-124 mimic or negative con-
trol miRNA mimic into C3H10T1/2 cells and cul-
tured cells under hypoxic conditions. When the
miR-124 mimic was transfected into the cells,
the mRNA expression (Figure 4B) and protein
level (Figure 4C) of NFATc1l were significantly
decreased compared to the negative control at
day 3 and 21. We next assessed the expres-
sion of chondrogenesis markers in hypoxic cells
transfected with the miR-124 mimic or negative
control. Sox9 (Figure 4D), aggrecan (Figure 4E),
and collagen llal (Figure 4F) were all signifi-
cantly downregulated compared to the nega-
tive control at day 3 and 21. Likewise, the miR-
124 mimic also significantly decreased expres-
sion of collagen Xal, a marker of chondrocyte
hypertrophy, at both 3 and 21 days (Figure 4G).
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Figure 4. Verification of NFATc1 as a target of miR-124 regulation. (A) The 3’-UTR region of NFATc1 is shown with
the miR-124 target sequence highlighted. Two mutations were made to the NFATc1 3’-UTR to disrupt the putative
miR-124 target sequence for use as controls in a luciferase assay. C3H10T1/2 cells grown in pellets under hypoxic
conditions were transfected with miR-124 mimics or negative control (N.C.) sequences. The expression of NFATc1
was assessed at the mRNA level by RT-PCR (B) and the protein level by Western blot (C). The expression of chondro-
genesis marker genes was assessed by RT-PCR assays in cells transfected with either the miR-124 mimic or the N.C.
sequence at the time points indicated. (D) Sox9; (E) aggrecan; (F) collagen llal; (G) collagen Xal. (H) Dual luciferase
reporter assays were performed in HEK293 cells to test whether there was an interaction between miR-124 and the
wildtype NFATc1 3’-UTR or either mutant NFATc1 3’-UTR. (I) The miR-124 inhibitor increased expression of NFATc1 at
the protein level. MiR-124 effects were analyzed in parallel as a positive control. (pGL3-Rmutl, pGL3-Rmut2). The
bars represent means + SD (n=3). *P<0.05.

Taken together, these data indicated that miR- the miR-124 mimic did not affect NFATc1 ex-
124 is likely an inhibitor of NFATc1 expression, pression with the mutant 2 3’-UTR (right most
which impairs the induction of chondrogenesis bars). Consistent with these findings, Western
under hypoxic conditions. blot analysis showed that the level of NFATc1

protein was reduced statistically in cells trans-
To confirm that the miR-124 mimic could inhibit fected with miR-124 mimic. but increased in

NFATc1 expression under hypoxic conditions, cells transfected with the miR-124 inhibitor

we constructed a luciferase reporter using the (Figure 41). These findings provide evidence
mouse NFATc1 3™-UTR and cotransfected the that miR-124 negatively regulates expression

reporter with either the miR-124 mimic or the of NFATc1 through its 3™-UTR.

negative control. Two mutants of the NFATcl

promoter region were generated for use as con- NFATc1 knockdown reduced chondrogenesis
trols in the luciferase activity to determine the in hypoxic C3H10T1/2 cells through its inter-
specificity of miR-124 binding (Figure 4A). As action with the Sox9 promoter

shown in Figure 4H, the miR-124 mimic signifi-

cantly reduced the luciferase reporter activity Having established that expression of miR-124
with the wildtype (left most bars) or mutant 1 negatively regulated the expression of NFATc1,
(middle pair of bars) NFATc1 3’-UTR. However, we sought to determine the downstream effects
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Figure 5. Effects of NFATc1 knockdown in C3H10T1/2 cells under hypoxic conditions. NFATc1 expression was suppressed in pelleted C3H10T1/2 cells grown in
pellets under hypoxic conditions using a double-stranded small interfering (si) RNA targeted to the murine NFATc1 mRNA sequence (si-NFATc1). A scrambled 19-mer
siRNA with no homology to any known mouse sequence was used as the negative control (si-RNA-control). Expression of NFATc1 was determined at the mRNA level
by RT-PCR (A) and protein level by western blot (B) at the time points indicated to determine the efficacy of the siRNA knockdown. The mRNA expression levels of (C)
Sox9; (D) aggrecan; (E) collagen llal; and (F) collagen Xal were determined by RT-PCR in cells transfected with the si-NFATc1 or si-RNA-control sequences by RT-PCR
at the times indicated. To confirm that NFATc1 bound to the promoter region of Sox9, a ChIP assay was performed pulling down the protein/nucleic acid complex
using an anti-NFATc1 antibody or control rabbit IgG. (G) Representative image showing that DNA immune-precipitated with the anti-NFATc1 antibody contained a
Sox9 fragment. The input lane was a 10-fold dilution of the cell lysate. (H) The difference in the amount of Sox9 that was pulled down with the NFATc1 or control IgG
antibodies were quantified. The bars represent means £ SD (n=3). *P<0.05, compared with the IgG group.

4120

Am J Transl Res 2017;9(9):4111-4124



Methylation-mediated silencing of miR-124

of NFATc1 inhibition on the expression of Sox9,
a master regulator of chondrogenesis. To test
whether Sox9 transactivation was regulated by
NFATc1l during the onset of chondrogenesis,
siRNA was used to knockdown NFATc1 expres-
sion in C3H10T1/2 cells and then cultured cells
under hypoxic conditions. The NFATc1 specific
siRNA (si-NFATc1) caused statistically signifi-
cant reduction of the mRNA level (Figure 5A)
and relevant reduction of protein level (Figure
5B) of NFATc1 compared to the scrambled neg-
ative control siRNA (si-RNA-control) at both 3
and 21 days. We then determined the expres-
sion of Sox9, aggrecan, collagen llal, and col-
lagen Xal in the presence (si-RNA-control) or
absence (si-NFATc1) of NFATc1 expression. As
expected, knockdown of NFATcl expression
significantly reduced the mRNA levels of Sox9
at day 3 and 21 compared to the si-RNA-control
(Figure 5C). Similarly, aggrecan (Figure 5D), col-
lagen llal (Figure 5E), and collagen Xal (Figure
5F) were also significantly reduced in the
absence of NFATcl. To ascertain whether the
interaction between NFATc1 and Sox9 was
direct or indirect, we used a ChlIP assay to test
whether a 170 bp fragment of the Sox9 pro-
moter containing the NFATcl biding site was
enriched when NFATc1l protein was pulled
down. Lysates from cell pellets were used for
the ChIP assay. The 170 bp fragment of Sox9
was clearly amplified from the proteins pulled
down using an NFATcl specific antibody, but
not when control IgG was used for the ChIP
assay (Figure 5G, 5H). Thus, NFATc1l expres-
sion is clearly involved in chondrogenic differ-
entiation and hypotrophy under hypoxic condi-
tions (Supplementary Figure 1), and directly
regulates the expression of Sox9 by binding to
its promoter region.

Discussion

While several studies have suggested that a
hypoxic environment can promote and main-
tain chondrogenesis, the molecular mecha-
nism has remained unclear [27-29]. Here, we
utilized a high cell density cell pellet culture
system to study the role of hypoxia in chondro-
genesis in murine C3H10T1/2 cells. We were
particularly interested in understanding the
role of hypoxia-induced epigenetic regulation
during chondrogenesis. Under hypoxic condi-
tions, the chondrogenesis marker genes colla-
gen llal, aggrecan, and collagen Xal were all
upregulated compared to normoxic cells, indi-
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cating that in this system hypoxia helped main-
tain the chondrogenic phenotypes. We also
found that hypoxia downregulated expression
of miR-124 which is a putative regulator of
Sox9. Interestingly, as the CpG methylation of
the miR-124-3 promoter increased, the expres-
sion of the chondrogenesis markers increased.
The inverse was observed when the DNA de-
methylating agent 5'-AZA was used to artificial-
ly reduce the level of CpG methylation. We pro-
vided evidence that miR-124 inhibited NFATc1
expression, thereby inhibiting expression of
Sox9. We also documented a direct interaction
between NFATc1l and the promoter region of
Sox9 that increased expression of Sox9.

A common theme in the analysis of Sox9 in
many differentiation pathways is that it func-
tions at an early stage [30, 31], possibly to con-
trol the proliferation and differentiation of pro-
genitor cells. During chondrogenesis, Sox9 is
required for mesenchymal cell condensation
and the expression of cartilage-specific ECM
genes, including collagen llal and aggrecan.
Consistent with previous studies [30, 31], this
is precisely the role suggested for Sox9 during
chondrogenesis in early stage. Epigenetic regu-
lation of Sox9 has broad applications beyond
chondrogenesis, especially indirect regulation
via miRNAs. The epigenome can be modulated
by a variety of environmental factors including
oxygen levels, nutrition, and the early environ-
ment [31-33]. Epigenetic downregulation of
miR-124 as a key modification at the onset of
chondrogenesis would be consistent with a
corresponding increase in other transcripts,
including Sox9, as part of a complex regulatory
network.

We also identified a proximal regulator of Sox9
under hypoxic conditions as NFATc1, which
directly binds to the promoter of Sox9. The
NFAT family of transcription factors is critically
involved in vertebrate development and in the
growth and differentiation of multiple cell types.
Knockdown of NFATc1 significantly downregu-
lated the mRNA levels of Sox9 and its down-
stream target genes. Consistent with our find-
ings, in vitro studies have shown that constitu-
tively active NFAT induced chondrogenesis and
induced the expression of Sox9 in chondropro-
genitor cells [15]. However, we cannot exclude
that miR-124 was directly regulating the expres-
sion of Sox9 in chondrogenesis. During sper-
miogenesis, miR-124 increased levels of sev-
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eral transcripts including Sox9, which was relat-
ed to establishing a distinct, heritable chroma-
tin structure in the promoter region of Sox9
[34].

Recent studies have linked NFAT regulation to
miRNA expression, for example: miR-184 tar-
gets NFATc2 [35]; miR-133a targets NFATc4
[36]; and miR-199b targets the unclear kinase
Dyrkla [37], which limits calcineurin/NFAT sig-
nal transduction by phosphorylating NFAT. He-
re, we have shown that miR-124 likely regulates
expression of NFATc1 by binding to the promot-
er region leading to reduced mRNA and protein
expression levels; suggesting a mechanism for
NFATc1 regulation at the post-transcriptional
level.

Given that hypoxia is known to induce epigene-
tic modifications [5, 23] and that expression of
miR-124-1, 2, 3 are regulated by methylation
changes in their promoter sequences [23], we
hypothesized that hypoxia was leading to do-
wnregulation of miR-124 expression and there-
by increasing chondrogenesis. Consistent with
this hypothesis, miR-124-3 was hypermethyl-
ated in hypoxic cells, and forced hypomethyl-
ation of miR-124-3 coincided with significantly
decreased expression of chondrogenesis gen-
es in hypoxic cells. Therefore, our results sug-
gested that environmental changes such as
hypoxia do induce epigenetic changes that eff-
ect chondrogenesis. While DNA methylation is
involved in regulating miR-124 expression, we
cannot exclude the possibility that hypoxia in-
ducible factor-1 alpha (HIF-1a) is also involved
in reducing miR-124 expression. The balance
between the levels of DNA methylation and HIF-
1o expression are likely specific to different
oxygen conditions or with the amount of time
spent in hypoxic conditions. The extent to which
DNA methylation contributes to suppressing
miR-124 expression under different oxygen
conditions warrants further investigation.

Based on our findings, we propose the following
working model. Under hypoxic conditions, DNA
methylation is induced in the miR-124-3 pro-
moter, repressing its expression. Hypermethy-
lation inhibits the transcription of miR-124. In
the absence of an inhibitor, NFATc1 expression
increases and the NFATcl protein is able to
bind to the promoter region of Sox9, initiating
transcription. The increased expression of Sox9
triggers the downstream events in chondrogen-
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esis leading to the eventual expression of the
marker genes collagen llal, aggrecan, and col-
lagen Xal. Given the heritable nature of the epi-
genetic modification, this may be one mecha-
nism that supports the long-term differentia-
tion and maintenance of chondrogenic cells in
the hypoxic microenvironment of the cartilage.
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Supplementary Figure 1. Toluidine blue strain in day 21 pellet sections of different treatments.



