
MOLECULAR MEDICINE REPORTS  12:  210-218,  2015210

Abstract. Despite the well-established role of all-trans-reti-
noic acid (ATRA) in congenital clubfoot (CCF)-like 
deformities in in vivo models, the essential cellular and 
molecular targets and the signaling mechanisms for 
ATRA-induced CCF-like deformities remain to be eluci-
dated. Recent studies have demonstrated that p53 and p21, 
expressed in the hindlimb bud mesenchyme, regulate cellular 
proliferation and differentiation, contributing to a significant 
proportion of embryonic CCF-like abnormalities. The objec-
tive of the present study was to investigate the mechanisms 
for ATRA-induced CCF, by assessing ATRA-regulated 
chondrogenesis in rat embryo hindlimb bud mesenchymal 
cells (rEHBMCs) in vitro. The experimental study was 
based on varying concentrations of ATRA exposure on 
embryonic day 12.5 rEHBMCs in vitro. The present study 
demonstrated that ATRA inhibited the proliferation of cells 
by stimulating apoptotic cell death of rEHBMCs. It was also 
observed that ATRA induced a dose-dependent reduction of 
cartilage nodules compared with the control group. Reverse 
transcription-polymerase chain reaction and western blot-
ting assays revealed that the mRNA and protein expression 
of cartilage‑specific molecules, including aggrecan, Sox9 
and collagen, type II, α 1 (Col2a1), were downregulated 
by ATRA in a dose-dependent manner; the mRNA levels 
of p53 and p21 were dose-dependently upregulated from 
16 to 20 h of incubation with ATRA, but dose-dependently 

downregulated from 24 to 48 h. Of note, p53 and p21 were 
regulated at the translational level in parallel with the tran-
scription with rEHBMCs treated with ATRA. Furthermore, 
the immunofluorescent microscopy assays indicated that 
proteins of p53 and p21 were predominantly expressed in 
the cartilage nodules. The present study demonstrated that 
ATRA decreases the chondrogenesis of rEHBMCs by inhib-
iting cartilage‑specific molecules, including aggrecan, Sox9 
and Col2al, via regulating the expression of p53 and p21.

Introduction

Retinoic acid (RA), an oxidative metabolite of vitamin A, is 
present in the vertebrate embryonic limb bud and is critical 
for correct limb development. An excess or a deficiency of 
all-trans-retinoic acid (ATRA) may cause congenital malfor-
mations, including limb defects (1). Delgado-Baeza et al (2) 
have established a fetal rat clubfoot model using a single 
intragastric dose of RA on day 10 of gestation. Our group 
previously demonstrated that inhibition of hindlimb cartilage 
development is a crucial factor for ATRA-induced congenital 
clubfoot (CCF) in a rat model (3,4). Limb patterning and 
growth are carefully regulated through a complex network of 
transcription factors and signaling molecules (5,6). Despite a 
well-established role of ATRA in CCF, the essential cellular 
and molecular targets and the signaling mechanism whereby 
ATRA induces CCF remain to be elucidated. 

A key aspect of embryonic development is dependent upon 
cell cycle control; p53 is an important mediator of the cell 
cycle checkpoint at the G1-S transition (7) and is intricately 
involved in the cellular decision-making process (8). p21, as 
a cyclin-dependent kinase inhibitor, is a negative regulator of 
cell cycle progression and is required for chondrocyte differ-
entiation (9,10). Induction of p53 is generally characterized 
by increased transcription of p21, whose product interacts 
with the cyclin-dependent complexes and regulates the cell 
cycle (11,12). However, it is becoming increasingly clear that 
p21 can be induced in a p53-independent manner (13). In 
addition, p53 induces apoptosis or programmed cell death 
to remove unwanted cells and to prevent teratogenesis in 
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preimplantation as well as in the early organogenesis period, 
which is essential for normal development (14,15).

However, p53-dependent apoptosis is also responsible for 
excessive cell loss in the predigital regions, which may result 
in defects of the digits. p53+/+ animals have been previously 
reported to be more sensitive to radiation-induced apoptosis 
and defects of the digits than p53+/- and p53-/- mice during 
the mid-gestational period and the late gestational period. 
However, p53-/- embryonic mice were more sensitive to 
apoptosis and defects than were p53+/- and p53+/+ mice during 
late organogenesis (16,17). As p53-knockout (KO) mice 
developed and were viable, polydactyly of the hindlimbs and 
other defects were reported to occur at a higher incidence in 
p53‑deficient mice (18). The importance of p53 may be more 
pronounced in other species, as p53-KO Xenopus laevis 
embryos exhibited inhibition of mesodermal differentiation 
and severe gastrulation defects (19). This difference may be 
explained by the evidence that other p53 family members, 
p63 and p73, which are expressed during mouse embryo-
genesis and may compensate for the absence of p53, are not 
expressed during early developmental stages in frogs (20). 
Similar to that observed in the embryonic development of 
frogs, p53 was revealed to be involved in embryogenesis 
in zebrafish (21). In addition, inhibiting p53 expression in 
salamanders resulted in inhibition of limb regeneration (22). 
High levels of p53 are present in all tissues, including the 
limb bud until mid-gestation. During organogenesis, p53 
levels decrease until they are scarcely detectable in termi-
nally-differentiated tissues (23). However, it remains to be 
elucidated what specific role p53 has during early embryonic 
limb bud development. 

A synchronized and tightly coupled mechanism is 
hypothesized to be involved in the two p53-associated 
processes, with the levels of p53 and cell type being impor-
tant in bud patterning. The results of the present study 
supported the possibility that p53 or its signaling pathways 
may be etiologically responsible for the increased incidence 
of congenital developmental abnormalities, including CCF. It 
was hypothesized that ATRA may induce CCF by regulating 
the expression of p21 during early embryonic development in 
cartilage‑specific molecules, including Sox9, aggrecan and 
col2al, which are required for chondrogenesis of rat embryo 
hindlimb bud mesenchymal cells (rEHBMCs). In the present 
study, mesenchymal cells were collected from embryonic 
day 12.5 (E12.5) rat embryo hindlimb bud mesenchymal cells 
(rEHBMCs) and the mechanisms whereby ATRA affected 
chondrogenesis were investigated in vitro.

Materials and methods

Animals. Primiparous female Sprague-Dawley (SD) rats, 
attained from the Laboratory Animal Center of Shantou 
University Medical College (Shantou, China) were mated with 
adult males from the same strain and supplier. The day when 
sperm was detected in the vaginal smear was considered to be 
day 0 of gestation (E0). Mated females were housed individu-
ally in clear polycarbonate cages with stainless steel wire lids 
and corncob granules as bedding. Food pellets and fitered tap 
water were available ad libitum. Animals were maintained at 
24˚C with a humidity of 50% and a 12-h light/dark cycle. All 

animal protocols were approved by the Institutional Animal 
Care and Use Committee of Shantou University Medical 
College (Shantou, China) and the study was performed in 
accordance with the established institutional and national 
guidelines on the experimental use and care of animals.

Cell culture. Cell culturing was performed as described by 
Flint and Orton (24). Hindlimb bud mesenchymal cells were 
isolated from E12.5 female SD rats. Briefly, pregnant rats were 
euthanized with CO2 and embryos from the female rats were 
separated and placed in calcium- and magnesium-free Earle's 
balanced salt solution (HyClone Laboratories, Inc., Logan, UT, 
USA)/fetal bovine serum (Gibco Life Technologies, Carlsbad, 
CA, USA) (EBSS-CMF/FBS). The distal three-quarters of the 
subridge at the distal tip of the hindlimbs were dissociated in 
EBSS‑CMF containing 0.1% trypsin (Gibco Life Technologies), 
0.1% EDTA and 50 mM Tris‑HCl buffer (Shanghai Chemical 
Reagent Co., Ltd., Shanghai, China) (pH 7.4). All cells were 
filtered through a pre‑moistened 40 µm cell strainer to remove 
the ectoderm and cell clumps, which were rendered into 
single cell suspensions. Cells were resuspended at a density 
of 2x107 cells/ml in 50% Dulbecco's modified Eagle's medium 
(DMEM) and 50% F12 (Gibco Life Technologies) containing 
10% FBS (Gibco Life Technologies), penicillin (100 IU/ml; 
Sigma-Aldrich, Beijing, China) and streptomycin (50 mg/ml; 
Sigma-Aldrich). Cells at a density of 2x107cells/ml were plated 
onto 60-mm dishes with 19 drops of media (25 µl) each or a 
total of 3x105 cells in 15 ml media placed as micromass in the 
center of a 24-well plate. The cells were incubated for 1 h at 
37˚C under 5% CO2 to allow attachment prior to being flooded 
with the above culture medium. The day of cell seeding was 
referred to as culture day 0 (CD 0).

Alcian blue staining. Alcian blue staining of sulfated cartilage 
glycosaminoglycans was utilized to examine chondrogenic 
differentiation using a previously described method (25). To 
demonstrate the deposition of cartilage matrix proteogly-
cans, representative cultures were collected on day one and 
two of incubation and stained with 0.5% alcian blue 8 GX 
(Sigma-Aldrich, St. Louis, MO, USA), pH 1.0. Alcian blue 
bound to sulfate was extracted with 6 M guanidine-HCl and 
quantified by measuring the absorbance of the extracts at 
600 nm using a microplate reader (Chromate 4300; Awareness 
Technology, Inc., Palm City, FL, USA). Chondrogenic carti-
lage was expressed in optical density (OD) value.

Immunofluorescent microscopy. For determination of the 
distribution of p53 and p21, cells were fixed in ice‑cold 4% 
(w/v) paraformaldehyde in phosphate-buffered saline (PBS) 
for 30 min and permeabilized with 0.2% Triton Χ‑100 
(Shanghai Chemical Reagent Co., Ltd.) for 10 min at 40˚C. 
Cells were treated with 3% H2O2 for 20 min and non‑specific 
binding was blocked with 10% normal goat serum (Wuhan 
Boster Biological Technology, Ltd., Wuhan, China) for 
30 min at 37˚C. Following washing with PBS three times, 
cells were incubated with mouse monoclonal anti-p53 
(1:200; cat. no. AP062; Beyotime Institute of Biotechnology, 
Haimen, China) and rabbit polyclonal p21 antibodies (1:200; 
cat. no. sc‑397; Santa Cruz Biotechnology, Dallas, TX, USA) 
overnight at 4˚C followed by 1 h incubation with goat anti‑rabbit 
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(1:64; cat. no. BA1105; Boster Biological Technology, Ltd.) 
and goat anti-mouse fluorescein isothiocyanate-conjugated 
(1:64; cat. no. BA1101; Boster Biological Technology, Ltd.) 
antibodies. Following counterstaining with DAPI (Invitrogen 
Life Technologies, Carlsbad, CA, USA), cells were visualized 
under the Nikon TE2000-S inverted microscope (Nikon, 
Tokyo, Japan). 

Cell proliferation assay. Proliferation of rEHBMCs was deter-
mined by the direct counting of cells from micromass cultures. 
Control and treated cultures were maintained for the indicated 
periods of time, trypsinized and counted in triplicate using 
a hemocytometer (Invitrogen Life Technologies).

Flow cytometric analysis. Levels of apoptosis were analyzed 
using f low cytometry (FACSCalibur; BD Biosciences, 
Franklin Lakes, NJ, USA). For detection of propidium iodide 
staining, cells were excited at 488 nm and emission was 
detected at 585 nm. The data were analyzed with the use 
of WinMDI software (v2.9; Bio‑soft Net; http://en.bio-soft.
net/other/WinMDI.html).

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Total cellular RNA was isolated from mesenchymal cells 
using an RNA Simple Total RNA kit (Tiangen Biotech, 
Beijing, China). The concentration of RNA was deter-
mined from the optical density of the sample, which was 
measured at 260 nm. Aliquots of the extracted RNA samples 
were initially reversely transcribed for first strand cDNA 
synthesis. The sequences for specific primers (Generay 
Biotech Co., Shanghai, China) for detecting mRNA 
transcripts of the rat p53, p21, Sox9, collagen, type II, α 1 
(Col2al), aggrean and GAPDH genes were as follows: 
p53 forward, 5'-CCATCTACAAGAAGTCACAACAC-3' 
and reverse, 5'-CCCAGGACAGGCACAAAC-3'; p21 
forward, 5'-TGTCCGTCAGAACCCATG-3' and reverse, 
5'‑TGGGAAGGTAGAGCTTGG‑3';  Sox9 forward, 
5'-TAG CCCTG GT T TCGT TCTCT-3'  a nd  reverse, 
5'-TCCTGCTCGTCGGTCATCTT-3'; Col2al forward, 
5'-GGAGCAGCAAGAGCAAGGAGAAGAA-3'  and 
reverse, 5'-CTCAGTGGACAGTAGACGGAGGAAAGT-3'; 
aggrecan forward, 5'-GGAGAGGACTGCGTAGTGATGA-3' 
and reverse, 5'-AGCCTGTGCTTGTAGGTGTTGG-3' and 
GAPDH forward, 5'-CAGTGCCAGCCTCGTCTCAT-3' and 
reverse, 5'-AGGGGCCATCCACAGTCTTC-3'. The PCR 
conditions were as follows: 35˚C for 15 min, followed by 
36 cycles of 95˚C for 10 sec and 62˚C for 30 sec. The RT‑PCR 
products were resolved using agarose gel electrophoresis. The 
signal intensity was quantified using Quantity One Software 
(v4.5.2; Bio-Rad, Hercules, CA, USA). The transcript levels 
were normalized against GAPDH and the relative mRNA 
levels were expressed as the ratio of the density of the 
detected genes to GAPDH at the same time-point.

Western blot analysis. Cellular lysates were prepared 
using radioimmunoprecipitation assay lysis buffer (Bocai, 
Shanghai, China). Western blotting assays were performed as 
described previously (26) and the following antibodies were 
used for the procedure: rabbit polyclonal anti-p53 (1:1,000; 
cat. no. 9282; Cell Signaling Technology, Inc., Danvers, MA, 

USA), rabbit polyclonal Sox9 (1:2,000; cat. no. ab26414; 
Abcam, Cambridge, MA, USA), rabbit polyclonal p21 
(1:1,000; cat. no. BS6561) and rabbit polyclonal Col2a1 
(1:1,000; cat. no. BS1071), and rabbit polyclonal GAPDH 
(1:1,000; cat. no. BS60630) antibodies (Bioworld Technology, 
Nanjing, China). The membranes were then incubated 
with goat anti‑rabbit fluorescein isothiocyanate‑conjugated 
secondary antibodies (1:1,000; cat. no. BA1055; Boster 
Biological Technology, Ltd.). Densitometric analysis was 
performed using Quantity One Software (v4.5.2; Bio-Rad, 
Hercules, CA, USA). GAPDH was used as loading control.

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation for three or more independent experiments. 
Statistical analyses were conducted using SPSS version 17.0 
(SPSS Inc., Chicago, IL, USA). Statistical significance 
was estimated using a one-way analysis of variance with 
Bonferroni's post-hoc test (multiple comparisons) and the 
Student-Newman-Keuls test (comparisons between two 
groups) was used where appropriate. P<0.05 was considered 
to indicate a statistically significant difference.

Results

ATRA inhibits chondrogenesis by downregulating 
cartilage‑specific proteins in rEHBMCs. Chondrogenic 
differentiation is regulated at three stages, which are precar-
tilage condensation, cell proliferation and cartilage nodule 
formation (27,28). To determine whether ATRA affected 
chondrogenesis, undifferentiated rEHBMCs were cultured at 
a density of 2x107 cells/ml and stimulated with 0 to 10 µM 
ATRA. Precartilage condensation, one of the two main 
stages of chondrogenesis (29,30), was then assessed using 
Alcian blue staining for sulfated proteoglycans and cartilage 
nodules on days one and two. The results were expressed as 
the ratio of the density of the detected group to that of the 
control group at the same time-point. It was identified that 
ATRA caused a marked dose-dependent reduction in the 
quantity of cartilage (10 µM ATRA, 0.280±0.035 vs. controls, 
1.200±0.150; P<0.01). At 1 µM ATRA, Alcian blue staining 
uptake was significantly decreased on day two (Fig. 1A and 
B) and 1 µM ATRA was therefore used for all subsequent 
experiments. 

It was further investigated whether ATRA inhibited 
chondrogenesis by downregulating the expression of 
cartilage‑specific molecules, including aggrecan, Sox9 and 
Col2al. The expression of aggrecan, Sox9 and Col2al on day 
one was not detected (data not shown). The RT-PCR assays 
revealed that ATRA dose-dependently reduced the mRNA 
transcript levels of Sox9, aggrecan and Col2a1 on day two 
(Fig. 1C and D) with a 40‑50% reduction in the mRNA 
transcript levels of Sox9, aggrecan and Col2a1 in cells 
treated with 1 µM ATRA. Consistently, a dose‑dependent 
reduction in the protein levels of aggrecan, Sox9 and Col2al 
(Fig. 1E and 1F) were also observed. These results demon-
strated that ATRA dose-dependently inhibited sulfated 
proteoglycan accumulation and cartilage nodule formation 
during chondrogenesis by downregulating cartilage‑specific 
proteins, suggesting that ATRA inhibited chondrogenesis by 
decreasing precartilage condensation of rEHBMCs. 
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ATRA stimulates apoptotic cell death of rEHBMCs in vitro. 
It was subsequently examined whether ATRA-inhibited 
chondrogenesis occurred as a result of changes in the prolif-
eration of undifferentiated rEHBMCs. It was identified that, 
compared with the controls, ATRA markedly reduced the 
viability of rEHBMCs at 6-7 h post-treatment (Fig. 2A). Flow 
cytometric analysis revealed that ATRA caused a marked 
increase in the rate of apoptotic cell death of rEHBMCs. At 
48 h post‑treatment, the apoptotic rate was 42% for rEHBMCs 
compared with 2% for the controls (P<0.01; Fig. 2B and C). 

ATRA modulates p53 and p21 expression in rEHBMCs 
during chondrogenesis. An important objective of the 
present study was to elucidate the pattern of p53 expres-
sion during differentiation in rEHBMCs. RT-PCR assays 
revealed that undifferentiated rEHBMCs expressed high 
mRNA transcription levels of p53. The mRNA transcript 
levels of p53 markedly increased dose-dependently at 16 
and 20 h after treatment with ATRA, which then underwent 
a rapid decline 24 and 48 h after ATRA treatment (Fig. 3A 
and B). A similar pattern of changes in the levels of p53 

Figure 1. ATRA suppresses chondrogenesis. (A) Alcian blue staining of rEHBMCs grown in micromass cultures in the presence of varying concentrations of 
ATRA on day two of culture (magnification, x100). (B) Quantification of chondrogenesis was determined by measuring the absorbance of bound Alcian blue 
at 600 nm. *P<0.05, compared with control cells. (C) and (E) Changes in the levels of Sox9, aggrecan and Col2a1 in control and ATRA‑treated cultures were 
determined by reverse transcription polymerase chain reaction and western blotting on day two of culture. Results shown are representative of at least three 
independent experiments. GAPDH was used as a loading control. (D) and (F) Densitometric quantification of Sox9, Col2a1 and aggrecan was performed. 
(D) aP>0.05; bP<0.05, versus control group; cP>0.05; dP<0.05, versus 0.01 µM ATRA group; eP>0.05; fP<0.05, versus 0.1 µM ATRA group; gP>0.05, versus 
1 µM ATRA group. (F) aP>0.05; bP<0.05 versus control group; cP>0.05; dP<0.05, versus 0.01 µM ATRA group; eP>0.05; fP<0.05, versus 0.1 µM ATRA group; 
gP>0.05, versus 1 µM ATRA group. ATRA, all‑trans‑retinoic acid; rEHBMCs, rat embryo hindlimb bud mesenchymal cells; Col2a1, collagen, type II, α 1; 
OD, optical density. 
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protein was observed in rEHBMCs following treatment with 
ATRA (Fig. 3C and D). 

p21 inhibits proliferation in vivo and in vitro. Considering the 
prominent role of p53/p21 in chondrogenesis (19,20), an aim of 
the present study was to investigate whether ATRA inhibited 
chondrogenesis of rEHBMCs by modulating the expression of 
p21. The expression of p21 was examined between 6 and 48 h 
after the induction of chondrogenic differentiation of 
rEHBMCs. The levels of p21 at 6 and 12 h remained low or 
undetectable (data not shown). The levels of p21 markedly 
increased at 16-20 h after ATRA treatment; however, they 
rapidly decreased 24-48 h after treatment (Fig. 4). The immu-
nofluorescent microscopy data further revealed that p53 and 
p21 were predominantly expressed in the cartilage nodules, 

mainly in the nucleus (Fig. 5A‑D). These findings indicated 
that ATRA suppressed chondrogenesis of rEHBMCs by 
modulating the expression of p53/p21 at the transcriptional 
and translational level.

Discussion

During early embryonic development, the expression of RA in 
a specific region of the embryo enables the determination of the 
position along the embryonic anterior/posterior axis by serving 
as an intercellular signaling molecule guiding the develop-
ment of the posterior portion of the embryo (31). Appropriate 
RA expression in the vertebrate embryo is essential for the 
proper development and patterning of the organism. It has 
previously been reported that an excess or a deficiency of RA 

Figure 2. ATRA induces apoptotic cell death of chondrogenic competent cells. rEHBMCs were cultured with or without 1 µM ATRA. (A) Number of cells 
was counted at the indicated time‑points. (B) Percentages of apoptotic cells were quantified by flow cytometric analysis following 6, 12, 24 and 48 h of culture. 
Values are expressed as the mean ± standard deviation of three independent experiments. *P<0.01, compared with control cells. (C) Flow cytometric dot plots 
at the indicated time-points with Annexin V-FITC and PI double staining for the assessment of the apoptotic rate. ATRA, all-trans-retinoic acid; rEHBMCs, 
rat embryo hindlimb bud mesenchymal cells; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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Figure 3. Expression of p53 in spontaneously differentiating rEHBMCs for a period of two days. Undifferentiated mesenchymal cells express high levels of p53 
and a decline was noted during differentiation. (A) and (C) Changes in the levels of p53 in control and ATRA-treated cultures were determined by RT-PCR and 
western blotting at the indicated time-points. Values shown are representative of at least three independent experiments. GAPDH was used as a loading control. 
(B) and (D) Densitometric quantification of p53 mRNA and p53 protein were performed. (B) p53 mRNA was subjected to RT‑PCR in the exponential growth 
phase and normalized to GAPDH. aP>0.05, bP<0.05, versus control group; cP>0.05, dP<0.05, versus 0.01 µM ATRA group; eP >0.05, fP<0.05, versus 0.1 µM 
ATRA group; gP>0.05, versus 1 µM ATRA group. (D) p53 Protein was subjected to western blot analysis in the exponential growth phase and normalized 
to GAPDH. aP>0.05; bP<0.05, versus control group; cP>0.05; dP<0.05 versus, 0.01 µM ATRA group; eP>0.05, fP<0.05, versus 0.1 µM ATRA group; gP>0.05, 
versus 1 µM ATRA group. ATRA, all‑trans‑retinoic acid; rEHBMCs, rat embryo hindlimb bud mesenchymal cells; RT‑PCR, reverse transcription polymerase 
chain reaction.

Figure 4. Expression of p21 in spontaneously differentiating rEHBMCs for 48 h. Undifferentiated mesenchymal cells in vitro express high levels of p21 and 
a decline was noted during differentiation. (A) and (C) Changes in the levels of p21 in control and ATRA-treated cultures were determined by RT-PCR and 
western blotting at the indicated time-points. Values shown are representative of at least three independent experiments. GAPDH was used as a loading 
control. (B) and (D) Densitometric quantification of p21 mRNA and p21 protein were performed. (B) p21 mRNA was subjected to RT‑PCR in the exponential 
growth phase and normalized to GAPDH. aP>0.05; bP<0.05 versus control group; cP>0.05 ; dP<0.05, versus 0.01 µM ATRA group; eP>0.05; fP<0.05 versus 
0.1 µM ATRA group; gP>0.05 versus 1 µM ATRA group. (D) p21 protein was subjected to western blotting in the exponential growth phase and normalized 
to GAPDH. aP>0.05; bP<0.05, versus control group; cP>0.05; dP<0.05, versus 0.01 µM ATRA group; eP>0.05; fP<0.05 versus 0.1 µM ATRA group; gP>0.05, 
versus 1 µM ATRA group. ATRA, all‑trans‑retinoic acid; rEHBMCs, rat embryo hindlimb bud mesenchymal cells; RT‑PCR, reverse transcription polymerase 
chain reaction.
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causes congenital malformations, including limb defects (1) 
that result from the failure of chondrogenesis in the embryonic 
hindlimb bud mesenchymal cells (32-34). Additionally, it has 
been proposed that the teratogenic effects of ATRA, leading to 
limb defects, are based on increased cellular apoptosis in the 
developing limb (33,34). Previous studies by our group have 
demonstrated that a rat embryo CCF-like model may be estab-
lished via a single intragastric dose of ATRA, which exhibits 
hindlimb congenital malformations, impaired chondrogenesis 
and increased cellular apoptosis (3,4,35). These findings 
suggested that defective chondrogenesis of the primary 
hindlimb bud mesenchymal cells may contribute to CCF.

Formation of cartilage nodules is a morphological 
characteristic of the condensation stage of chondrogenic 
development (36). In the present study, it was demonstrated 
that ATRA dose-dependently reduced the number of cartilage 
nodules and the area of cartilage nodules in rat hindlimb buds 
in vitro, suggesting that ATRA inhibited the condensation 
of hindlimb bud cells. There is a requirement for a minimal 
number of cells prior to prechondrogenic cells being able to 
differentiate; if the number of cells is too low, this prevents 
a skeletal element from forming, which may also reduce 
the number of skeletal elements formed (37). A reduction 
in precartilaginous condensations below a critical size is a 
developmental mechanism for the evolutionary loss of skeletal 
elements, including chondrocytes. It was identified that ATRA 
initiated apoptotic cell death of rEHBMCs in the initial 6 h 
of ATRA exposure, which decreased the proliferation of 
rEHBMCs, suggesting that ATRA inhibited the condensation 
of rEHBMCs by promoting the apoptotic cell death of these 
cells.

By contrast to the condensation stage, where the formation 
of cartilage nodules occurs, the differentiation stage is char-
acterized by the expression of a number of specific molecular 
markers. Sox9, which is expressed where cartilage formation 
takes place, is a key transcription factor required for chondro-
genesis (38,39). It is essential for mesenchymal condensation 
prior to chondrogenesis and chondrocyte differentiation fails 

in the absence of Sox9. Mutations or loss of Sox9 lead to severe 
malformations of the endochondral skeleton, while homozy-
gous deletion of Sox9 completely inhibits chondrogenesis (40). 
Of note, Sox9‑deficient cells are excluded from cartilage 
condensation (38), indicating that Sox9 is required to establish 
the chondrogenic lineage. Sox9-null embryonic stem cells are 
inhibited in their differentiation to chondrocytes and persist 
as mesenchymal cells (38). In the present study, it was identi-
fied that ATRA dose‑dependently suppressed the expression 
of Sox9 at the transcriptional and translation level, suggesting 
that ATRA may inhibit chondrogenesis of the hindlimb bud 
mesenchymal cells through its inhibitory effect on Sox9.

p21 is required for chondrocytic differentiation (9,10) and 
its expression is noticeably increased during the differentiation 
of chondrogenic cells (41). Additionally, p21 is upregulated 
in maturing and differentiated chondrocytes in vivo (41). 
Sox9‑transfected cells were observed to accumulate in the 
G0/G1 phase, which was associated with an increase in the 
expression and promoter activity of p21, suggesting that Sox9 
inhibits cell cycle progression to facilitate its pro-differentiating 
function. These studies demonstrated that Sox9 alters the rate 
of cell cycle progression of chondrocytes and their differentia-
tion by enhancing or inhibiting the expression of p21. It was 
revealed in the present study that ATRA downregulated the 
mRNA and protein expression of p21 in primary hindlimb bud 
mesenchymal cells in a dose-dependent manner. Combined 
with the evidence that p21 is predominantly expressed in 
cartilage cells, these findings indicated that ATRA suppresses 
chondrogenesis by modulating the expression of Sox9 and its 
downstream target p21 in primary hindlimb bud mesenchymal 
cells. Col2a1 is the principal constituent of the extracellular 
cartilage matrix (42). Sox9 has also been observed to be 
capable of regulating the expression of cartilage-specific 
molecules, including Col2a1 and aggrecan (38,43,44). The 
present study demonstrated that ATRA downregulated the 
mRNA and protein expression of Col2al and aggrecan in 
primary hindlimb bud mesenchymal cells in a dose-dependent 
manner. These findings indicated that ATRA suppresses 

Figure 5. High levels of (B) p53 and (E) p21 in spontaneously differentiating rat embryo hindlimb bud mesenchymal cells in the absence of any inducing agents 
at 24 h in vitro. Immunofluorescent microscopy (magnification, x200) revealed that p53 and p21 were predominantly expressed in the cartilage nodules, mainly 
in the nucleus. (A) and (D) were stained with DAPI. (C) is a merged image of (A) and (B) and (F) is a merged image of (D) and (E).
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chondrogenesis by modulating the expression of Sox9 and its 
downstream target Col2a1 in primary hindlimb bud mesen-
chymal cells. In addition, the effects occurred early and at a 
stage prior to the onset of chondrocyte hypertrophy.

Numerous studies have demonstrated that expression of 
p53 in undifferentiated cells can induce differentiation (43,45). 
Correspondingly, reduction of p53 expression in human stem 
cells prevents them from spontaneous apoptosis and differen-
tiation (46). p53 has a central role in cartilage development by 
regulating key genes for chondrogenesis, including Sox9 and 
Col2a1 (47). It was identified that undifferentiated rEHBMCs 
express a high level of p53 mRNA and protein. The p53 mRNA 
transcript levels decreased during early spontaneous differen-
tiation of undifferentiated rEHBMCs in the absence of any 
inducing agents, which was accompanied by a decrease in p53 
protein, suggesting a regulatory mechanism, which is affected 
not only by protein stability, but also by a decrease in mRNA 
transcript levels. The levels of p53 were markedly increased 
from 16-20 h after treatment with ATRA in a dose-dependent 
manner. However, the levels then decreased from 24-48 h after 
treatment with ATRA in a dose-dependent manner. The results 
demonstrated that ATRA modulated the expression of p53 in the 
rat hindlimb bud mesenchymal cells during the entire process 
of chondrogenesis in a dose- and stage-dependent manner. 
Of note, ATRA induced apoptosis 10 h prior to the upregula-
tion of p53. These results demonstrated that ATRA-mediated 
apoptosis promoted changes in p53, suggesting that p53 upreg-
ulation did not initiate ATRA-induced apoptosis during cell 
proliferation and precartilage condensation of chondrogenic 
competent cells. ATRA-induced apoptosis of undifferentiated 
rat hindlimb bud mesenchymal cells may occur independently 
of p53 function. The levels of p53 were downregulated in 
parallel with the expression of Sox9, Col2a1 and aggrecan 
in the primary hindlimb bud mesenchymal cells treated with 
ATRA. Combined with the evidence that p53 protein is mainly 
expressed in cartilage cells, these findings suggested that ATRA 
suppressed the differentiation of undifferentiated rat hindlimb 
bud mesenchymal cells in association with p53. These findings 
demonstrated that ATRA inhibited chondrogenesis of primary 
hindlimb bud mesenchymal cells by downregulating the 
expression of p53/p21, Sox9, aggrecan and Col2al. Although 
further investigations are required, it is hypothesized that the 
effects of ATRA on these chondrogenesis-associated genes 
may be mediated through modulating the p53/p21 signaling 
pathways. The p53/p21 signaling pathway may be important 
for chondrogenesis and the disruption of this process may 
contribute to a significant proportion of ATRA‑induced CCF 
cases.
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