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Effect of CD44 on differentiation of human amniotic
mesenchymal stem cells into chondrocytes
via Smad and ERK signaling pathways
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Abstract. CD44 antigen (CD44) is a transmembrane protein
found in cell adhesion molecules and is involved in the
regulation of various physiological processes in cells. It was
hypothesized that CD44 directly affected the chondrogenic
differentiation of human amniotic mesenchymal stem cells
(hAMSC:s). In the present study, the expression of chon-
drocyte-associated factors was detected in the absence and
presence of the antibody blocker anti-CD44 antibody during
the chondrogenic differentiation of hAMSCs. Following
inhibition of CD44 expression, the transcriptional levels
of chondrocyte-associated genes SRY-box transcription
factor 9, aggrecan and collagen type II a 1 chain, as well
as the production of chondrocyte markers type II collagen
and aggrecan were significantly decreased in hAMSCs.
Further investigation indicated that there was no significant
change in total ERK1/2 expression following inhibition of
CD44 expression; however, phosphorylated (p)-ERK1/2
expression was decreased. The expression of p-Smad2/3 was
also upregulated following CD44 inhibition. These data indi-
cated that CD44 may affect the differentiation of hAMSCs
into chondrocytes by regulating the Smad2/3 and ERK1/2
signaling pathway.
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Introduction

Osteoarthritis is a very common degenerative joint disease
involving highly diseased connective tissue and is a leading
cause of disability. Furthermore, the damaged articular carti-
lage has limited self-repairing ability, making it difficult to
cure (1,2). With the development of cell therapy, attempts have
been made to expand chondrocytes in vitro to repair cartilage
defects; however, the expansion of chondrocytes in vitro
causes decreased proliferative ability and dedifferentiation (3).
Mesenchymal stem cells (MSCs) exhibit the potential for
self-renewal and multi-directional differentiation and serve
an important role in tissue regeneration (4,5). Therefore,
inducing the differentiation of MSCs into chondrocytes has
become an important approach to repair damaged carti-
lage (6,7). An inflammatory milieu may induce chondrocyte
apoptosis, resulting in cartilage destruction in patients with
cartilage degenerative diseases, such as rheumatoid arthritis or
osteoarthritis (8). Notably, MSCs can differentiate into chon-
drocytes under inflammatory conditions to repair damaged
tissue (9). This indicates the potential of MSCs in the treat-
ment of cartilage diseases. Human amniotic mesenchymal
stem cells (hAMSCs) exhibit the characteristics of MSCs and
differentiate into adipocyte-, osteoblast- and chondrocyte-like
cells, exhibiting low immunogenicity and immunoregulatory
function. Therefore, they are an ideal cell resource for stem
cell therapy and tissue engineering (10,11). Furthermore,
transplantation of hAMSCs may enhance bone strength and
decrease the incidence of fractures in mice (12). They exhib-
ited stronger cartilage repair capability compared with human
bone marrow mesenchymal stem cells and chondrocytes (13).
However, the regulatory mechanism underlying the differenti-
ation of hAMSCs into chondrocytes remains to be elucidated.

CD44 antigen (CD44) is cell surface protein that can bind
to various ligands, including extracellular matrix components,
growth factors and cytokines, and regulates cell signaling (14).
CD44 is essential for maintaining cartilage homeostasis (15).
A previous study demonstrated that hyaluronic acid promotes
the differentiation of adipose-derived mesenchymal stem
cells into chondrocytes by promoting CD44 clustering (16).
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In addition, chondrocytes with high expression of CD44
exhibited stronger chondrogenic capacity (17). However, the
specific role of CD44 in the differentiation of MSCs, including
hAMSCs, into chondrocytes remains to be elucidated.

The mitogen-activated protein kinase (MAPK) signaling
pathway serves an important role in cell proliferation, differ-
entiation, migration, senescence and apoptosis (18). A previous
study reported that the MAPK signaling pathway, including
ERK1/2, JNK and p38 MAPK molecules, is activated in
chondrocytes (19). Activation of ERK signaling pathway
can enhance the ability of MSCs to differentiate into osteo-
blasts and cardiomyocytes (20,21). In addition, the ERK1/2
signaling pathway regulates chondrocyte differentiation and
cartilage formation in in vitro (22). However, the inhibition
of ERK signaling activation delays the maturation of hyper-
trophic chondrocytes and leads to a slower rate of fracture
healing (23,24).

In the present study, it was hypothesized that hAMSCs
would differentiate into chondrocytes by enhancing CD44
expression. Therefore, the effect of CD44 on chondrogenic
differentiation of hAMSCs was evaluated. In addition, ERK
phosphorylation and Sox-9 levels in hAMSCs chondrogenesis
were examined.

Materials and methods

Cell culture. The study and use of the human amniotic
membrane were approved by the Ethics Committee of
Affiliated Hospital of Zunyi Medical University. A total of
20 pregnant women were recruited for the study and these
healthy pregnant women met the following eligibility criteria:
Between 18 and 35 years of age; and without hepatitis B or C,
or HIV infection. The sample was collected after obtaining
written informed consent from the women and the samples
were collected between May 2018 and March 2019. The
primary hAMSCs were isolated from term placental amnion
of healthy pregnant women according to the method previously
described by Zhang er al (25) and hAMSCs were cultured at
37°C in low glucose-Dulbecco's modified Eagle's medium
(LG-DMEM,; Gibco; Thermo Fisher Scientific, Inc.) supple-
mented with 10% fetal bovine serum (FBS; Gibco; Thermo
Fisher Scientific, Inc.), 1% non-essential amino acids (NEAA;
Gibco; Thermo Fisher Scientific, Inc.) and 10 ng/ml basic fibro-
blast growth factor (PeproTech, Inc.), and 1% L-GlutaMAX.
Culture medium was replaced by fresh medium after every
3 days. When the cells reached 80% confluency, the harvested
cells were then passaged. Cells at passage 2 (P2) were used for
the present study.

In vitro chondrocyte differentiation of hAMSCs. The P2
hAMSCs at the logarithmic growth phase were inoculated
into 6-well plates at a dose of 2x10° cells/well. The cells were
divided into 2 experimental groups; the negative control group
(NC) and the positive drug group (PG). The NC was cultured in
complete high-glucose (HG)-DMEM (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS, 1% GlutaMAX,
1% NEAA and 55 pmol/l B-mercaptoethanol. The PG was
cultured in chondrogenic induction medium, which consisted
of complete HG-DMEM, 10 ng/l transforming growth factor
(TGF)B-3 (PeproTech, Inc.), 1x107 mol/l dexamethasone
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(Sigma-Aldrich; Merck KGaA) and 50 mg/1 vitamin C (Beijing
Solarbio Science & Technology Co., Ltd.). The medium
was changed after every 3 days and chondrocyte-associated
markers, including type II collagen and aggrecan, were
detected on day 7 following induction.

Immunocytochemistry staining. Immunocytochemistry
staining was used to detect the expression of vimentin (MSCs
surface marker protein) and type II collagen (chondrocytes
marker) in hAMSCs. When the P2 hAMSCs reached
80% confluency, the cells were digested with trypsin and
washed 3 times with Dulbecco's PBS (D-PBS) for 5 min each
time and then treated with 0.3% Triton X-100 for 15 min at
room temperature to increase cell membrane permeability,
and then washed 3 times with D-PBS. The harvested cells
were incubated with 5% BSA (Beijing Solarbio Science &
Technology Co.,Ltd.) at room temperature to block non-specific
antigen interaction. Following blocking for 30 min, primary
antibodies, including anti-vimentin (cat. no. GM072504; Gene
Tech Co., Ltd.), anti-cytokeratin 19 (cat. no. GM088804; Gene
Tech Co., Ltd.) and anti-collagen type II (cat. no. ab34712;
Abcam) were added to the cells. Then, the cells were incu-
bated at 4°C overnight and washed 3 times with D-PBS for
5 min each time. The negative control was treated with the
same amount of D-PBS but no primary antibody. Finally, the
labeled cells were treated with the secondary antibody (1:500;
cat. no. SA0O0001-1; ProteinTech Group, Inc.) and incubated at
37°C for 30 min. Following washing 3 times with D-PBS, the
color reaction was developed using diaminobenzidine (at room
temperature for 30 sec) under a light microscope (magnifica-
tion, x100) and the reaction was stopped using distilled water.
Nuclei were counterstained with hematoxylin for 1 min at
room temperature.

Flow cytometry analysis. For the phenotypic characterization
of hAMSC s, the third passage hAMSCs at the logarithmic
growth phase were harvested and labeled with different anti-
bodies for hMSC-specific markers [5'-nucleotidase (CD73),
thy-1 membrane glycoprotein (CD90) and endoglin (CD105)]
using BD stemflow Human MSC analysis kit (cat. no. 562245;
BD Biosciences) for flow cytometry analysis (26). In brief,
the 3rd-passage hAMSCs were collected following trypsin
digestion, washed twice with D-PBS containing 0.1% BSA,
resuspended in D-PBS containing 0.1% BSA, adjusted to a
density of 1x10° cells/ml and then incubated with the corre-
sponding antibody for 1 h in the dark. Following washing
again with D-PBS containing 0.1% BSA, the cell suspension
was centrifuged at 100 x g at room temperature for 5 min
and the supernatant was discarded. Finally, the labeled cells
were analyzed by flow cytometry using Cell Quest software
version 5.1 after fixation at 4°C overnight with 1% paraformal-
dehyde (PFA).

Toluidine blue staining. Toluidine blue staining was used to
analyze the secretion of aggrecan during the chondrogenic
differentiation of hAMSCs. Briefly, the cells were washed
3 times with D-PBS for 5 min each time on day 7 after chondro-
genic induction and then were fixed with 4% PFA for 20 min at
room temperature. After washing 3 times for 5 min each time
with D-PBS, 0.1% toluidine blue dye solution (Beijing Solarbio
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Science & Technology Co., Ltd.) was added to the cells. The
cells were stained at room temperature for 30 min, washed
with D-PBS again and observed under an inverted microscope
(magnification, x100).

Inhibition of CD44. The P2 hAMSCs in the logarithmic
growth phase were inoculated into 6-well plates at a dose
of 2x10° cells/well. The cells were divided into 4 experi-
mental groups: The NC group; the positive drug group (PG);
anti-CD44 antibody (cat. no. A3D8; GeneTex, Inc.) inhibition
group NC + A3DS; and PG + A3D8. After 24 h of inocula-
tion, the anti-CD44 antibody (2 pg/ml) was used to inhibit the
expression of CD44 molecules in hAMSCs in the incubator
at 37°C for 3 or 7 days. The medium was replaced with fresh
medium after every 3 days. The expression of CD44 and
chondrocyte-associated markers was detected on day 7.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). The P2 hAMSC:s at the logarithmic growth phase
were seeded into 6-well plates at 2x10° cells/well. On day 7
of chondrogenic differentiation of hAMSCs, hAMSCs were
collected from the 6-well plate in each experimental group.
RNAiso Plus (Takara Biotechnology Co., Ltd.) was used to
extract total RNA from the cells, following the manufacturer's
instructions. Total RNA (1 ug per 20 ul reaction volume)
was reverse transcribed into cDNA using PrimeScript RT
reagent kit (Takara Biotechnology Co., Ltd.), according to the
manufacturer's protocols. qPCR was performed and moni-
tored using SYBR Premix Ex Taq II (Takara Biotechnology
Co., Ltd.) and a quantitative real-time PCR system (Bio-Rad
Laboratories Inc.). The cDNA samples (3 pl samples in a total
volume of 15 ul per reaction) were analyzed for the genes of
interest, including CD44, collagen type II a 1 chain (Col2al),
SRY-box transcription factor 9 (Sox9), aggrecan (Acan), ERK1,
ERK?2 and f-actin. The relative mRNA transcriptional level
of each target gene was calculated from the threshold cycle
(Ct) value of each PCR product and normalized to the expres-
sion of B-actin using the comparative 244 method (27).
Thermocycling conditions were as follows: i) Initial denatur-
ation at 95°C for 30 sec; ii) Denaturation at 95°C for 30 sec;
iii) Annealing at 60°C for 30 sec; iv) Elongation at 60°C for
30 sec; v) Final extension for 39 cycles. Each experiment was
repeated at least 3 times. The primer sequences used are listed
in Table I.

Western blot analysis. On day 7 of chondrogenic differentiation
of hAMSC:s, total proteins were extracted from the cells using
RIPA lysis buffer (cat. no. R0020; Beijing Solarbio Science
& Technology Co., Ltd.) and protein concentration was deter-
mined by the BCA method. Then, total proteins (10 ul/lane)
were separated by SDS-PAGE gel (10%) and transferred to
the PVDF membranes, which were blocked with 5% BSA for
1 h at room temperature. Following this, PVDF membranes
were incubated with overnight at 4°C with primary antibodies,
including ERK1+ERK?2 antibody (1:1,000; cat. no. ab17942;
Abcam), phosphorylated (p)-ERK1/2 antibody (1:1,000;
cat. no. 9101S; Cell Signaling Technology, Inc.), Smad2/3
antibody (1:1,000; cat. no. 3102S; Cell Signaling Technology,
Inc.) and p-Smad?2/3 antibody (1:1,000; cat. no. 8828S; Cell
Signaling Technology, Inc.). Then, membranes were incubated
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Table I. Primer sequences for reverse transcription-quantitative
PCR.

Length of

Gene Primer sequence (5'->3') product (bp)

Col2al F: CAACACTGCCAACGTCCAGAT 121
R: TCTTGCAGTGGGCTGCCTTAT

Sox9  F: GCGGAGGAAGTCCGTGAAGA 82
R: GAAGATGGCGTTGGGGGAGA

Acan  F: GTGCCTATCAGGACAAGGTCT 167
R: GATGCCTTTCACGACGACTTC

CD44 F: CTGCCGCTTTGCAGGTGTA 109
R: CATTGTGGGCAAGGTGCTATT

ERKI F: CTACACGCAGTTGCAGTACAT 157
R: CAGCAGGATCTGGATCTCCC

ERK2 F: TCTGGAGCAGTATTACGACCC 134

R: CTGGCTGGAATCTAGCAGTCT

F, forward; R, reverse; Col2al, collagen type II a 1 chain; Sox9,
SRY-box transcription factor 9; Acan, aggrecan.

with horseradish peroxidase conjugated-secondary antibody
(1:5,000; cat. no. SA00001-2; ProteinTech Group, Inc.) for 2 h
at room temperature. Absin ECL hypersensitive luminescent
solution (cat. no. abs920; Absin) was used for exposure. The
gray value of the strips was analyzed by ImageJ version 1.8.0
(National Institutes of Health) and the relative expression
of the proteins was calculated. Protein phosphorylation was
calculated as the ratio of phosphorylated to total protein
expression. These data was normalized to a basal value of 1.0.

Statistical analysis. The data were expressed as the
means + standard errors of the mean. Statistical significance
was evaluated by unpaired t-tests in GraphPad Prism 8.0
(GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference.

Results

Morphological characteristics and phenotypic identification
of hAMSCs. The primary culture of hAMSCs isolated was
observed after 24 h of incubation, revealing that hAMSCs
were adherent cells with irregular cell morphology, as
shown in Fig. 1A. Following 3 subcultures, the third genera-
tion of hAMSCs was uniform in morphology with fibrous,
spindle-shaped cells with spiral-like growth (Fig. 1A).
Immunocytochemistry results indicated that hAMSCs highly
expressed the MSC marker vimentin, but not the epithelial
cell marker keratin, type 1 cytoskeletal 19 (CK19; Fig. 1B).
To further verify the biological characteristics of hAMSCs,
the surface molecular markers of MSCs were examined by
flow cytometry. The results indicated that hAMSCs highly
expressed surface molecular markers of MSCs, including
CD90 (98.14%), CD73 (99.95%), CD105 (86.23%), CD44
(99.89%) and integrin -1 (99.96%); however, they did not
express cell surface molecules of hematopoietic stem cells, such
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Figure 1. Morphological characteristics and phenotypic identification of hAMSCs. (A) Morphological characteristics of the primary hAMSCs (P0) and the
third passage hAMSCs (P3). Scale bar, 200 zm. (B) Expression of CK19 and vimentin was assessed in hAMSCs. Brown staining denoted vimentin and CK19.
The nuclei were counterstained with hematoxylin (blue). Upper panel, scale bar=50 ym. Scale bar, 20 ym. (C) Flow cytometric analysis of hAMSCs. hAMSCs,
human amniotic mesenchymal stem cells; PE, phycoerythrin; FITC, fluorescein isothiocyanate; CK19, keratin, type 1 cytoskeletal 19.

as hematopoietic progenitor cell antigen CD34, receptor-type
tyrosine-protein phosphatase C, integrin a-M, B-lymphocyte
antigen CD19 and HLA class II histocompatibility antigen y
chain (Fig. 1C). This was consistent with the MSC accredita-
tion standards recommended by the International Society for
Cellular Therapy (28) and thus the isolated hAMSCs exhibited
typical characteristics of MSCs.

Suppression of CD44 inhibits differentiation of hAMSCs
into chondrocytes. To validate the role of CD44 in the
differentiation of hAMSCs into chondrocytes, the extracel-
lular matrices of chondrocyte, including type II collagen and
aggrecan, were examined by immunocytochemistry staining
in the presence or absence of A3DS§, a CD44 inhibitor. On
day 7 of chondrogenic differentiation of hAMSCs, type II
collagen was observed in the PG; however, following inhibi-
tion with A3D8, no such differentiation was observed in the

PG (Fig. 2A). This indicated that the inhibition of CD44 could
inhibit the formation of type II collagen. Concomitantly, the
production of aggrecan showed similar results. The inhibition
of CD44 significantly decreased the production of aggrecan
in the PG (Fig. 2B). These results indicated that suppression
of CD44 could inhibit the differentiation of hAMSCs into
chondrocytes.

Inhibition of CD44 decreases the expression of chondro-
cyte-associated genes. To further verify the effect of CD44
on chondrocyte differentiation of hAMSC:s, the transcriptional
levels of chondrocyte-associated genes, Sox9, Col2al and
Acan, were detected by RT-qPCR following suppression of
CD44. As shown in Fig. 3A, 2 pg/ml anti-CD44 antibody,
A3DS, could effectively decrease the transcriptional level
of CD44 in hAMSC:s. In addition, the transcriptional levels
of Sox9, Col2al and Acan were significantly decreased in
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Figure 2. Suppression of CD44 may decrease the formation of type II collagen and aggrecan. (A) Expression of type II collagen in NC and PG groups in P3
hAMSCs on day 7 of treatment with 2 yg/ml A3D8 by immunocytochemistry staining. The red circle indicates type II collagen; the nuclei were counterstained
with hematoxylin (blue). (B) Toluidine blue staining for formation of aggrecan in NC and PG groups on day 7 of treatment with 2 yg/ml A3DS. Blue staining
denotes aggrecan. Scale bar, 200 gm. NC, negative control group; PG, positive drug group; hAMSCs, human amniotic mesenchymal stem cells.
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Figure 3. Suppression of CD44 decreases the expression of chondrocyte-associated genes. Relative expression levels of (A) CD44, (B) Sox9, (C) Co2al and
(D) Acan in P3 hAMSCs were detected by reverse transcription-quantitative polymerase chain reaction on day 7 after treatment with A3D8. Data were
presented as mean + standard errors of the mean (n=3). "P<0.05 and “P<0.01. CD, cluster of differentiation; hAMSCs, human amniotic mesenchymal stem
cells; Sox9, SRY-box transcription factor 9; Col2al, collagen type II a 1 chain; Acan, aggrecan; NC, negative control group; PG, positive drug group.

the presence of A3DS8 (Fig. 3B-D). These data indicated that  Suppression of CD44 inhibits ERK1/2 pathway. To investigate
suppression of CD44 significantly attenuated the chondrocyte =~ whether CD44 could regulate chondrocyte differentiation
differentiation potential of hAMSCs. potential of hAMSCs by ERK signaling pathway, the relative
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expression levels of ERK] and ERK?2 were examined in the
presence or absence of A3D8 during the differentiation of
hAMSCs into chondrocytes. Following the addition of A3DS,
the transcriptional levels of ERKI and ERK?2 were signifi-
cantly decreased (Fig. 4A and B). To further verify that CD44
regulated the chondrogenic differentiation of hAMSCs by
the ERK1/2 signaling pathway, the expression of p-ERK1/2
protein following treatment with A3D8 was examined. As
shown in Fig. 4C, no significant change in the expression of
total ERK1/2 protein compared with the normal group was
observed. However, the ratio of p-ERK1/2 to total ERK1/2
protein was significantly decreased following inhibition of
CD44 (Fig. 4C and D). These results indicated CD44 may
regulate the chondrocyte differentiation potential of hAMSCs
via the ERK1/2 signaling pathway.

Suppression of CD44-induced Smad2/3 signaling activation.
The TGF-f/Smad signaling pathway serves an important role in
chondrogenesis and there was cross-talk between Smad2/3 and
ERK signaling in the regulation of MSC chondrogenesis (29).
Therefore, the expression levels of Smad2/3 and p-Smad2/3
proteins were detected in the presence or absence of A3D8 by
western blot analysis. As shown in Fig. 5, p-Smad2/3 expres-
sion was increased on day 1 and 3 when CD44 expression was

inhibited by A3D8 (Fig. 5A and D) and the ratio of p-Smad2/3
to total Smad2/3 was also significantly upregulated following
CD44 inhibition (Fig. 5C and F), particularly on day 3.
However, the expression of Smad2/3 was decreased on day 3
following CD44 blocking (Fig. SE). This indicated that CD44
regulated the phosphorylation of Smad2/3 directly, not via
regulation of Smad2/3 expression. In addition, the expression
of p-Smad2/3 on day 3 was significantly decreased compared
with on day 1 in the PG group (Fig. SA and D). Therefore,
the effect of CD44 on the differentiation of hAMSCs into
chondrocytes not only regulated the ERK1/2 signal but also
the Smad?2/3 signal.

Discussion

CD44 is a principal receptor for hyaluronic acid, a major extra-
cellular matrix component, and hyaluronic acid exhibits great
potential for regulating the proliferation and differentiation of
stem cells (30). Of note, articular chondrocytes also express
the receptor CD44 and disruption of CD44 has profound
effect on cartilage metabolism (31). Although CD44 serves a
critical role in maintaining cartilage homeostasis, it remains
unclear whether CD44 can regulate the chondrogenic differ-
entiation of stem cells. The present study first demonstrated
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that CD44 served an important role during the differentiation
of hAMSC s into chondrocytes. Suppression of CD44 could
decrease the expression of cartilage-associated genes and
inhibit the production of type II collagen and aggrecan, which
are two important markers of chondrocytes (32). Furthermore,
this process was closely associated with the ERK1/2 signaling
pathway. These results suggested that CD44/ERK may be
a key molecular hub for promoting the differentiation of
hAMSCs into chondrocytes.

MSCs have been widely used as an alternative seed
cell source for cartilage repair due to their chondrogenic
differentiation potential in benign conditions. The chon-
drogenic differentiation of MSCs is primarily dependent on
chondrocyte marker genes, such as Sox9, Col2al and Acan.
In the present study, hAMSCs (NC group) exhibited high
expression of Col2al and Acan and low expression for Sox9.
Other MSCs derived from human adult bone marrow (33) or
adipose (34) tissue did not express these chondrocyte marker
genes prior to the induction of chondrogenic differentiation.
In the present study, although hAMSCs in the NC group did
not exhibit formation of type II collagen and aggrecan in

the immunocytochemistry assay, other data were sufficient
to suggest that hAMSCs exhibited stronger chondrogenic
potential compared with other MSCs. In addition, Sox9 was
significantly elevated at transcriptional level in hAMSCs
following the induction of chondrogenic differentiation.
However, suppression of CD44 resulted in a significant
decrease in expression level of Sox9 in PG. As previously
described, Sox9 expression is associated with chondrocyte
differentiation (35) and transfection of Sox9 enhances the
expression of Col2al and Acan (36); Sox9 is an essential
transcription factor for maintaining the cartilage phenotype
and chondrogenesis (37).

CD44 is a transmembrane protein of cell adhesion mole-
cules and is a well-known surface marker of human MSCs. The
expression of CD44 at the transcriptional level was decreased
significantly during the chondrogenic differentiation in the
present study, and this was consistent with a previous study (32).
However, CD44 is not a specific negative marker in chondro-
cytes and has been demonstrated to be highly expressed in
human articular chondrocytes (15). Therefore, it is question-
able whether CD44 could be used as a specific marker for
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human MSCs or chondrocytes. As aforementioned, CD44 is a
receptor for hyaluronic acid and also serves an important role
in cell differentiation. The signaling cascade triggered by the
interaction between hyaluronic acid and CD44 significantly
contributes to hyaluronic acid-induced chondrogenesis in
human adipose-derived MSCs, while the suppression of hyal-
uronic acid interaction with CD44 decreases the chondrogenic
differentiation of human adipose-derived MSCs (33). Another
study demonstrated that dimerization of CD44 is responsive to
hyaluronic acid and contributes to chondrogenic differentiation
of human adipose-derived MSCs (16). Furthermore, the inter-
action between hyaluronic acid with CD44 in chondrocytes
is also crucial to maintain cartilage (17). In the present study,
suppression of CD44 significantly attenuated the production of
extracellular matrix of chondrocytes including type II collagen
and aggrecan during the differentiation of hAMSCs into chon-
drocytes and also led to a significant decrease in expression of
chondrocyte-associated genes such as Sox9, Col2al and Acan.
However, these genes were also inhibited in the NC group
following treatment with A3DS. Thus, it was hypothesized that
CD44 may be expressed in both hAMSCs and chondrocytes
and be altered due to the change in cellular microenvironment,
such as the addition of an inducer; the underlying mechanism
requires further investigation.

The differentiation of stem cells into chondrocytes
involves multiple signaling pathways, such as TGF-3/BMP,
Wnt/B-catenin and MAPKs (38-40). Certain TGF-f super-
family members have been widely used to regulate cell
differentiation by triggering a series of signaling cascades (41).
A previous study showed that the 3-dimensional alginate
culture of human MSCs in defined induction medium, without
TGF-p3, is not sufficient to fully develop hyaline cartilage-like
constructs with lacunae formation (32), indicating that TGF-3
is a key component for the chondro-induction differentiation.
Thus, TGF-B3 was used to induce chondrogenic differentia-
tion in hAMSCs in the present study.

CD44 is a downstream target gene of the Wnt/f-catenin
signaling pathway, which has been previously reported
to be an important signaling pathway, implicated in the
chondro-induction differentiation (42,43). MAPK family
transduction involves a multistep kinase cascade; ERK is a
major kinase among MAPKs and has been shown to serve
a critical role in mediating chondrogenesis and associated
gene expression (29). Therefore, only the ERKs of MAPKs
signaling pathway were examined in the present study.
For example, during the differentiation of bone marrow
mesenchymal stem cells into chondrocytes, the activation
of ERK1/2 negatively regulates the differentiation of chon-
drocytes (44). In the present study, the transcription levels
of ERK1 and ERK?2 genes were downregulated in hAMSCs
following CD44 inhibition and the level of ERK1/2 phos-
phorylation were also significantly decreased. However, the
total ERK1/2 protein did not change with or without CD44
inhibitor treatment. Therefore, inhibition of CD44 attenuated
the activity of ERK and ERK served a positive role during the
chondro-induction differentiation of hAMSCs. As described
previously, the exact role of ERK in chondrogenesis remains
to be elucidated. For example, Bobick and Kulyk (44) reported
that ERK signaling serves a negative role in cartilage-specific
gene expression in embryonic limb mesenchyme, while a
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recent study indicated that ERK acts as a positive regulator of
hyaluronic acid-induced chondrogenesis in adipose-derived
stem cells (16).

Smad2/3 and ERK1/2 are the downstream molecules
of TGF-f and the major signaling mediator for modulating
chondrogenesis (45). In addition, they show a cross-talk
between Smad2/3 and ERK1/2 signaling during the regula-
tion of the chondrogenic differentiation of MSC (28). The
results of the present study indicated that p-Smad2/3 expres-
sion was increased on days 1 and 3 following the suppression
of CD44 and the ratio of p-Smad2/3 to total Smad2/3 was
also significantly upregulated. Notably, it was identified that
the expression of total Smad2/3 was not equal in each group
on day 3 and was different from the change in p-Samd2/3.
It was considered that CD44 inhibition may suppress the
expression of Smad2/3, but it also promoted the phosphoryla-
tion of Smad2/3 through other pathways. A previous study
reported that suppression of CD44 inhibited the expression
of DUSP10/MKP5, a negative regulator of p38 MAPK and
JNK pathways (46). Thus, CD44 inhibition could directly
activate p38 MAPK and JNK to enhance the phosphorylation
of protein, without being dependent on the regulation of total
protein expression. The results of the present study confirmed
our hypothesis. However, the association between ERK1/2
signaling and Smad?2/3 signaling remains unclear. A previous
study has reported that during the proliferation of smooth
muscle cells, phosphorylation of ERK can be decreased
following the use of Smad3 inhibitors (47). Conversely,
Hough et al (48) identified that phosphorylation of ERK can
regulate Smad signaling. The mechanism through which ERK
and Smad interact remains to be elucidated.

In the present study, the expression of p-Smad2/3 on day 3
was significantly decreased in the NC group compared with
day 1 in PG. Similar results, that the expression of p-Smad2/3
was gradually decreased in the early stage of chondrogenic
differentiation, have also been reported (49). In the current
study, a limitation was that only one time point was observed
for 7 days and the whole process of cartilage differentiation
was not monitored dynamically, so the role of CD44 during
different stages was not fully understood. In addition, the role
of CD44 for cartilage formation remains unknown in vivo.
This is an interesting and complex question and will be further
investigated in the near future.

In summary, the present study suggested that CD44 was
a functional regulator of the differentiation of hAMSCs
into chondrocytes by modulating the Smad2/3 and ERK1/2
signaling pathways. The results provided a potential novel
strategy to enhance the capacity of MSCs to differentiate into
chondrocytes.
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