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Mef2a is a positive regulator of Col10al
gene expression during chondrocyte maturation
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Abstract: Background: The type X collagen gene (Col10al) is a signature gene of hypertrophic chondrocytes that are
known as the main engine of long bone growth. Multiple transcription factors (TFs), including myocyte enhancer fac-
tor 2A (Mef2a), have previously been identified by in silico analysis as potential Col10al gene regulators. Objectives:
In this study, we aimed to investigate the correlation between Mef2a and Col10al expression and the possible
effects on chondrocyte proliferation and hypertrophic differentiation in vitro. Methods: First, Mef2a expression in
proliferating and hypertrophic chondrocytes were detected by quantitative real-time PCR (qRT-PCR) and Western
blotting in two chondrocytic models, ATDC5 and MCT cells, as well as in mouse chondrocytes in situ. Transfection
with Mef2a small interfering fragments or Mef2a overexpression plasmids in the above chondrocytic models were
performed to determine how Mef2a knockdown or overexpression may influence Col10al expression. The binding
between Mef2a and its putative binding site within the 150 bp Col10al cis-enhancer which was evaluated by the
dual luciferase reporter assay. The effect of Mef2a on chondrocyte differentiation was determined by examining
the chondrogenic marker gene expression by qRT-PCR and by alcian blue, alkaline phosphatase (ALP), and alizarin
red staining of the ATDC5 cells stably knocked down by Mef2a. Results: The expression of Mef2a in hypertrophic
chondrocytes was significantly higher than that in proliferative chondrocytes in both chondrocytic models as well as
in mouse chondrocytes in situ. Interference with Mef2a caused decreased Col10al expression, while overexpres-
sion of Mef2a upregulated Col10al. The result of the dual luciferase reporter assay showed that Mef2a enhanced
Col10al gene enhancer activity via its putative Mef2a binding site. For the staining of ATDC5 stable cell lines, al-
though no significant differences were seen in ALP staining, significantly weaker alcian blue staining intensity was
noticed in Mef2a knockdown stable cell lines compared to the control cells at day 21, while slightly weaker alizarin
red staining was seen in the stable cell lines at days 14 and 21. Correspondingly, we detected decreased runt-relat-
ed transcription factor 2 (Runx2), increased SRY-box transcription factor 9 (Sox9), as well as differential expression
of other chondrogenic markers in ATDC5 stable cell lines compared with the controls. Conclusions: In conclusion,
our results support that Mef2a upregulates Col10al expression possibly by interaction with its cis-enhancer. Altered
levels of Mef2a affects the expression of chondrogenic marker genes, such as Runx2 and Sox9, but may only play
an insignificant role during chondrocyte proliferation and maturation.

Keywords: Mef2a, Col10al, gene enhancers, chondrocyte hypertrophy, endochondral bone formation

Introduction chondrocytes are the primary regulators of
bone growth, producing factors such as vascu-
lar endothelial growth factor to attract blood
by endochondral ossification [1]. Endochondral vessels and chondroclasts and directing adja-

bone formation involves mesenchymal cell con- cent perichondrial cells to become osteoblasts
densation, chondrocyte proliferation and hyper- [6].
trophy, and mineralization, as well as gradual

In vertebrates, most of the skeleton is formed

replacement of the original cartilage by bone
tissue containing osteoblasts and osteoclasts
[2-5]. In this complex process, hypertrophic

The type X collagen gene (Col10al) plays a key
role in promoting and regulating endochondral
osteogenesis in articular cartilage and is a
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stage-specific marker of the hypertrophic stage
[7, 8]. Type X collagen helps to compartmental-
ize matrix components to the hypertrophic zone
of growth cartilage, increases vascular supply,
and promotes normal initiation of mineraliza-
tion by altering matrix organization [8]. Previous
studies have found that mutations and abnor-
mal expression of COL10A1 are strongly asso-
ciated with diseases such as chondrodysplasia
and osteoarthritis [9-12]. Human COL10A1
mutation causes Schmid-type metaphyseal
chondrodysplasia (SMCD), an autosomal domi-
nant disorder in which patients present with
short stature and bent legs, including other
symptoms of skeletal dysplasia [9, 11, 13]. In
addition, premature differentiation of focal
chondrocytes into hypertrophic cells in osteoar-
thritis (OA) leads to increased Col10al synthe-
sis in OA chondrocytes [14]. Therefore, it is cru-
cial to elucidate the regulatory mechanisms of
Col10al to comprehend human diseases and
injury responses associated with cartilage
development.

In the past decade, multiple transcriptional reg-
ulators have been shown to be involved in
Col10al gene regulation, including runt-related
transcription factor 2 (Runx2), myocyte enhanc-
er factor 2A (Mef2c), t-box transcription factor 5
(Tbxb), SRY-box transcription factor 9 (Sox9),
tafazzin (TAZ), etc. [15-20]. It was found that
Runx2 is an essential regulator for Col1l0al
expression, while Sox9 negatively regulates
Col10al expression during chondrocyte differ-
entiation [20-23]. We have previously localized
a 150 bp Col10al cis-enhancer element within
its distal promoter (-4296 to 4147 bp) that is
sufficient to direct its hypertrophic chondro-
cyte-specific expression in vivo [24]. We also
showed data that Runx2 interaction with this
cis-enhancer is essential but not sufficient for
cell-specific Col10al expression, suggesting
the existence of additional Col10al regulatory
factors [17, 18, 25, 26]. Indeed, several web-
based bioinformatics analytical tools, such as
TRAP program, PROM03.0, and MATCH pro-
gram, have been utilized to screen out many
candidate TFs with their potential binding sites
within the 150 bp Col10al cis-enhancer [17,
25]. These TFs are potential Col10al regula-
tors. Notably, myogenic enhancer factor 2A
(Mef2a) was one of such candidate binding fac-
tors that are differentially expressed in prolifer-
ating and hypertrophic chondrocytes. However,
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no research to date has verified whether
Mef2a is involved in the regulation of Col10al
expression.

Mef2a is a TF belonging to the MEF2 (myocyte
enhancer factor-2) family, which also comprises
broadly expressed TFs that control numerous
developmental pathways in embryos as well as
pleiotropic responses in adults [27, 28]. There
are four MEF2 genes in vertebrates, namely
MEF2A, -B, -C, and -D. These genes are essen-
tial for the development of muscle, neurons,
immune cells, and bone, and are also involved
in many tumorigenesis [27, 29-31]. Mef2¢ was
shown to be an important early regulator of
chondrogenesis that controls chondrocyte
hypertrophy and bone development [15, 32].
Mef2c gene deletion or mutation can inhibit
chondrocyte hypertrophy and cartilage angio-
genesis in mice [15]. In the femur, MEF2C had
the highest expression level, followed by MEF2A
and D [33]. MEF2A, C, and D knockdown pre-
vents osteoblasts from expressing endogenous
sclerostin (SOST) [33]. Moreover, the deletion
of Mef2c in osteoblasts was shown to lead to
an increase in bone mass [34]. Through a
genome-wide association study (GWAS) of
anatomy of the cerebral vault in 4419 European
individuals, Jasmien Roosenboom et al. identi-
fied 32 suggestive loci and several candidate
genes at these loci, including neuroligin (NLG),
MEF2A, SOX9 and SOX11, suggesting that
these genes may play a role in cranial develop-
ment [35]. Interestingly, Mef2a was found to
regulate osteoclast differentiation and was sex-
related, as osteoporosis was found only in
Mef2a conditional knockout female rats but
not males [36]. In a study of soft tissue tumors
and osteosarcomas, Mef2a was found to be a
gene partner for ubiquitin specific peptidase 6
(USP6) fusions indicating a role of Mef2a in
the pathogenesis of bone tumors [37]. These
studies suggest a potential role for Mef2a dur-
ing skeletal development. Given the putative
Mef2a binding site identified within the Col10al
cis-enhancer, here we investigate whether
Mef2a transactivates Col10al and plays a sig-
nificant role in chondrocyte hypertrophy.

Methods
Cell culture and chondrogenic differentiation

MCT cells were originally from the laboratory of
Dr. de Crombrugghe, MD Anderson (Houston,
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Table 1. Primers designed for qRT-PCR

Gene RefSeqlD Sense Primer (5'-3’) Antisense Primer (3’-5’) Amplicon (bp)
Mef2a NM_001033713.1 GGGGTGACTTCCATTCTCCA CATGTGTCCATCCTCATGCG 94
Col10al NM_007742 GCAGCATTACGACCCAAGATC TCTGTGAGCTCCATGATTGC 138
B-actin NM_007393.5 GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 154
Runx2 NM_001145920 ACCCAGCCACCTTTACCTAC TATGGAGTGCTGCTGGTCTG 150
Sox9 NM_011448 TTCATGAAGATGACCGACGA ATGCACACGGGGAACTTATC 200
Alp NM_007431.2 GTGAGCGCAGCCACAGAGC GTGTGGCGTGGTTCACCCGA 134
Col2al NM_001113515 CCTCCGTCTACTGTCCACTGA ATTGGAGCCCTGGATGAGCA 121
Mmp13 NM_008607.2 CTTCTTCTTGTTGAGCTGGACTC  CTGTGGAGGTCACTGTAGACT 173

USA). Cells were cultured in DMEM medium
containing 8% FBS (Gibco, New Zealand) and
cultured at 32°C under 8% CO,. When cells
reached 70%-80% confluence, they were
switched to 37°C and continued to be cultured
for 2-3 days to induce hypertrophy. Professor
Teng of Nanjing University donated the ATDC5
cell line, which was cultured in a DMEM/F12
(1:1) mixed medium with 5% FBS (Gibco, New
Zealand) at 37°C and 5% CO,. 1% insulin-trans-
ferrin-selenium (ITS, Sigma) was given to the
cells to stimulate chondrogenesis when they
were 70%-80% confluent. Cells were continual-
ly cultured for 7, 14, and 21 days, with medium
changes once every two days. The day of induc-
tion was recorded as day O (Not add ITS). The
ATDC5 cells that had been lentivirus trans-
duced had puromycin (4 yg/ml) added to their
media. 293T cells were provided by Professor
Shao of Jiangsu University and were cultured in
DMEM media with 10% FBS (Gibco, New
Zealand) at 37°C and 5% CO,,.

Isolation of total RNA, reverse transcription-
PCR, and quantitative real-time PCR

We selected one-day-old C57BL/6 mice,
removed their muscle tissue, and isolated the
ribs under the microscope. Chondrocytes in
proliferative and hypertrophic areas were dis-
tinguished and enriched according to the color
difference of bone and cartilage. Micro-
dissected tissue containing hypertrophic and
proliferative areas was immediately placed into
an EP tube with Trizol reagent (Vazyme, Nanjing,
China) added in advance. RNA from mouse cos-
tal cartilage tissues and cells were extracted
with Trizol reagent and cDNA reverse transcrip-
tion was performed using the PrimeScript™ RT
kit with gDNA eraser (Takara, Dalian, China)
according to the manufacturer’s instructions.
The quantitative real-time PCR (qRT-PCR) reac-
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tion was then conducted using the cDNA sam-
ple as the template. Table 1 lists the unique
primer sequences. gRT-PCR was carried out on
a StepOnesoftwarev 2.3 using SYBR Mixture
(CWBIO, Beijing, China), and the housekeeping
gene [-actin was used to standardize the data.
The 222¢t method was used to determine the
relative level of mMRNA expression.

SiRNA transfection and plasmid transfection

siRNA sequences for Mef2a were synthesized
by GenePharma (Shanghai, China). Sequence
information is as follows: siRNA: 5-3'CAUUC-
UGCUGAAUUAUUUATT; 3’-5’UAAAUAAUUCAGC-
AGAAUGUG. Negative control: 5-3’'UUCUCCG-
AACGUGUCACGUTT; 3’-5’ACGUGACACGUUCGG-
AGAATT.

The plasmids overexpressing Mef2a were pur-
chased from YouBio (Hunan, China), and the
negative control was pDONR223. For transient
transfection, cells cultured in 6-well plates and
grown at 70%-80% confluence were employed.
To downregulate Mef2a expression, 10 uM
siRNA was transfected into the cells by
Lipofectamine RNAiIMax Reagent (Thermo
Fisher Scientific, USA) in accordance with the
manufacturer’s instructions. MCT cells were
continually cultured for another 6 hours at
32°C, and then for 2-3 days at 37°C, while
ATDC5 cells were cultured in ITS-supplemented
medium the next day and harvested after 7
days. Following the manufacturer guidelines,
the cells were transfected with 2500 ng Mef2a
expression plasmid via Lipofectamine3000
transfection Reagent (Thermo Fisher Scientific,
USA). Six hours following transfection, MCT
cells were replaced with fresh medium and
switched to 37°C for continual culturing, while
ATDC5 cells were replaced with complete medi-
um and ITS was added the next day.

Am J Transl Res 2023;15(6):4020-4032



Mef2a upregulates Col10al expression

Lentiviral infection

Mef2a-shRNA was obtained from HANBIO
(Shanghai, China). ATDC5 cells were infected
with shMef2a lentivirus to establish Mef2a
knockdown cell lines. When the cells reached
60%-70% confluence, the lentivirus infection
was carried out by 1/2 small volume infection
method, and the infection efficiency was con-
firmed by observing the fluorescence after 72
hours. Then 8 pg/ml of puromycin (Solarbio,
Beijing, China) was used to screen successfully
infected cells. After 48 hours, cells were cul-
tured in medium containing 4 ug/ml puromycin
for subsequent experiments.

Western blot

Harvested cells were lysed in a proteinase
inhibitor-containing 1x RIPA buffer. After cen-
trifugation, the protein extract was collected
from the supernatant and the concentration
was determined. Then the Blue Loading Buffer
was diluted to 1x in advance and boiled for 5
min was added. 1,100 pg of protein of the
samples were run on 10% SDS-PAGE gels and
PVDF membrane was used to transfer the
Blots. The membrane was then incubated with
specific primary antibodies overnight at 4°C
after being blocked with 5% nonfat dry milk for
1 h at room temperature: anti-Collagen X
(1:1000, Abclonal), anti-B-actin (1:1000, Beyo-
time), anti-Mef2a (1:500, WanLeiBio). After
three TBST washes for 10 min each, the mem-
brane was incubated for 1 h with the matching
HRP-linked secondary antibodies: goat anti-
mouse IgG (1:2000, Beyotime), goat anti-rabbit
1gG (1:2000, Beyotime). Membrane immunore-
activity was detected by the ECL system
(Vazyme, Nanjing, China).

Immunohistochemistry (IHC) analysis

4% PFA was used to fix the femurs of C57BL/6
mice for half an hour, then they were embed-
ded and sliced into 5-um-thick tissue sections.
Antibodies to Mef2a and Col10al were used
to evaluate their expression. Rabbit Antibody
Immunohistochemistry (SP Method) Kit was
purchased from WanleiBio (Shenyang, China).
Briefly, sections were dewaxed in xylene and
dehydrated in gradient alcohol, then heated for
18 min at 95°C in citrate buffer (PH 6.0) to
repair antigens. Sections were incubated with
30% H,0, at RT and protected from light for 15
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min. After washing, sections were covered with
goat serum blocking solution (WanleiBio, China)
for 15 min, and incubated with antibodies to
Mef2a or Col1l0al overnight at 4°C. Next, in
accordance with the manufacturer’s instruc-
tions, slides were incubated with the secondary
antibody and the tertiary antibody (HRP-labeled
streptavidin) and detected with the use of
DAB (3,3-Diaminobenzidine). Hematoxylin re-
stained sections were then observed under a
microscope (Nikon, Japan) after sealing with
neutral gum.

Putative Mef2a binding site and dual lucifer-
ase activity assay

The putative Mef2a binding site within the 150
bp Col10al cis-enhancer was previously pre-
dicted by the TRAP (http://trap.molgen.mpg.
de/cgi-bin/trap_form.cgi) and PROMO (http://
alggen.lsi.upc.es/cgibin/promo_v3/promo/pro-
moinit.cgi?dirDB=TF_8.3) programs as previ-
ously reported [24, 38, 39]. Interestingly, the
binding sites predicted by both programs are
very similar, so we conservatively selected the
longer sequence covering another possible
site as the hypothetical binding site for Mef2a
and cloned it into the pGL6 vector (RiboBio,
Guangzhou, China). Renilla luciferase was used
as the internal reference. 24-well plates were
used to culture 293T cells. When 60%-70%
fusion was achieved, transfection was per-
formed according to the ratio of Mef2a ex-
pression plasmid: firefly-reporter gene pGL6:
TK-Renilla = 20:10:1 using lipofectamine3000
transfection reagent. The luciferase activity
was detected after 48 h using the luciferase
reporter assay kit (Promega, Madison, USA).

Alcian blue, alkaline phosphatase (ALP), and
alizarin red staining

Day 7, Day 14, and Day 21 ATDC5 cells were
harvested for cell staining. With the media
removed, the cells were washed with PBS twice.
For Alcian blue staining, methanol was used to
fix ATDC5 cells for 2 min at -20°C, then 0.1%
Alcian blue was added to each well and stained
overnight at RT. The Alcian stain was gently
rinsed off with ddH,0 and observed under
10x microscope after air dry. For alkaline phos-
phatase (ALP) staining, we used the Cell alka-
line phosphatase stain cAKP kit (Jiancheng,
Nanjing, China) in accordance with the manu-
facturer’s instructions. In short, reagent 1 was
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used to fix cells for 2-5 min, then the pre-config-
ured matrix solution dropwise was added, fol-
lowed by 15 min of dark incubation at 37°C.
The dye solution dropwise was added in
sequence and washed with distilled water, and
then analyzed under the 20x microscope after
being air dried. For Alizarin red staining, cells
were stained with 1% Alizarin Red for 10 min at
RT after being fixed in 95% ethanol for 10 min
[40]. Next they were washed with ddH,0 and
then observed under 10x microscope after
being air dried.

Statistical analysis

At least 3 independent replications of each
experiment were conducted. qRT-PCR results
were analyzed using GraphPad Prism 8 soft-
ware. The 224t methodology was used to de-
termine the relative mRNA level. No more than
two experimental groups were compared using
the Student’s t-test. The differences between
two or more groups of data were compared
using one-way analysis of variance (ANOVA).
Statistical significance was set at P < 0.05.

Results

Expression analysis of Mef2a in chondrocytes
in vitro and in situ

First, we examined Col10al and Mef2a expres-
sion in two in vitro chondrocytic models, MCT
and ATDC5 cells. MCT cells are temperature-
sensitive mouse chondrocytes that undergo
simian virus 40 large tumor antigen-immortal-
ization [41]. Cells grew continuously in mono-
layer culture at 32°C, but stopped growing and
began hypertrophy while highly expressing the
marker gene Col10al at a non-permissive tem-
perature of 37°C to 39°C [41]. Therefore, we
examined the expression of Mef2a in hypertro-
phic (37°C) and proliferative (32°C) MCT cells.
As expected, Coll0al expression in MCT cells
cultured at 37°C for 2-3 days increased signifi-
cantly (Figure 1A), indicating that MCT cells
were in a hypertrophic state. Meanwhile, the
MRNA expression of Mef2a was 3-fold higher in
hypertrophic MCT cells compared to prolifera-
tive MCT cells (Figure 1A). Western blotting
showed the similar results as expected (Figure
1C). ATDC5 cells have been utilized as a good
cell model for studying the molecular mecha-
nisms of chondrocyte differentiation in vitro
[42, 43]. It was shown that this cell line has the
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property of replicating chondrocyte differentia-
tion in the presence of insulin [42, 43]. ATDC5
cells were grown for 7, 14, and 21 days in media
with 1% ITS to induce chondrogenic differentia-
tion. It was found that Col10a1l mRNA in ATDC5
cells increased with the cell induction and cul-
turing time and reached the highest level at 14
days of culture (Figure 1B). Interestingly, the
MRNA level of Mef2a also reached the highest
on day 14, which was about 9 times higher than
that on day O (Figure 1B). Additionally, Western
blotting revealed that Col10al and Mef2a pro-
tein expression levels at day 14 are significantly
higher than day O (Figure 1D). Next, we ana-
lyzed the expression of Col10al and Mef2a in
primary mouse chondrocytes as well as in hind
limb bone tissue. The mouse rib cartilage was
separated under a dissecting microscope, with
the gray part being the hypertrophic area and
the white part being the proliferative area
(Figure 1E). The qRT-PCR results showed that
the mRNA level of Col10al in the tissues of the
hypertrophic zone was much higher than those
of the proliferative zone. Furthermore, the
MmRNA expression of Mef2a was also 3-fold
higher than that of the proliferative zone (Figure
1F). We also examined the expression of
Col10al and Mef2a at the histochemical level.
As shown in Figure 1G, either Col10al or Mef2a
showed stronger positive staining in cells in the
hypertrophic zone. The above results suggest-
ed that Mef2a may correlate with Col10al
expression.

Up-regulation or down-regulation of Mef2a af-
fected Col10al expression

To further verify whether Mef2a affects the
expression of Coll0al, Mef2a was overex-
pressed or knocked down in both MCT and
ATDC5 cells, and we then examined the chang-
es of Coll0al expression. We successfully
knocked down the expression of Mef2a in two
cell lines by transient transfection of Mef2a
small interference fragment siRNA (Figure
2A-D). As expected, the expression of Col10al
also showed a significant downregulation both
at the mRNA level and protein level (Figure
2A-D). To overexpress Mef2a, the pDONR223/
Mef2a plasmid was transfected into ATDC5
and MCT cells. Coll0al mRNA and protein
levels in the Mef2a overexpression group
were considerably higher than those in the
pDONR223 group (Figure 2E-H). In summary,
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Figure 1. Basal expression of Mef2a in chondrocytes in vitro and in situ. A.
MCT cells were grown at 32°C and then at 37°C for 2-3 days to stimulate
hypertrophy, gRT-PCR results showed that the mRNA levels of Mef2a and Co-
110al1 were much higher in hypertrophic MCT cells (37 °C) than in prolifera-
tive MCT cells (32°C). B. ATDC5 cells were grown in complete media contain-
ing 1% ITS for O, 7, 14, and 21 days. qRT-PCR results showed that the mRNA
levels of Col10al and Mef2a changed with the induction and culturing time
and reached highest on day 14. C. WB results showed that the protein levels
of Mef2a and Col10a1l in hypertrophic MCT cells (37 °C) were significantly
higher than in proliferative MCT cells (32°C). D. WB results showed that
the protein levels of Col10al and Mef2a at day 14 were significantly higher
than day O. E. Microscopic view of ribs of 1-day-old C57BL/6 mice. The white
area is the proliferative zone, and the gray area is the hypertrophic zone. F.
In comparison with the proliferative zone, the mRNA levels of Col10al and
Mef2a were significantly higher in tissues of the rib cartilage indicating the
hypertrophic zone. G. Immunohistochemical analysis showed that Col10al
and Mef2a were strongly expressed in hypertrophic chondrocytes, while no
significant expression was detected in chondrocytes of the proliferative zone,
magnification = 400x, scale bar =50 ym. *P < 0.05, ""P < 0.01, """P < 0.001.
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the findings imply that Mef2a
may be involved in the re-
gulation of the Coll0al ex-
pression.

Mef2a strengthens the ac-
tivity of the Col10al gene
enhancer

The TRAP and PROMO pro-
grams successfully predict-
ed two putative Mef2a bind-
ing sites, which were very
similar within the 150 bp
Col10al cis-enhancer (Figure
3A and 3B). To explore wheth-
er Mef2a acts by binding to its
binding sites, a dual lucifer-
ase reporter gene assay was
performed. Among the two
predicted binding sites, we
conservatively selected the
longer sequence (78 bp-94
bp) as the hypothetical bind-
ing site and cloned it into the
pGL6 vector. Western blot re-
sults revealed that the protein
level of Mef2a was dramati-
cally increased in 293T cells
transfected with pDONR223/
Mef2a (Figure 3C). In fact, the
luciferase activity was nearly
4-fold higher in the group
cotransfected with pDONR/
Mef2a and Col10al enhanc-
ers compared to the gro-
up cotransfected with either
pDONR223 or Coll0al en-
hancers (Figure 3D). There-
fore, we conclude that Mef2a
promotes Coll0al expres-
sion by binding to the cor-
responding site within the
Col10al cis-enhancer.

Knockdown of Mef2a expres-
sion in ATDC5 cells by lentivi-
ral transduction of shRNA

To construct a stable cell Ii-
ne with Mef2a knockdown,
we transfected shMef2a in
ATDC5 cells. Transfection effi-
ciency was roughly estimated
to be around 70% based on
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Figure 2. Mef2a affects the expression of Col10al. A. ATDC5 cells with Mef2a knocked down were cultured with
complete medium containing 1% ITS for 7 days. The mRNA levels of Col10al were also correspondingly reduced.
B. WB results showed the protein level of Mef2a was successfully knocked down in ATDC5 cells, and Col10al was
also downregulated in these cells. C. gRT-PCR results showed that Mef2a was successfully knocked down in MCT
cells, while the mRNA level of Col10al was correspondingly reduced in these cells. D. WB results showed the pro-
tein level of Mef2a was significantly reduced in the Mef2a knockdown group of MCT cells, and Col10al was also
downregulated in these cells. E. ATDC5 cells transfected with pDONR223/Mef2a or pDONR223 were cultured in
complete medium containing 1% ITS for 7 days. Mef2a was successfully overexpressed, and the mRNA levels of
Col10al were obviously increased in these cells. F. WB results showed the protein levels of Mef2a and Col10al
were increased in MCT cells transfected with pDONR223/Mef2a compared to the group with pDONR223. G. qRT-
PCR results showed that Mef2a was overexpressed about 90-fold in MCT cells, and the mRNA level of Col10al
was significantly increased in these cells. H. WB results showed that Mef2a was successfully overexpressed at the
protein level in ATDC5 cells after 7 days of induction, and the protein level of Col10al was also correspondingly
increased in these cells. “P < 0.05, P < 0.01, **P < 0.001.

72 | MEF-2A [T01784] | was predicted in: Sequence: Coll0al

Footprint view (Bound sites in uppercase red)

Sequence | AATAAAAATAGTT

1 gectectgtttcacgtagaataagetecttcataaagtcacagaccagtcaggotgaaca
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8.59%
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Figure 3. Bioinformatics prediction and validation of transcription factor binding sites. A. Binding sites predicted by
the PROMO program. B. Binding sites predicted by the TRAP program. C. Mef2a protein levels were significantly in-
creased in 293T cells transfected with pPDONR223/Mef2a. D. The relative fluorescence activity of 293T cells was ex-
amined by dual luciferase reporter gene assay, the luciferase activity was nearly 4-fold higher in the group cotrans-
fected with pDONR/Mef2a and Col10al enhancers compared to the group cotransfected with either pPDONR223 or

Col10al enhancers. "P < 0.05.

NC (200X)
B 1.5 C

1.0

Relative mRNA level
*

0.0~ T
NC shMef2a

Figure 4. Construction of a stable cell line with Mef2a knockdown by trans-
fection of shMef2a into ATDC5 cells. A. Transfection efficiency was roughly
estimated to be around 70% based on fluorescence intensity, magnification
= 200x, scale bar = 100 um. B. Detection of Mef2a mRNA levels in ATDC5
cell lines with stable Mef2a knockdown by qRT-PCR, and the results showed
that Mef2a expression decreased by half. C. The protein levels of Mef2a in
ATDCS5 cell lines with Mef2a stably knocked-down by western blot analysis,
and the results showed that Mef2a expression was obviously decreased. “P

< 0.05.

fluorescence intensity (Figure 4A). After two
days of 8 uyg/ml puromycin screening, we used
gRT-PCR for the quantification of Mef2a mRNA
expression to evaluate the effect of Mef2a
knockdown. As seen in Figure 4B, Mef2a
expression in the shMef2a lentivirus-infected
group decreased by half. Western blotting also
verified the same results at the protein level
(Figure 4C).

Effects of Mef2a on proliferation, differentia-
tion and maturation of chondrocytes

ATDC5 stable cell lines were grown with ITS for
7, 14, and 21 days before being harvested for
Alcian blue, ALP, and Alizarin red staining to
evaluate the function of Mef2a in chondrocyte
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shMef2a (200X)
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? MefZa & — c——
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differentiation in vitro. For
Alcian blue staining, no signifi-
cant difference was found in
the staining intensity of Mef2a
knockdown stable cell lines
compared to controls at days
7 and 14, but weaker staining
intensity than controls was
observed at day 21, suggest-
ing that Mef2a may promote
chondrocyte proliferation in
vitro (Figure 5A). For ALP
staining, no significant stain-
ing differences were observed
at days 7, 14, and 21, sug-
gesting a moderate role for
Mef2a in chondrocyte differ-
entiation and matrix mineral-
shMef2a ization in vitro (Figure 5B).
Finally, in the Alizarin red
staining results, we found that
stable cell lines with Mef2a
knockdown at days 14 and
21 exhibited weaker staining
intensity than the control
cells, indicating that Mef2a
may promote matrix mine-
ralization during the late stag-
es of osteogenesis in vitro
(Figure 5C).

Preliminary analysis of markers of chondro-
genesis in Mef2a knockdown cells

We know that several regulatory genes are
closely associated with chondrocyte differen-
tiation, maturation and mineralization, includ-
ing Sox9, ALP, matrix metallopeptidase 13
(Mmp13), Col2al and Runx2. Here, to examine
the impact of Mef2a on the expression of these
relevant marker genes, we initially analyzed the
mMRNA levels of these genes in ATDC5 stable
cell lines at 7, 14, and 21 days, and compared
them with controls. qRT-PCR results showed
that Runx2 was significantly decreased in
ATDCS stable cell lines with knockdown Mef2a
at day 21 of induction, while Sox9 had a signifi-
cant increase at days 14 and 21. As expected,
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Figure 5. Effects of Mef2a on proliferation, differentiation and maturation
of chondrocytes. A. At day 21 of culture, weaker Alcian blue staining was
observed in Mef2a knockout cell lines than in control cells, but there was
no significant difference on days 7 and 14, magnification = 40x%, scale bar
= 500 pm. B. No significant difference in ALP staining was observed in the
three time periods, magnification = 200x, scale bar = 100 ym. C. Stronger
alizarin red staining was observed in control cells on days 14 and 21, al-
though there was no difference on days 7, magnification = 40x, scale bar
=500 pym.

Therefore, our findings imply
that Mef2a might play an inte-
gral role in the chondrogene-
sis of ATDC5 cells in vitro.

Discussion

The Col10al gene is a known
marker of hypertrophic chon-
drocytes during osteogenesis
within cartilage [8]. Our previ-
ous in silico study suggested
that Mef2a is a candidate
Col10al gene regulator [25].
In this research, we examined
the correlation of Mef2a with
the Col10al gene expression
and its potential effects on
chondrocyte proliferation, dif-
ferentiation and maturation in
vitro.

We detected significantly in-
creased Mef2a in two chon-
drogenic cell models, MCT
and ATDC5 cells, when they
were induced to reach hy-
pertrophic states. The same
results were verified in situ
chondrocytes from mice. We
also found that knockdown of
Mef2a decreased Coll0Oal
expression, while overexpres-
sion of Mef2a promoted
Col10al expression, suggest-
ing a positive correlation
between Mef2a and Col10al.
To determine the potential
mechanism by which Mef2a
regulates Col10al, the puta-
tive Mef2a binding site within
the 150 bp Coll0al cis-
enhancer was identified and
demonstrated functional by a
dual luciferase assay, sug-
gesting that Mef2a promotes
Col10al expression by bind-
ing to the Coll0al cis-en-
hancer.

In order to further investigate
the function of Mef2a in
chondrocyte differentiation in

Col10al expression was reduced in stable cell vitro, we established a stable ATDC5 cell line
lines at days 7, 14 and 21 (Figure 6A-C). with Mef2a knockdown and stained with Alcian
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blue, ALP, and Alizarin red. ATDC5 cells can
mimic the procedure of chondrocyte differenti-
ation and hypertrophy in vitro, and in the pres-
ence of insulin, express abundant hypertrophic
chondrocyte marker gene CollOal with pro-
longed culture, making ATDC5 an optimal cell
model for studying endochondral ossification in
vitro [42, 43]. The results supported a role of
Mef2a in chondrocyte proliferation and miner-
alization in vitro but had little influence on
matrix maturation. Moreover, we have per-
formed preliminary expression profiling of the
following chondrogenic marker genes Col2al,
Sox9, ALP, and Runx2 in stable cell lines.
Consistent with the ALP staining results, knock-
down of Mef2a did not affect the expression of
ALP. However, we detected increased Sox9
expression and decreased Runx2 expression in
ATDC5 stable cells with Mef2a knockdown. As
we all know, Runx2 is a transcription factor
essential for osteoblast differentiation and
chondrocyte maturation [44-46]. Runx2”/- mice
have no osteoblasts at all, their skeleton is
made of cartilage, chondrocyte maturation is
inhibited in most bones, and no vascular inva-
sion occurs [47, 48]. However, the skeletally
restricted fraction of Runx27- mice also detect-
ed terminally differentiated chondrocytes, sug-
gesting that chondrocyte maturation also
requires the involvement of other transcription
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Figure 6. Preliminary analysis of markers of chondro-
genesis in Mef2a knockout and control cells. A. Detec-
tion of mRNA levels of several chondrogenic genes in
ATDC5 stable cell lines at 7 days of induction by qRT-
PCR. B. The mRNA levels of several chondrogenic genes
in ATDC5 stable cell lines at 14 days of induction were
detected by gRT-PCR, and the results showed that Sox9
was significantly increased. C. The mRNA levels of sev-
eral chondrogenic genes in ATDC5 stable cell lines at
21 days of induction were detected by qRT-PCR, and the
results revealed that Sox9 was significantly increased
while Runx2 was decreased. “P < 0.05, P < 0.01.

factors [49]. The promoter region of lhh has
been discovered to have several Runx2 binding
motifs and that Runx2 directly regulates lhh
expression, suggesting that Runx2 also regu-
lates chondrocyte proliferation through Ihh [49,
50]. Sox9, a gene recognized to be a marker for
early chondrocyte differentiation, is critical for
the formation of limb mesenchymal cartilage
blastomere, proliferation and differentiation of
chondrocytes in the embryonic growth plate,
and regulation of cartilage-specific genes [21].
Studies in transgenic mice showed that misex-
pression of Sox9 in hypertrophic chondrocytes
impairs bone growth and terminal differentia-
tion of hypertrophic chondrocytes [22]. Addi-
tionally, our previous research has shown that
appropriate temporal and spatial expression of
Sox9 is required for adults to maintain normal
hypertrophic cartilage homeostasis, and that
abnormal expression of Sox9 may result in the
development of spontaneous osteoarthritis
[51]. Thus, the differential expression of Runx2
and Sox9 in Mef2a knockdown ATDC5 stable
cell lines and control cells suggested that
Mef2a affects the expression of these genes
and might play a crucial role endochondral ossi-
fication in vitro.

In summary, our results demonstrate that
Mef2a positively regulates Coll0al gene
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expression and may be involved in promoting
chondrocyte proliferation and maturation in
vitro. Although more research is required to
fully understand the function and mechanisms
of Mef2a in vivo during skeletal, especially long
bone development involving growth inhibition.

Acknowledgements

This study was supported by a grant from the
Jiangsu provincial key research and develop-
ment program (#BE2020679 to Q.Z.).

Disclosure of conflict of interest
None.

Address correspondence to: Qiping Zheng, Depart-
ment of Laboratory Medicine, School of Medicine,
Jiangsu University, Zhenjiang 212013, lJiangsu,
China; Shenzhen Walgenron Bio-Pharm Co. Ltd.,
Shenzhen 518118, Guangdong, China. E-mail: qp_
zheng@hotmail.com; Longwei Qiao, The Affiliated
Suzhou Hospital of Nanjing Medical University,
Nanjing 215008, Jiangsu, China. E-mail: giaolong-
weil@126.com

References

[1] Hartmann C. Transcriptional networks control-
ling skeletal development. Curr Opin Genet
Dev 2009; 19: 437-443.

[2] Berendsen AD and Olsen BR. Bone develop-
ment. Bone 2015; 80: 14-18.

[3] Michigami T. Regulatory mechanisms for the
development of growth plate cartilage. Cell Mol
Life Sci 2013; 70: 4213-4221.

[4]  Agirdil Y. The growth plate: a physiologic over-
view. EFORT Open Rev 2020; 5: 498-507.

[6] Hallett SA, Ono W and Ono N. Growth plate
chondrocytes: skeletal development, growth
and beyond. Int J Mol Sci 2019; 20: 6009.

[6] Kronenberg HM. Developmental regulation of
the growth plate. Nature 2003; 423: 332-336.

[7] Lefebvre V and Bhattaram P. Vertebrate skele-
togenesis. Curr Top Dev Biol 2010; 90: 291-
317.

[8] Shen G. The role of type X collagen in facilitat-
ing and regulating endochondral ossification
of articular cartilage. Orthod Craniofac Res
2005; 8: 11-17.

[9]1 Ikegawa S, Nishimura G, Nagai T, Hasegawa T,
Ohashi H and Nakamura Y. Mutation of the
type X collagen gene (COL10A1) causes spon-
dylometaphyseal dysplasia. Am J Hum Genet
1998; 63: 1659-1662.

[10] Goyal M, Gupta A, Choudhary A and Bhandari
A. Schmid type metaphyseal chondrodysplasia

4030

(11]

(12]

(13]

(15]

(17]

(18]

(19]

[20]

[22]

with a novel COL10A1 mutation. Indian J Pedi-
atr 2019; 86: 183-185.

Ain NU, Makitie O and Naz S. Autosomal reces-
sive chondrodysplasia with severe short stat-
ure caused by a biallelic COL10A1 variant. J
Med Genet 2018; 55: 403-407.

Zhong L, Huang X, Karperien M and Post JN.
Correlation between gene expression and os-
teoarthritis progression in human. Int J Mol Sci
2016; 17: 1126.

Tlysuz B, Kasap B, Saritas M, Alkaya DU, Bo-
zlak S, Kiykim A, Durmaz A, Yildinm T, Akpinar
E, Apak H and Vural M. Natural history and ge-
netic spectrum of the Turkish metaphyseal
dysplasia cohort, including rare types caused
by biallelic COL10A1, COL2A1, and LBR vari-
ants. Bone 2022; 167: 116614.

von der Mark K, Kirsch T, Nerlich A, Kuss A,
Weseloh G, Glickert K and Stéss H. Type X col-
lagen synthesis in human osteoarthritic carti-
lage. Indication of chondrocyte hypertrophy.
Arthritis Rheum 1992; 35: 806-811.

Arnold MA, Kim Y, Czubryt MP, Phan D, McA-
nally J, Qi X, Shelton JM, Richardson JA, Bas-
sel-Duby R and Olson EN. MEF2C transcription
factor controls chondrocyte hypertrophy and
bone development. Dev Cell 2007; 12: 377-
389.

Dy P, Wang W, Bhattaram P, Wang Q, Wang L,
Ballock RT and Lefebvre V. Sox9 directs hyper-
trophic maturation and blocks osteoblast dif-
ferentiation of growth plate chondrocytes. Dev
Cell 2012; 22: 597-609.

Bian H, Zhu T, Liang Y, Hei R, Zhang X, Li X,
Chen J, Lu Y, Gu J, Qiao L and Zheng Q. Expres-
sion profiling and functional analysis of candi-
date Col10al regulators identified by the TRAP
program. Front Genet 2021; 12: 683939.
Zheng Q, Zhou G, Morello R, Chen Y, Garcia-
Rojas X and Lee B. Type X collagen gene regu-
lation by Runx2 contributes directly to its hy-
pertrophic chondrocyte-specific expression in
vivo. J Cell Biol 2003; 162: 833-842.

Li Y, Yang S, Qin L and Yang S. TAZ is required
for chondrogenesis and skeletal development.
Cell Discov 2021; 7: 26.

Komori T. Whole aspect of Runx2 functions in
skeletal development. Int J Mol Sci 2022; 23:
5776.

Song H and Park KH. Regulation and function
of SOX9 during cartilage development and re-
generation. Semin Cancer Biol 2020; 67: 12-
23.

Hattori T, MUller C, Gebhard S, Bauer E, Pausch
F, Schlund B, Boésl MR, Hess A, Surmann-
Schmitt C, von der Mark H, de Crombrugghe B
and von der Mark K. SOX9 is a major negative
regulator of cartilage vascularization, bone
marrow formation and endochondral ossifica-
tion. Development 2010; 137: 901-911.

Am J Transl Res 2023;15(6):4020-4032


mailto:qp_zheng@hotmail.com
mailto:qp_zheng@hotmail.com
mailto:qiaolongwei1@126.com
mailto:qiaolongwei1@126.com

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

Mef2a upregulates Col10al expression

Higashikawa A, Saito T, Ikeda T, Kamekura S,
Kawamura N, Kan A, Oshima Y, Ohba S, Ogata
N, Takeshita K, Nakamura K, Chung Ul and
Kawaguchi H. Identification of the core ele-
ment responsive to runt-related transcription
factor 2 in the promoter of human type X col-
lagen gene. Arthritis Rheum 2009; 60: 166-
178.

Zheng Q, Keller B, Zhou G, Napierala D, Chen
Y, Zabel B, Parker AE and Lee B. Localization of
the cis-enhancer element for mouse type X col-
lagen expression in hypertrophic chondrocytes
in vivo. J Bone Miner Res 2009; 24: 1022-
1032.

GuJ, LuY, Li F, Qiao L, Wang Q, Li N, Borgia JA,
Deng Y, Lei G and Zheng Q. Identification and
characterization of the novel Col10al regula-
tory mechanism during chondrocyte hypertro-
phic differentiation. Cell Death Dis 2014; 5:
e1469.

LiF, LuY, Ding M, Napierala D, Abbassi S, Chen
Y, Duan X, Wang S, Lee B and Zheng Q. Runx2
contributes to murine Col10al gene regula-
tion through direct interaction with its cis-en-
hancer. J Bone Miner Res 2011; 26: 2899-
2910.

Di Giorgio E, Hancock WW and Brancolini C.
MEF2 and the tumorigenic process, hic sunt
leones. Biochim Biophys Acta Rev Cancer
2018; 1870: 261-273.

Li L, Rubin LP and Gong X. MEF2 transcription
factors in human placenta and involvement in
cytotrophoblast invasion and differentiation.
Physiol Genomics 2018; 50: 10-19.

Taylor MV and Hughes SM. Mef2 and the skel-
etal muscle differentiation program. Semin
Cell Dev Biol 2017; 72: 33-44.

Pon JR and Marra MA. MEF2 transcription fac-
tors: developmental regulators and emerging
cancer genes. Oncotarget 2016; 7: 2297-
2312.

Andzelm MM, Vanness D, Greenberg ME and
Linden DJ. A late phase of long-term synaptic
depression in cerebellar purkinje cells requires
activation of MEF2. Cell Rep 2019; 26: 1089-
1097.e3.

Dreher Sl, Fischer J, Walker T, Diederichs S
and Richter W. Significance of MEF2C and
RUNX3 regulation for endochondral differenti-
ation of human mesenchymal progenitor cells.
Front Cell Dev Biol 2020; 8: 81.

Leupin O, Kramer |, Collette NM, Loots GG,
Natt F, Kneissel M and Keller H. Control of the
SOST bone enhancer by PTH using MEF2 tran-
scription factors. J Bone Miner Res 2007; 22:
1957-1967.

Kramer |, Baertschi S, Halleux C, Keller H and
Kneissel M. Mef2c deletion in osteocytes re-
sults in increased bone mass. J Bone Miner
Res 2012; 27: 360-373.

4031

(35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Roosenboom J, Lee MK, Hecht JT, Heike CL,
Wehby GL, Christensen K, Feingold E, Marazita
ML, Maga AM, Shaffer JR and Weinberg SM.
Mapping genetic variants for cranial vault
shape in humans. PLoS One 2018; 13:
€0196148.

Blixt N, Norton A, Zhang A, Aparicio C, Prasad
H, Gopalakrishnan R, Jensen ED and Mansky
KC. Loss of myocyte enhancer factor 2 expres-
sion in osteoclasts leads to opposing skeletal
phenotypes. Bone 2020; 138: 115466.
Legrand M, Jourdan ML, Tallet A, Collin C,
Audard V, Larousserie F, Aubert S, Gomez-
Brouchet A, Bouvier C and de Pinieux G. Novel
partners of USP6 gene in a spectrum of bone
and soft tissue lesions. Virchows Arch 2021;
479: 147-156.

Thomas-Chollier M, Hufton A, Heinig M,
O’Keeffe S, Masri NE, Roider HG, Manke T and
Vingron M. Transcription factor binding predic-
tions using TRAP for the analysis of ChIP-seq
data and regulatory SNPs. Nat Protoc 2011; 6:
1860-1869.

Farré D, Roset R, Huerta M, Adsuara JE,
Rosell6 L, Alba MM and Messeguer X. Identifi-
cation of patterns in biological sequences at
the ALGGEN server: PROMO and MALGEN. Nu-
cleic Acids Res 2003; 31: 3651-3653.
Ovchinnikov D. Alcian blue/alizarin red stain-
ing of cartilage and bone in mouse. Cold Spring
Harb Protoc 2009; 2009: pdb.prot5170.
Lefebvre V, Garofalo S and de Crombrugghe B.
Type X collagen gene expression in mouse
chondrocytes immortalized by a temperature-
sensitive simian virus 40 large tumor antigen.
J Cell Biol 1995; 128: 239-245.

Shukunami C, Ishizeki K, Atsumi T, Ohta Y, Su-
zuki F and Hiraki Y. Cellular hypertrophy and
calcification of embryonal carcinoma-derived
chondrogenic cell line ATDC5 in vitro. J Bone
Miner Res 1997; 12: 1174-1188.

Yao Y and Wang Y. ATDC5: an excellent in vitro
model cell line for skeletal development. J Cell
Biochem 2013; 114: 1223-1229.

Komori T. Runx2, an inducer of osteoblast and
chondrocyte differentiation. Histochem Cell
Biol 2018; 149: 313-323.

Qin X, Jiang Q, Nagano K, Moriishi T, Miyazaki
T, Komori H, Ito K, Mark KV, Sakane C, Kaneko
H and Komori T. Runx2 is essential for the
transdifferentiation of chondrocytes into os-
teoblasts. PLoS Genet 2020; 16: €1009169.
Komori T. Molecular mechanism of Runx2-de-
pendent bone development. Mol Cells 2020;
43: 168-175.

Komori T. Regulation of osteoblast differentia-
tion by transcription factors. J Cell Biochem
2006; 99: 1233-1239.

Komori T. Roles of Runx2 in skeletal develop-
ment. Adv Exp Med Biol 2017; 962: 83-93.

Am J Transl Res 2023;15(6):4020-4032



[49]

(50]

4032

Mef2a upregulates Col10al expression

Yoshida CA, Yamamoto H, Fujita T, Furuichi T,
Ito K, Inoue K, Yamana K, Zanma A, Takada K,
Ito Y and Komori T. Runx2 and Runx3 are es-
sential for chondrocyte maturation, and Runx2
regulates limb growth through induction of In-
dian hedgehog. Genes Dev 2004; 18: 952-
963.

Komori T. Regulation of skeletal development
by the Runx family of transcription factors. J
Cell Biochem 2005; 95: 445-453.

(51]

Liang B, Mamidi MK, Samsa WE, Chen Y, Lee
B, Zheng Q and Zhou G. Targeted and sus-
tained Sox9 expression in mouse hypertrophic
chondrocytes causes severe and spontaneous
osteoarthritis by perturbing cartilage homeo-
stasis. Am J Transl Res 2020; 12: 1056-1069.

Am J Transl Res 2023;15(6):4020-4032



