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Abstract: Background and aims: The type X collagen gene (Col10a1), is a specific molecular marker of hypertrophic 
chondrocytes during endochondral ossification. Col10a1 expression is known to be influenced by many regula-
tors. In this study, we aim to investigate how DEAD-box helicase 5 (DDX5), a potential binding factor for Col10a1 
enhancer, may play a role in Col10a1 expression and chondrocyte hypertrophic differentiation in vitro. Methods: 
The potential binding factors of the 150-bp Col10a1 cis-enhancer were identified with the hTFtarget database. The 
expression of DDX5 and COL10A1 was detected by quantitative real-time PCR (qRT-PCR) and Western blot in chon-
drogenic ATDC5 and MCT cell models with or without Ddx5 knockdown or overexpression. Dual-luciferase reporter 
assay and chromatin immunoprecipitation (ChIP) were performed to determine the interaction between DDX5 and 
the Col10a1 enhancer. The effect and mechanism of DDX5 on chondrocyte differentiation and maturation was 
evaluated by alcian blue, alkaline phosphatase (ALP), and alizarin red staining in ATDC5 cell lines with stable knock-
down of Ddx5. Results: DDX5 was identified as a potential binding factor for the Col10a1 enhancer. The expres-
sion of DDX5 in hypertrophic chondrocytes was higher than that in proliferative chondrocytes. Knockdown of Ddx5 
decreased, while overexpression of Ddx5 slightly increased COL10A1 expression. DDX5 promotes the enhancer 
activity of Col10a1 as demonstrated by dual-luciferase reporter assay, and the ChIP experiment suggests a direct 
interaction between DDX5 and the Col10a1 enhancer. Compared to the control (NC) group, we observed weaker 
alcian blue and ALP staining intensity in the Ddx5 knockdown group of ATDC5 cells cultured both for 7 and 14 days. 
Whereas weaker alizarin red staining intensity was only found in the Ddx5 knockdown group of cells cultured for 7 
days. Meanwhile, knockdown of Ddx5 significantly reduced the level of runt-related transcription factor 2 (RUNX2) in 
related ATDC5 cells examined. Conclusions: Our results suggest that DDX5 acts as a positive regulator for Col10a1 
expression and may cooperate with RUNX2 together to control Col10a1 expression and promote the proliferation 
and maturation of chondrocytes.
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Introduction

Mammalian bone tissue is formed through  
two distinct processes: intramembranous and 
endochondral bone formation [1]. Endochondral 
bone formation is the main process which 
forms most mammalian bones, including the 
skull, longitudinal and appendage bones [1-3]. 
The differentiation and maturation of chondro-
cytes play a key role in the process of endo-
chondral bone formation, in which chondro-

cytes promote longitudinal growth through pro-
liferation, extracellular matrix secretion, and 
hypertrophy [4]. Subsequently, chondrocytes 
undergo apoptosis, blood vessels and osteo-
blasts invade the growing cartilage, and eventu-
ally bone is formed [4-6]. Therefore, chondro-
cyte hypertrophy is a terminal stage of chondro-
cyte differentiation, mediating the transforma-
tion of cartilage into bone [7]. Hypertrophic 
chondrocytes express specific markers, includ-
ing osteopontin, matrix metalloproteinase-9/13 
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(MMP9/13), vascular endothelial growth factor 
(VEGF), to prepare for osteogenesis [8-10]. In 
addition to their apoptotic fate, hypertrophic 
chondrocytes can also re-enter the cell cycle 
and differentiate into osteoblasts and other 
mesenchymal cells [7, 11, 12]. Such properties 
of hypertrophic chondrocytes make them very 
important targets for understanding bone 
growth and development.

As a specific marker of the hypertrophic chon-
drocytes, Col10a1 normal expression is essen-
tial for the mineralization process [13]. Multiple 
studies have found that mutations and abnor-
mal expression of Col10a1 are often accompa-
nied by abnormal hypertrophy of chondrocytes, 
which is common in many diseases [14-16]. 
Schmid metaphyseal chondrodysplasia (SMCD) 
is an autosomal dominantly inherited skeletal 
disorder caused by human COL10A1 gene 
mutation [14, 17-19]. SMCD is characterized by 
short stature, irregular growth plate, and hip 
valgus [20, 21]. Osteoarthritis (OA) is a multi-
factorial disease characterized by progressive 
degeneration of articular cartilage. Subchondral 
bone pathological changes, such as osteophyte 
formation, sclerosis, and cyst formation are 
typical features of OA [22, 23]. During the pro-
gression of OA, articular chondrocytes undergo 
abnormal hypertrophy and the expression of 
Col10a1 is abnormally increased [24-27]. 
Therefore, regulators controlling Col10a1 ex- 
pression during chondrocyte hypertrophy are 
expected to play crucial roles in skeletal devel-
opment and bone-related diseases.

Multiple regulatory factors, including SRY-box 
transcription factor 9 (SOX9), RUNX2, tafazzin 
(TAZ), etc. [28-30] have been shown to control 
the specific expression of the Col10a1 gene in 
hypertrophic chondrocytes. SOX9 is a known 
negative Col10a1 regulator, where RUNX2 posi-
tively regulates Col10a1 expression by directly 
binding to its promoters [31], and that Col10a1 
expression is not detectable in Runx2 deficient 
mice [32]. At the same time, SOX9 has been 
shown to inhibit the expression of RUNX2 in 
chondrocytes, and thus coordinate bone forma-
tion [33, 34]. We have previously localized the 
mouse Col10a1 cis-enhancer to a 150 bp distal 
promoter and found that RUNX2 binding to this 
enhancer is required but not sufficient for cell 
specific Col10a1 enhancer activity [29, 35, 36]. 
Further bioinformatics analysis of this 150 bp 
Col10a1 enhancer identified and validated 

many potential binding factors, including distal-
less homeobox5 (DLX5), myocyte enhancer 
factor 2A (MEF2A), signal transducer and acti-
vator of transcription 5A (STAT5A), etc. [37-39]. 
Interestingly, we also found potential DDX5 
binding sites within the Col10a1 cis-enhancer 
which are adjacent to the known RUNX2 bind-
ing sites. However, whether DDX5 plays a role 
in the regulation of Col10a1 expression has 
never been elucidated.

DDX5, also called p68, is a member of the 
DEAD-box RNA helicase protein superfamily 
[40]. It is an ATP-dependent RNA helicase that 
is involved in many biological processes, includ-
ing mRNA processing, ribosomal RNA matura-
tion, and transcriptional regulation [41, 42]. 
DDX5 is known to participate in genesis and 
development, and has been recognized as a 
potential biomarker and therapeutic target for 
various cancers, including breast cancer, gas-
tric cancer, and osteosarcoma [43]. As the 
interacting proteins of myogenic regulator 
(MyoD), DDX5 is required for normal differentia-
tion of skeletal muscle cells and promotes for-
mation of transcription initiation complex and 
the assembly of proteins required for chromatin 
remodeling [44]. Notably, DDX5 acts as a tran-
scriptional co-activator of Runx2, an essential 
transcription factor for osteoblast differentia-
tion and development, to promote osteogenic 
differentiation [45-47]. DDX5 was also shown 
to inhibit osteogenic differentiation of progeni-
tor cells, suggesting the diverse mechanism of 
DDX5 in regulation of osteoblast differentiation 
[45]. Interestingly, the expression level of DDX5 
was found higher in the hypertrophic zone than 
in the proliferative zone of equine fetal growth 
cartilage [48]. Combined with our finding that 
there is a potential DDX5 binding site (adjacent 
to the RUNX2 site) within the Col10a1 enhanc-
er, we speculate that DDX5 may coordinate 
with RUNX2 together to play a role in the regula-
tion of Col10a1 expression and chondrocyte 
hypertrophy differentiation during endochon-
dral ossification.

Materials and methods

Bioinformatics analysis of the Col10a1 cis-
enhancer

The potential binding factors of the 150 bp 
Col10a1 cis-enhancer were predicted by  
the TRAP program as previously described 
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(http://trap.molgen.mpg.de/cgi-bin/trap_form.
cgi) [35, 49]. The human transcription factor 
database (http://bioinfo.life.hust.edu.cn/hTF-
targetprediction) was also utilized to predict 
and confirm the transcription factors and their 
binding sites of target genes for the same 150 
bp Col10a1 enhancer [50].

Cell culture

Three cell lines were used in this study. ATDC5 
cells were isolated from mouse teratocarcino-
ma cells, and after adding insulin to the medi-
um, chondroid cell aggregates were formed to 
express chondrocyte-specific proteoglycans 
and type II collagen [51]. These cells may dif-
ferentiate into hypertrophic chondrocytes and 
express type X collagen with significantly 
increased alkaline phosphatase activity [52, 
53]. After continued culture, the cell culture 
mineralizes and can be visualized by alizarin 
red staining [52]. These properties make ATDC5 
cells an excellent in vitro model to study the 
mechanism of chondrocyte differentiation dur-
ing endochondral bone formation [54]. The 
ATDC5 cells used in this experiment were 
donated by professor Teng of Nanjing Univer- 
sity. ATDC5 cells were cultured at 37°C in 
DMEM/F-12 (1:1, Hyclone, USA) medium con-
taining 5% fetal bovine serum (FBS, BI, Israel) 
and in a humidified incubator containing 5% 
CO2. Hypertrophy of ATDC5 cells were induced 
by 1× insulin-transferrin-sodium selenite (ITS, 
Sigma, USA). MCT cells were obtained by 
immortalization of mouse chondrocytes with 
temperature-sensitive SV40 large T antigen 
[55]. When cultured at 32°C, MCT cells prolifer-
ate and express type II collagen and aggrecan, 
whereas when transferred to 37°C, MCT cells 
stop growing, enter a hypertrophic state, and 
begin to express hypertrophic chondrocyte-
specific marker genes, including Col10a1 [55]. 
MCT cells were originally donated by the labora-

tory of Dr. de Crombrugghe, MD Anderson 
(Houston, USA). MCT cells were cultured at 
32°C in Dulbecco’s Modified Eagle Medium 
(DMEM, Hyclone, USA) containing 8% FBS with 
8% CO2 humidification. After growth to sub-con-
fluence, MCT cells were switched to 37°C for 
2-3 days to induce hypertrophy. 293T cells 
were cultured at 37°C and maintained in DMEM 
with 10% FBS in a humidified incubator con-
taining 5% CO2. The 293T cells were provided 
by professor Shao of Jiangsu University.

RNA isolation and quantitative real-time poly-
merase chain reaction (qRT-PCR)

Total RNA was extracted from the cells using the 
Trizol Reagent (Vazyme, Nanjing, China) and 
cDNA was synthesized from total RNA using the 
PrimerScript™ RT kit (TaKaRa, Japan). The qRT-
PCR was performed with the cDNA as a tem-
plate using the SYBR Mixture (Tacara, Dalian, 
China) according to the manufacturer’s instruc-
tions. Mouse β-actin was used as the internal 
control to normalize gene expression and the 
results were analyzed by the 2-ΔΔCt method [56]. 
All primer sequences used in this study are list-
ed in Table 1.

Western blot

Cellular proteins were extracted from cells har-
vested and lysed with RIPA buffer containing 
protease inhibitors (Beyotime, Jiangsu, China). 
Equal amounts of protein samples were sepa-
rated by polyacrylamide gel and then trans-
ferred to PVDF membrane. Subsequently, the 
membrane was blocked in Tris buffered saline 
with 0.1% Tween-20 (TBS/T) containing 5% 
non-fat milk at room temperature for 1 hour, 
and then incubated with the primary antibodies 
at 4°C overnight. On the following day, the 
membranes were washed three times using 
TBS/T buffer, then incubated with secondary 

Table 1. Primers for real-time PCR
Gene Forward (5’-3’)  Reverse (5’-3’)
β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Col10a1  TCTGTGAGCTCCATGATTGC GCAGCATTACGACCCAAGATC
Ddx5 CGGGATCGAGGGTTTGGTG GCAGCTCATCAAGATTCCACTTC
Runx2 ATGCTTCATTCGCCTCACAAA GCACTCACTGACTCGGTTGG
Sox9 GAGCCGGATCTGAAGAGGGA GCTTGACGTGTGGCTTGTTC
Mmp13 CTTCTTCTTGTTGAGCTGGACTC CTGTGGAGGTCACTGTAGACT
Col2a1 GGGAATGTCCTCTGCGATGAC   GAAGGGGATCTCGGGGTTG
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antibodies (goat anti-rabbit or goat anti-mouse 
IgG) for 1 hour at room temperature. Finally, 
protein bands were detected via ECL system 
(Vazyme, Nanjing, China). Primary antibodies 
include anti-Collagen X (1:1000, Abcam, UK), 
anti-DDX5 (1:1000, HuaBio, China), anti-RUNX2 
(1:1000, Abcam, UK), and anti-β-actin (1:1000, 
Beyotime, China) was used as an internal 
control.

Immunohistochemistry (IHC) analysis

The hind limbs of C57BL/6 mice were collected 
and fixed with 4% paraformaldehyde, decalci-
fied with 10% EDTA, paraffin embedded in tis-
sue, and finally the paraffin blocks were sliced. 
The slices were dewaxed and hydrated. They 
were then heated with citric buffer (PH 6.0) at 
95°C for 20 min. In addition, the slices were 
soaked in 3% hydrogen peroxide solution and 
incubated for 25 min at room temperature to 
block endogenous peroxidase. After the slices 
were sealed with goat serum, the primary  
antibody was incubated overnight at 4°C, and 
the corresponding secondary antibody, HRP-
labeled streptavidin and DAB solution were 
incubated on the second day successively. The 
sections were washed and stained with hema-
toxylin, then slices were sealed with neutral 
glue and the staining results were observed 
under a microscope (Nikon, Japan).

siRNA and plasmids transfection

The small interfering RNA sequences of mouse 
Ddx5 are as follows: siDdx5-1 (sense 5’-GG- 
AUCAAAUAAGACCUGAUTT-3’, antisense 5’-AU- 
CAGGUCUUAUUUGAUCCTT-3’); siDdx5-2 (sen- 
se 5’-CACUUUCUUUACACCUAAUTT-3’, antisen- 
se 5’-AUUAGGUGUAAAGAAAGUGTT-3’); siDdx5-
3 (sense 5’-GCACAAUGGUAUGAACCAATT-3’, 
antisense 5’-UUGGUUCAUACCAUUGUGCTT-3’); 
and scrambled sequence of negative con- 
trol (sense 5’-UUCUCCGAACGUGUCACGUTT-3’, 
antisense 5’-ACGUGACACGUUCGGAGAATT-3’). 
The interference sequences were designed 
and synthesized by GenePharma (Shanghai, 
China) and the plasmids, including pcDNA3.1/
Ddx5 and pcDNA3.1, were purchased from 
Suzhou Biology (Suzhou, China). Subsequently, 
siDdx5 and scrambled siRNA were transfected 
into ATDC5 and MCT cells using the Lipo- 
fectamine RNAiMax Reagent (Thermo Fisher 
Scientific, USA) according to the manufactur-
er’s instructions. For plasmid transfection, cells 

were transfected with lipofectamine 3000 
transfection reagent (Thermo Fisher Scientific, 
USA) and 1 µg of pcDNA3.1/Ddx5 or pcDNA3.1 
plasmid. After transfection, MCT cells were  
cultured with DMEM containing 8% FBS at 
32°C for 6 h and then transferred to 37°C for 
another 2-3 days. ATDC5 cells were cultured in 
DMEM/F-12 containing 1% ITS for up to 7 days 
at 37°C. Cells were collected for subsequent 
experiments.

Dual-luciferase reporter assay

293T cells reaching approximately 70% conflu-
ence were plated into a 24-well plate and trans-
fected using the liposome 3000 transfection 
kit (Thermo Fisher Scientific, USA). In each 
transfection assay, Ddx5 overexpression plas-
mid or pcDNA3.1 and Col10a1 promoter-lucif-
erase reporter vector or pGL3 vector and pRL-
TK were added according to the manufacturer’s 
instructions. Cells were harvested after 48-h’s 
transfection, and luciferase activities were 
measured via the Dual-Luciferase reporter sys-
tem (Promega, Madison, WI, USA).

Chromatin immunoprecipitation (ChIP) assay

The ChIP experiments were performed using 
the One-Day Chromatin Immunoprecipitation 
Kits (Merck, USA). Approximately 1 × 107 ATDC5 
cells were fixed with 1% formaldehyde solution, 
and cross-link of protein with DNA was accord-
ing to the manufacturer’s instructions. The 
chromatin fragments were cut into appropriate 
size using an ultrasonic cell crusher (JingXin, 
China). The chromatin complexes were treated 
with anti-DDX5 antibody (HuaBio, China) or  
normal mouse IgG. Subsequently, the immuno-
precipitated DNA was purified. Finally, the puri-
fied DNA samples were used as templates for 
PCR and for agarose gel electrophoresis. The 
specific primer pairs of the 150-bp Col10a1 
enhancer sequences are as follows: sense 
5’-CCTTCATAAAGTCACAGACCAGT-3’; antisense 
5’-ATTGTAGAATCAGAGTATTTGCT-3’.

Lentiviral infection

shRNA-Ddx5 and shRNA-NC were designed and 
constructed by OBiO (OBiO, China). Cells were 
seeded into 24-well plates, and viral infection 
was performed the next day when cell conflu-
ence reached 30%-40%. According to the pre-
experimental protocol, 8 µl of virus were added 
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to each well. After 72 hours of viral infection, 
cells were observed under a fluorescence 
microscope to determine how efficiently the 
lentivirus infected the target cells. The cells 
were then screened with a concentration of 8 
µg/ml of puromycin. Subsequently, the cells 
were grown in a medium containing 4 µg/ml of 
puromycin for subsequent experiments.

Alcian blue, ALP and alizarin red staining

ATDC5 cells were cultured and induced with ITS 
for 7 and 14 days and then stained. For alcian 
blue staining, ATDC5 cells were fixed with meth-
anol at -20°C for 2 min, and then 0.1% alcian 
blue solution (Bomei, China) was added over-
night at room temperature. Subsequently, the 
cells were washed with ddH2O and air dry. ALP 
staining was performed with the alkaline phos-
phatase staining cAKP kit (Jiancheng, Nanjing, 
China). In brief, cells were fixed for 2-5 min, and 
then the dye solution was dropped sequential-
ly, followed by regular ddH2O wash and air dry. 
For alizarin red staining, cells were fixed with 
95% ethanol for 10 min, they were then stained 
with 1% Alizarin Red (Solarbio, China) for 10 
min and then washed with ddH2O and air dried. 
The staining images were observed and taken 
with a Nikon Eclipse 80i microscope (Nikon 
Instruments Inc., NY, USA) at designated 
magnifications.

Statistical analysis

Statistical analysis of the data was performed 
by GraphPad Prism software version 6.0 using 
Student’s t-test or one-way analysis of variance 
(ANOVA). The gray scale of protein bands and 
the intensity of staining results were normal-
ized using Image J, and then analyzed by 
Student’s t-test using GraphPad Prism soft- 
ware version 6.0. All the experiments were car-
ried out with at least three independent repli-
cates. P < 0.05 was considered statistically 
significant.

Results

Bioinformatic prediction

We previously reported the potential transcrip-
tion factors and their binding sites within the 
mouse 150 bp Col10a1 enhancer as predicted 
by the TRAP program [35, 49]. Here, we also 

searched for transcription factors and their 
binding sites within the same 150 bp Col10a1 
enhancer using the hTFtarget database. After 
input the sequences in FASTA format into the 
“prediction” box, we obtained a series of candi-
date transcription factors with p-values much 
less than 0.05 (Figure 1A, 1B). Notably, one of 
the candidate TF DDX5, which we chose for this 
study, was previously shown to be higher in the 
hypertrophic zone than in the proliferative zone 
of equine fetal growth cartilage [48].

Basal expression of Ddx5 and Col10a1 in 
chondrocytes

Two chondrogenic cell models, ATDC5 and MCT 
cells were selected for the analyses [51, 52, 
55]. ATDC5 cells were cultured in medium con-
taining 1% ITS to induce hypertrophic differen-
tiation. With the increase of ITS induction time, 
the mRNA and protein expression levels of 
COL10A1 were up-regulated and reached a 
peak on 14th day (Figure 2A). Meanwhile, qRT-
PCR and Western blot showed that the mRNA 
and protein levels of DDX5 were also up-regu-
lated and the trend was consistent with that of 
COL10A1 (Figure 2A). MCT cells were cultured 
at 32°C and switched to 37°C to induce the 
hypertrophic differentiation process in vitro 
[55]. The expression changes of DDX5 and 
COL10A1 were then examined at two tempera-
tures by qRT-PCR and Western blot. The qRT-
PCR results showed that the mRNA levels of 
Col10a1 and Ddx5 were up-regulated in hyper-
trophic MCT cells compared with proliferating 
MCT cells (Figure 2B). The Western blot results 
also showed that the expression of COL10A1 
and DDX5 were increased in hypertrophic MCT 
cells (Figure 2B). IHC analysis indicated that 
COL10A1 and DDX5 showed positive staining 
in hypertrophic chondrocytes compared with 
proliferative chondrocytes (Figure 2C). The 
above results suggested that the expression of 
Ddx5 is higher in hypertrophic chondrocytes 
than in the proliferative chondrocytes, which 
corresponds well with Col10a1 expression in 
these chondrogenic cell models examined.

DDX5 up-regulates Col10a1 expression in vitro

To investigate the effect of DDX5 on Col10a1 
expression, we transfected pcDNA3.1/Ddx5 
plasmid and Ddx5 small interference frag-
ments in ATDC5 and MCT cells for validation. 
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The results showed that transfection with 
Ddx5-siRNA into ATDC5 and MCT cells signifi-
cantly down-regulated the mRNA and pro- 
tein levels of COL10A1 (Figure 3A, 3B). 
Meanwhile, the mRNA and protein levels of 
COL10A1 were significantly upregulated in the 
groups of ATDC5 and MCT cells with Ddx5 over-
expression compared to the control group 
transfected with pcDNA3.1 (Figure 4A, 4B). 
These results suggested that DDX5 promotes 
Col10a1 expression in hypertrophic chondro-
cytes in vitro.

Interaction between DDX5 and the Col10a1 
enhancer

To determine the interaction between DDX5 
and the Col10a1 enhancer, we performed  
dual-luciferase reporter assay and ChIP experi-
ment. As shown in Figure 5A, the mRNA and 
protein levels of DDX5 were significantly 
increased in 293T cells transfected with the 
pcDNA3.1/Ddx5 plasmid. The enhancer activi-
ty of Col10a1 was increased in cells transfect-
ed with pcDNA3.1/Ddx5 and Col10a1 enhanc-

Figure 1. Prediction of the candidate transcription factor binding sites by hTFtarget. A. hTFtarget analysis of the 150 
bp Col10a1 cis-enhancer. B. Candidate transcription factors and their binding sites identified by hTFtarget (P-values 
much less than 0.05 were recorded).
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er luciferase reporter compared to cells trans-
fected with pcDNA3.1 and the reporter control 
(Figure 5B). The binding of DDX5 with the 
Col10a1 enhancer was further confirmed by 
ChIP experiment. The DNA fragments obtained 
by immunoprecipitation were amplified using 
PCR, and the amplified products were then sub-
jected to agarose gel electrophoresis. Obvious 
PCR amplified bands can be seen in the precipi-
tates with the anti-DDX5 antibody but not in the 
group with the control IgG (Figure 5C). These 
results indicated that DDX5 directly interacted 
with 150 bp Col10a1 enhancer to promote 
Col10a1 gene expression.

Effects of DDX5 on chondrocytes differentia-
tion and maturation in vitro

Stable cell lines with knockdown of Ddx5 were 
established by transfection of shDdx5 into 
ATDC5 cells and cells with appropriate trans-
fection efficiency were selected for further 
experiments (Figure 6A). The results of qRT-
PCR and Western blot indicated that COL10A1 
expression was decreased when Ddx5 was 
knocked down (Figure 6B). ATDC5 stable cells 
lines were cultured in a medium containing 1% 
ITS for 7 and 14 days, and then the effect of 
DDX5 on chondrocyte differentiation and matu-

Figure 2. Basal expression of Ddx5 and Col10a1 in mouse chondrogenic cell models and in the growth plate. A. 
ATDC5 cells were cultured in medium with addition of 1% ITS for 0, 7, 14, and 21 days respectively. The mRNA levels 
of Col10a1 and Ddx5 were measured by qRT-PCR. Protein levels of COL10A1 and DDX5 were determined by West-
ern blot. β-actin was used as an internal control and the densitometry analysis of the western results were as illus-
trated. B. MCT cells were cultured either in the proliferative phase at 32°C or further incubated in the hypertrophic 
phase at 37°C for an additional 2-3 days. The mRNA levels of Col10a1 and Ddx5 were measured by qRT-PCR. Pro-
tein levels of COL10A1 and DDX5 were determined by Western blot. β-actin was used as an internal control and the 
right panel shows the densitometry analysis results of the western blot. C. Immunohistochemical analysis detected 
the expression of COL10A1 and DDX5 in growth plate chondrocytes. Red arrows point to the positive staining cells, 
yellow arrows point to the negative staining cells, magnification =400×, scale bar =50 µm. *P < 0.05, **P < 0.01.
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ration in vitro were evaluated by Alcian blue, 
ALP, and Alizarin red staining. The staining 

results showed that after 7 and 14 days of cul-
ture with induction, the intensity of Alcian blue 

Figure 3. Knockdown of Ddx5 decreased Col10a1 expression in vitro. A. Ddx5-siRNA was transiently transfected 
into ATDC5 cells and induced in a medium containing 1% ITS for 7 days. The mRNA and protein levels of COL10A1 
were detected by qRT-PCR and western blot when the expression of Ddx5 was knocked down. β-actin was used as 
an internal control. B. The Ddx5-siRNA was transfected into MCT cells and then cultured at 37°C for 2-3 days. The 
mRNA and protein levels of DDX5 and COL10A1 were detected by qRT-PCR and western blot. β-actin was used as 
an internal control. *P < 0.05, **P < 0.01.

Figure 4. Overexpression of Ddx5 increased Col10a1 expression in vitro. A. ATDC5 cells were transfected with 
pcDNA3.1 or pcDNA3.1/Ddx5 plasmids and then induced in a medium containing 1% ITS for 7 days. The mRNA 
and protein levels of COL10A1 were detected by qRT-PCR and western blot when DDX5 was overexpressed. β-actin 
was used as an internal control. B. The pcDNA3.1 or pcDNA3.1/Ddx5 plasmids were transiently transfected into 
MCT cells and cultured at 37°C for 2-3 days. The mRNA and protein levels of COL10A1 were detected by qRT-PCR 
and western blot when DDX5 was overexpressed. β-actin was used as an internal control. *P < 0.05, **P < 0.01.
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and ALP staining of the ATDC5 cells with Ddx5 
knockdown was significantly reduced com-
pared with the control (NC) group (Figure 6C). 
Whereas weaker alizarin red staining intensity 
was only found in the Ddx5 knockdown group of 
cells cultured for 7 days, and there was no sig-
nificant difference in the staining intensity 
between the two groups on the 14th day (Figure 
6C).

Potential mechanism of DDX5 on regulation of 
Col10a1 expression

We next evaluated the correlation between 
Ddx5 and the expression of some marker 
genes, including Runx2, Sox9, Mmp13 and 
type II collagen gene (Col2a1) that are relevant 
to chondrocyte proliferation, hypertrophy, as 
well as matrix mineralization, in ATDC5 cells. 
The qRT-PCR and Western blot results showed 
that with stable knockdown of Ddx5 in ATDC5 
cells, when these cells were cultured with ITS 
induction for 7 and 14 days, both Col10a1 and 
Runx2 expression levels were significantly 
down-regulated compared to controls, while 
other relevant marker genes (Sox9, Mmp13 
etc.) did not change significantly (Figure 7A, 

potential roles and mechanisms of Ddx5 in the 
regulation of Col10a1 expression and chondro-
cyte hypertrophy using the above ATDC5 and 
MCT chondrogenic cell models.

The results showed that the expression of 
DDX5 and COL10A1 significantly increased 
when ATDC5 and MCT cells were induced to 
enter the hypertrophic state. Furthermore, IHC 
analysis of the mouse hindlimb revealed that 
the expression levels of COL10A1 and DDX5 
were higher in the hypertrophic zone than in the 
proliferative zone. We also found that knock-
down of Ddx5 reduced the expression of 
Col10a1 in chondrocyte models, while overex-
pression of Ddx5 upregulated Col10a1 ex- 
pression. These results suggest that DDX5 is 
positively correlated with the expression of 
COL10A1, and thus plays a role in chondrocyte 
hypertrophic differentiation. To investigate the 
potential mechanism of DDX5 regulation of 
Col10a1, we performed dual-luciferase report-
er assay and CHIP experiments and the results 
showed that DDX5 could enhance the activity 
of the Col10a1 enhancer, possibly via direct 
interaction with this enhancer. Subsequently, 
we established the ATDC5 cell line with stable 

Figure 5. Mechanism of DDX5 regulating Col10a1 expression. A. The qRT-
PCR and western blot showed that the mRNA and protein levels of DDX5 
were increased in the 293T cells transfected with the pcDNA3.1/Ddx5 plas-
mid compared with that with the pcDNA3.1 control. β-actin was used as an 
internal control. B. The relative fluorescence activity of 293T cells was deter-
mined by dual luciferase reporter assay. C. The associated DNA fragments 
bound by anti-DDX5 antibody were detected by PCR and agarose gel electro-
phoresis. *P < 0.05, **P < 0.01.

7B). These results suggest a 
possible mechanism of Ddx5 
on regulation of Col10a1 ex- 
pression and, possibly on ch- 
ondrocyte differentiation and 
maturation, which may be 
coordinated with RUNX2.

Discussion

We have been studying the 
regulation of Col10a1 expres-
sion in hypertrophic chondro-
cytes both in vitro and in vivo 
for many years. Based on pre-
vious studies, we obtained a 
range of potential binding fac-
tors for the 150 bp Col10a1 
enhancer sequence through  
a Web-based hTFtarget data-
base. Among these candidate 
binding factors, DDX5 has 
been shown to be more highly 
expressed in the hypertrophic 
zone than in the proliferative 
zone of horse fetal growth 
cartilage [48]. Therefore, in 
this study, we explored the 
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knockdown of Ddx5, and further explored the 
potential effects of DDX5 on chondrocyte dif-
ferentiation in vitro by Alcian blue, ALP, and 
Alizarin red staining. The results support a posi-
tive role of DDX5 in chondrocyte proliferation 
and differentiation in vitro, but with only moder-
ate effect on matrix mineralization. Interestingly, 
we have analyzed the expression of some 
marker genes, including Runx2, Sox9, Mmp13, 
etc. and found that Runx2 expression was 

[61-63]. Notably, multiple studies have shown 
that DDX5 and RUNX2 interact and co-activate 
to promote osteogenic differentiation, and  
are related to osteocalcin [45-47]. In addition, 
inhibition of DDX5 in C2C12 cells, which are 
myocyte and osteoblast progenitor cells, cou- 
ld accelerate osteoblast differentiation [45]. 
These findings suggest that DDX5 plays multi-
ple roles in Col10a1 expression, chondrocyte 
and osteoblast differentiation, and the underly-

Figure 6. Effects of DDX5 on chondrocyte differentiation and maturation in vitro. A stable cell line with Ddx5 knock-
down was constructed by transfection of shDdx5 into ATDC5 cells. A. The transfection efficiency was observed under 
a fluorescence microscope. Magnification =200×, scale bar =50 µm. B. The mRNA and protein levels of COL10A1 
in ATDC5 cells with Ddx5 stably knocked-down were detected by qRT-PCR and western blot. β-actin was used as an 
internal control. C. Stable cell lines with knockdown of Ddx5 were induced in medium containing 1% ITS for 7 and 
14 days, and stained with alcian blue, ALP, and alizarin red staining. Densitometry analyses of the staining intensity 
were shown underneath. Magnification =40×, scale bar =50 µm. *P < 0.05, **P < 0.01.

Figure 7. Potential impact and mechanism of Ddx5 on chondrocyte differen-
tiation. ATDC5 cells with Ddx5 stably knocked-down were induced in medium 
containing 1% ITS for 7 and 14 days. The mRNA and protein levels of genes 
involved in chondrocyte differentiation and maturation were determined by 
qRT-PCR and western blot at day 7 (A) and day 14 (B). β-actin was used as an 
internal control. The results showed that both COL10A1 and RUNX2 expres-
sion was down-regulated when Ddx5 was knocked-down. *P < 0.05, **P < 
0.01.

downregulated in ATDC5 cells 
when Ddx5 was knocked 
down.

It is well established that 
RUNX2 is a known transcrip-
tion factor that plays an 
essential role in osteoblast 
differentiation and chondro-
cyte maturation [57, 58]. In 
Runx2-deficient mice, bone 
formation was completely 
lacking, and the maturation of 
chondrocytes was severely 
disturbed [59]. Runx2 can 
also promote the activity of 
alkaline phosphatase and 
matrix calcification in chon-
drocytes, thus affecting chon-
drocyte differentiation [60]. 
As to Col10a1 expression,  
we have shown that Runx2 
was an essential regulator of 
Col10a1, acting by binding 
directly to the Col10a1 en- 
hancer [29]. Previous studies 
have shown that Runx2-null 
mice had cartilaginous bone, 
but with severely reduced ex- 
pression of Col10a1 and dis-
ordered chondrocyte matura-
tion [32, 58]. Meanwhile, ab- 
normal expression of Runx2 
was also found in many bone-
related diseases, such as OA 
and skeletal dysplasia, etc. 
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ing mechanism is likely related to RUNX2 
expression in these cell models.

In summary, our results support that DDX5 pro-
motes Col10a1 expression by enhancing the 
activity of the Col10a1 cis-enhancer. DDX5 may 
cooperate with RUNX2 together to regulate the 
expression of Col10a1 and promote the differ-
entiation and maturation of chondrocytes dur-
ing endochondral ossification in vitro.
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