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Abstract
Background: Hyaluronan (HA), as a major component of the cellular matrix, plays an important role in
cartilage formation. Our previous studies showed that HA may induce human amnion mesenchymal
stem cells (hAMSCs) to differentiate into chondrocytes. The surface molecule CD44, as the main receptor
of hyaluronic acid, is crucial for maintaining cartilage homeostasis. But the effect and molecular
mechanism of CD44 on HA-induced hAMSCs differentiation into cartilage is unknown. 

Results: The expression of aggrecan and type II collagen was down-regulated after using the antibody
blocker anti-CD44 antibody (A3D8) in HA-induced group. Meanwhile, the transcriptional levels of
chondrocyte‐associated genes SRY‐box transcription factor 9 (SOX9), aggrecan (ACAN) and collagen
type II alpha 1 chain (COL2A1) were also decreased. Thus CD44 may mediates HA-induced differentiation
of hAMSCs into chondrocytes. Further investigation indicated that expression of phosphorylated
(p)‐Erk1/2 and p‐Smad2 was decreased following CD44 inhibition. The changes in the expression levels
of p-Erk1/2 and p-Smad2 were consistent after treatment with ERK1/2 inhibitor (U0126) and agonist
(EGF), respectively. At the same time, after the use of p-Smad2 inhibitor, the expression levels of p-ERK1/2
and p-Smad2 were both down-regulated, and TGF-β, an agonist of p-Smad2, had no effect on the
expression of p-ERK1/2, but decreased the expression of p-Smad2. Results showed that there was a
cross-talk between Erk1/2 and Smad2. In addition, inhibition of p-Erk1/2 and p-Smad2 can signi�cantly
reduce the accumulation of aggrecan and type II collagen.

Conclusion: These data indicated that CD44 mediated HA-induced differentiation of hAMSCs into
chondrocytes via regulating Erk1/2 and Smad2 Signals.

Background
Osteoarthritis (OA) is a multifaced and heterogeneous syndrome involving in�ammatory, mechanical and
metabolic factors. OA will lead to the structural destruction and failure of the synovial joint, which bring
long-term pain to patients (Deveza LA and Loeser RF 2018). Although it has been decades to �nd a
treatment for osteoarthritis, there is still not achieved a good therapeutic effect. In recent years, intra-
articular injection of somatic cells has been proved to be a promising pathway (Lopa S et al. 2019).
Human amniotic mesenchymal stem cells (hAMSCs) showed great application prospects in the treatment
of OA due to their unique advantages, such as non-immunogenicity, easy to access and almost no ethical
issues. It was reported that hAMSCs showed the better cartilage repair scoring compared with human
bone marrow MSCs and chondrocytes, and were widely used in preclinical and clinical procedures
(Muiños-López E et al. 2017). Obviously, hAMSCs is a potential candidate for cell therapy.

Hyaluronan (HA) is one of the main components of extracellular matrix and widely distributed in various
human tissues. HA plays an important role in various biological processes including cell proliferation,
differentiation and migration (Lee JY and Spicer AP 2000). At the same time, HA is also reported to be
important for human articular cartilage (Asari A et al. 1994), and its molecular weight modi�cation may
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lead to a compromised function of OA-affect joints (Avenoso A et al. 2018). Our previous research
showed that HA has the ability to promote the differentiation of hAMSCs into chondrocytes and
synergistically enhance the effects of hAMSCs on repairing cartilage (Wang AT et al. 2020). However, the
mechanism which HA promotes the differentiation of hAMSCs into chondrocytes is unknown.

CD44 is a cell surface glycoprotein present on many cell types. As a main receptor for HA in the cell, CD44
regulates various physiological processes together with HA. Previous study indicated that HA effects on
cartilage tissue and cells are mediated through CD44 (Luo N et al. 2014). The overexpression of CD44
enhanced the in vitro cell susceptibility of human chondrocytes to HA and promoted human chondrocyte
regeneration to repair the degenerated cartilage (Vetrano M et al. 2019). In addition, HA was reported to
initiate and promote the chondrogenesis of adipose-derived stem cells by increasing CD44 and
ERK/SOX9 signal pathway (Wu SC et al. 2018). CD44 also inhibited the differentiation of hAMSCs into
chondrocytes induced by TGF-β3 in our previous work (Xu Y et al. 2020). CD44 is not only a receptor for
HA, but also may mediate the transmission of TGF-β3 in cells, this indicates the important role of CD44 in
differentiation process of hAMSCs.

We hypothesize that HA induces the differentiation of hAMSCs into chondrocytes through CD44. The role
of CD44 was veri�ed by blocking the function of CD44 and detecting cartilage-related indicators.
Moreover, the related molecular mechanism ERK/SMAD signal pathway has been further studied.

Methods

The culture of hAMSCs
The human amniotic membrane was collected after pregnant’s informed consent and supported by the
Ethics Committee of A�liated Hospital of Zunyi Medical University. The primary hAMSCs were isolated
from term placental amnion of healthy pregnant women according to the method previously described by
Barbati (Barbati A et al. 2012). Low glucose-Dulbecco's modi�ed Eagle's medium, supplemented with 10%
fetal bovine serum (FBS; Gibco), 1% non‐essential amino acids (NEAA; Gibco) and 10 ng/ml basic
�broblast growth factor (PeproTech), and 1% L‐GlutaMAX (Gibco), was used for hAMSCs culturing.

The treatment of hAMSCs
The P2 hAMSCs at the logarithmic growth phase were inoculated into 6‐well plates at a dose of 2x105

cells/well. 1 mg/ml HA (300 kDa, Sigma) was used to promote the differentiation of hAMSCs into
chondrocyte, and 2 µg/ml anti-CD44 antibody (A3D8, Genetex) was used to block CD44. The cells were
divided into 4 experimental groups: the negative control group (NC), HA group, NC + A3D8 group and HA + 
A3D8 group.

Immunocytochemistry staining
The expression of type II collagen was detected on day 7 following induction by HA. The cells were
washed 3 times with D-PBS for 5 min each time and then incubated with 5% BSA for 30 min at room
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temperature. Anti-collagen type II (cat. no. ab34712; Abcam) were added to the cells and incubated at 4
℃ overnight. Unbound primary antibody was washed 3 times with D-PBS for 5 min each time. Finally, the
cells were incubated for 30 min with the secondary antibody(cat. no. SA00001‐1; ProteinTech Group)at
37 ℃ and washed 3 times with D-PBS. Diaminobenzidine was used to develop the color reaction and
distilled water was used to stop it. Nuclei were counteratained by using hematoxylin.

Toluidine blue staining
the secretion of aggrecan was detected thought toludine blue staining on day 7 after chondrogenic
induction. The cells were washed 3 times with D-PBS for 5 min each time, and then 4% PFA was used to
�xed them for 15 min at room temperature. Toluidine blue dye solution(0.1%, Beijing Solarbio Science &
Technology) was used to treat cells for 30 min at room temperature after washing by D-PBS.

qRT-PCR
hAMSCs were collected separately on the 7th day and 48th hour of chondrogenic differentiation of
hAMSCs. The total RNA of cells was extracted by using RNAiso Plus (Takara Biotechnology) and reverse
transcribed into cDNA according to the protocols of PrimeScript RT reagent kit (Takara Biotechnology).
SYBR Premix Ex Taq II (Takara Biotechnology) was used for cDNA quanti�cation. Here, the genes were
analyzed including SRY-box transcription factor 9 (SOX9), aggrecan (ACAN), collagen type II alpha 1
chain (COL2A1), ERK1, ERK2, Smad2, Smad5 and β-actin. The primer sequences used are listed in
Table 1.
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Gene Sequence (5’→3’) GenBank ID Length of product (bp)

Sox9 For: GCGGAGGAAGTCGGTGAAGA

Rev: GAAGATGGCGTTGGGGGAGA

NM_000346.3 82

Acan For: GTGCCTATCAGGACAAGGTCT

Rev: GATGCCTTTCACCACGACTTC

NM_001135.3

NM_013227.3

167

ERK1 For: CTACACGCAGTTGCAGTACAT

Rev: CAGCAGGATCTGGATCTCCC

NM_002746.2 157

ERK2 For: TCTGGAGCAGTATTACGACCC

Rev: CTGGCTGGAATCTAGCAGTCT

NM_138957.3 134

Smad2 For: CCGACACACCGAGATCCTAAC

Rev: GAGGTGGCGTTTCTGGAATATAA

NM_005901.5 125

Smad5 For: TCTCCAAACAGCCCTTATCCC

Rev: GCAGGAGGAGGCGTATCAG

NM_001001420.2 113

β-actin For: TGGCACCCAGCACAATGAA

Rev: CTAAGTCATAGTCCGCCTAGAAG

NM_001101.3 186

Western-blotting
The total proteins were extracted from the cells using RIPA lysis buffer (cat. no. R0020; Beijing Solarbio
Science & Technology) after 48 hours of treatment with A3D8. After the protein concentration was
determined by the BCA method. The total protein was separated by SDS-PAGE and transferred to PVDF
membrane, and then blocked with 5% BSA for 1 hour at room temperature.Subsequently, PVDF
membranes were incubated with overnight at 4℃ with primary antibodies,including ERK1 + ERK2
antibody (1:1,000; cat. no. ab17942; Abcam), phosphorylated (p)‐ERK1/2 antibody (1:1,000; cat. no.
9101S; Cell Signaling Technology, Inc.), Smad2 antibody (1:1,000; RE6072, HuaBio), p-Smad2 antibody
(1:1,000; ET1702-34, HuaBio) and GAPDH. Finally, Horseradish peroxidase conjugated‐secondary
antibody (1:5,000; cat. no. SA00001-2; ProteinTech Group) was used to incubate PVDF membranes for 2
hours at room temperature. Absin ECL hypersensitive luminescent solution (cat. no. abs920; Absin) was
used for exposure.Protein phosphorylation was calculated as the ratio of phosphorylated to total protein
expression.

Statistical analysis
The data were expressed as the means ± standard errors of the mean (SEM). Statistical signi�cance was
evaluated by one-way analysis of variance (ANOVA). P < 0.05 was considered statistically signi�cant.
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Results

Inhibition of CD44 can deprive the effect of inducing
differentiation by HA
The function of CD44 was inhibited by using A3D8 and then the expression of cartilage-related markers
aggrecan and type  collagen was detected. As shown in Fig. 1, aggrecan had a signi�cant accumulation
in hAMSCs after HA treatment (Fig. 1A), At the same time, the production of type  collagen was also
increased compared NC group (Fig. 1B). However, the production of aggrecan and type 2 collagen was
decreased after using A3D8 compared HA group.

Decreased transcription levels of cartilage-related genes
after CD44 blockade
In order to further verify the effect of CD44 blockade on the differentiation process of hAMSCs into
chondrocytes induced by HA. The transcription levels of cartilage-related genes SOX9, ACAN and COL2A1
were detected. Obviously, the transcription levels of SOX9 and ACAN were up-regulated in HA group
(Fig. 2A and 2B). But the transcription level of COL2A1 was down-regulated after HA treatment (Fig. 2C).
After using A3D8 to block CD44, these genes were down-regulated signi�cantly compared HA group.
These results indicated that CD44 mediated the differentiation of hAMSCs into chondrocytes induced by
HA.

Blocking CD44 inhibits the activation of Erk signal and
Smad2 signal
ERK/SMAD signal pathway played an important role in physiological process of cells (Wu SC et al. 2018).
And, CD44 is closely related to ERK1/2 and SMAD signals. To explore whether CD44 regulates ERK
signals and SMAD signals in the differentiation process of HA induced, the transcription levels of ERK1
ERK2 SMAD2 and SMAD5 were detected. We found that the transcription levels of ERK2 and SMAD2
were signi�cantly suppressed compared to HA group after using A3D8 (Fig. 3B and Fig. 3C). Although
SMAD5 tend to be down-regulated after HA treatment, CD44 blockade has no effect on it (Fig. 3D). Erk1
had no change after HA or A3D8 treatment (Fig. 3A).

In order to further verify whether CD44 activates Erk2 signal and Smad2 signal, the expression levels of p-
Erk1/2, t-Erk1/2, p-Smad2 and t-Smad2 proteins were examined. The expression levels of p-Erk1/2 and p-
Smad2 were signi�cantly enhanced after HA treatment, but the expression of t-Erk and t-Smad2 had no
effect. It showed that HA promoted the differentiation of hAMSCs into chondrocytes by promoting
phosphorylation of Erk1/2 and Smad2. In addition, the expression levels of p-Erk1/2 and p-Smad2 were
signi�cantly suppressed after treatment with A3D8. CD44 blockade inhibited the activation of Erk1/2
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signal and Smad2 signal, implying that CD44 mediates HA to promote the differentiation of hAMSCs into
chondrocytes by regulating Erk1/2 signal and Smad2 signal.

Inhibition of ERK and Smad2 signals inhibits the
chondrogenic effect of HA on hAMSCs
To further verify the role of ERK and Smad2 signaling in the process of HA-promoted hAMSCs
differentiation into chondrocytes, U0126 and SB431542 were used to inhibit ERK1/2 and Smad2 signals,
respectively. Subsequently, the production of type II collagen and aggrecan was detected. As shown in
Fig. 4, the production of type II collagen and aggrecan are reduced after using U0126 and SB431542,
indicating the effect of HA on hAMSCs was weakened.

The crosstalk of Erk1/2 signal and Smad2 signal
For understanding the relationship between Erk1/2 and Smad 2 after CD44 blockade, these small
molecules were used to investigate it, including the inhibitor (U0126) of Erk1/2, the activator (EGF) of
Erk1/2, the inhibitor of Smad2 (SB431542) and the activator of Smad2 (TGF-β3). As shown in Fig. 5, the
level of p-Erk1/2 was signi�cantly inhibited After using U0126 compared with the CD44 blocking group. In
addition, p-Erk1/2 showed an up-regulation trend after EGF treatment. At the same time, the expression
level of p-Smad2 has also undergone the same changes as p-Erk1/2 (Fig. 5A-5C). This indicates that p-
Erk1/2 has a positive regulatory effect on p-Smad2. In addition, the expression levels of p-Smad2 and p-
Erk1/2 was decreased with using SB431542. Interestingly, TGF-β3 did not promote the expression of p-
Smad2, but show an inhibitory effect and it had no effect on p-Erk1/2 (Fig. 5D-5F). Totally, there may be
interaction between Erk1/2 and Smad2 after CD44 blockade.

Discussion
HA is a major component of the extracellular matrix, taking part in regulating variable biological process
including cell proliferation, differentiation and migration (Lee JY and Spicer AP 2000). As previous study
reported, HA has the ability to promote the differentiation of hAMSCs into chondrocytes and repair
cartilage injuries combined with hAMSCs [7]. However, as the main receptor of HA in cells, CD44’s
in�uence on the differentiation of hAMSCs into chondrocytes induced by HA is not yet known. In this
study, we also found that HA can induce hAMSCs to differentiate into chondrocytes, including the
production of type II collagen and the accumulation of glycosaminoglycans (Fig. 1A and 1B). In addition,
the chondrocyte-related genes SOX9 and ACAN also increased signi�cantly after HA treatment (Fig. 2A
and 2B). But the transcription level of COL2A1 was down-regulated after HA treatment (Fig. 2C). The
reason may be that COL2A1 has multiple transcripts. Only one of the transcripts was detected in our
research, which resulted in a difference from the protein expression level. Furthermore, we also explored
the role of CD44 in the differentiation of hAMSCs into chondrocytes induced by HA. Inhibition of CD44
can signi�cantly reduce the differentiation-promoting effect of HA, and this effect may be related to Erk
and Smad signals.
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There is a close connection between CD44 and HA. As previous reported, HA signals through CD44 to
regulate NSC quiescence and differentiation (Su W et al. 2017). In addition, Hyaluronan initiates
chondrogenesis mainly via CD44 in human adipose-derived stem cells (Wu SC et al. 2013). Therefore, we
detected the effect of CD44 on HA in promoting the differentiation of hAMSCs into chondrocytes. Type 2
collagen and aggrecan are two important markers of chondrocytes, the production of them is
signi�cantly reduced after blocking CD44 (Fig. 1A and 1B). At the same time, we also found that the
transcription level of SOX9 has also been down-regulated (Fig. 2A). Sox9 is an essential transcription
factor for maintaining the cartilage phenotype and chondrogenesis and has a positive regulatory effect
on the expression of COL2A1 and ACAN (Tew SR et al. 2005). The transcription levels of ACAN and
COL2A1 also appeared to be reduced accompanied by a decrease of SOX9 in our results (Fig. 2B).
Therefore, CD44 blockade is very likely to inhibit the differentiation-promoting effect of HA and reduce the
expression of COL2A1 and ACAN by down-regulating the transcription level of SOX9. It should be noted
that CD44 should play a positive regulatory role in the differentiation process of HA. Interestingly, the
transcription level of COL2A1 was decreased in HA group compared normal group. One hand, the
transcription level of a single transcript may not re�ect the expression of protein due to the inconsistent
sequence of multiple transcripts. On the other hand, after that stimulation, most protein levelchanges
were determined by mRNA level changes, with the exception of a small number of proteins that were
primarily upregulated via inducing translation of pre-existing transcripts (Liu Y et al. 2016). HA may
directly up-regulate the protein level of COL2A1 by inducing translation of pre-existing transcripts.
Therefore, the level of mRNA shows a downward trend. But these were only our speculations, the speci�c
regulation mechanism needs further research to explain.

TGF-β/Smad signal pathway and Erk signal have been implicated in MSC chondrogenesis, and there is
cross-talk between TGF-β/Smad and integrin/FAK/ERK signaling pathways in regulating hypertrophy of
MSC chondrogenesis (Zhang T et al. 2015). In addition, HA activates the RASL11B gene to potentiate the
chondrogenic differentiation of hAMSCs via the activation of Sox9 and Erk/Smad signaling (Luo Y et al.
2020). Therefore, Smad signal and Erk signal were detected in our study. The results showed that the
transcription levels of Smad2 and Erk2 changed after CD44 was inhibited, but Smad5 was only down-
regulated after HA treatment, and CD44 had no effect on it (Fig. 3), We speculate that HA may regulate
the Smad1/5/9 signal through other pathways but not CD44. In addition, the transcription level of Erk1 is
not regulated by HA. Subsequently, Western-blot results showed that the phosphorylation levels of Erk1/2
and Smad2 were signi�cantly increased after HA treatment, while CD44 blockade inhibited the
phosphorylation of Erk1/2 and Smad2 (Fig. 3), but the levels of total protein of Erk1/2 and Smad2 at 24h
were not change, which was inconsistent with the change of 48h transcription level. We considered that
this may be due to the temporality of protein expression. In the early stage of differentiation, the increase
of protein phosphorylation promotes the increase of total protein during the differentiation process to
maintain the level of protein phosphorylation, and �nally promotes the differentiation of chondrocytes.
Using inhibitors and agonists of Erk1/2 and Smad2 signals to explore the relationship between Erk1/2
and Smad signals in the process of CD44 regulation, we found that there is a mutual regulation between
Erk1/2 and Smad signals. After inhibiting or activating Erk1/2, as the phosphorylation of Erk1/2 changes,
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Conclusion
CD44 mediates HA to promote the differentiation of hAMSCs into chondrocytes, and its mechanism
involves the activation of ERK1/2 signal and Smad2 signal.
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(Fig. 5C). This may be the excessive activation of Smad2 signal by TGF-β, leading to negative feedback
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C-terminal Smad receptor phosphorylation by inducing receptor dephosphorylation and degradation, by
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inhibiting the activation of Smad2/3. Therefore, we speculate that the addition of TGF-β may promote the
expression of Smad7, resulting in a decrease in the phosphorylation level of Smad2(Fig. 6). In addition,
TGF-β induces mesenchymal stem cells to differentiate into chondrocytes by regulating Smad2, Smad3
and Smad4, and Smad3 and Smad4 play a leading role in the differentiation process. Overexpression of
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. The different roles that Smad2 and Smad3 played in the differentiation process of mesenchymal stem
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mediates HA and activates Smad2 signal and Erk1/2 signal in the process of HA promoting the
differentiation of hAMSCs into chondrocytes. There is an interaction between Smad2 and Erk1/2 and
excessive activation of Smad2 cause negative feedback regulation of Smad signal.
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Figures

Figure 1

The production of aggrecan and type  collagen after CD44 blockade. (A) Accumulation of aggrecan after
HA and A3D8 treatment for 7 days. Blue staining denotes aggrecan. (B)Expression of type  collagen
after HA and A3D8 treatment for 7 days. The brown indicates type II collagen; the nuclei were
counterstained with hematoxylin (blue). Scale bar=200 µm.

Figure 2

the transcription levels of SOX9, ACAN and COL2A1 after A3D8 treatment. (A-C) the transcription levels of
SOX9, ACAN and COL2A1 after HA and A3D8 treatment for 7 days. Data were presented as mean ±
standard errors of the mean (n=3). * p<0.05 and ** p<0.01. 
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Figure 3

Suppression of CD44 inhibits Erk1/2 signaling and Smad2 signal during the chondrogenic differentiation
of hAMSCs by HA. The relative expression levels of (A) Erk1, (B) Erk2, (C) Smad2 and (D) Smad5 in P3
hAMSCs were detected by reverse transcription‐quantitative polymerase chain reaction on 48 h after
treatment with A3D8. (E) Change in expression of t-Erk1/2 p-Erk1/2 t-Smad2 and p-Smad2 in P3
hAMSCs after 24 h of inhibition of CD44 with 2 µg/ml A3D8. (F and G) Ratio of p-Erk1/2 to t-Erk1/2
protein and ratio of p-Smad2 to t-Smad2 protein on 24 h after treatment with A3D8. Data were presented
as mean ± standard errors of the mean (n=3). * p<0.05 and ** p<0.01.  



Page 14/15

Figure 4

Inhibition of ERK1/2 and Smad4 signaling reverses the effect of HA on hAMSCs. Changes in aggrecan
and type II collagen production after administration of SB431542 and U0126. Scale Bar: 200 μm.

Figure 5

Mutual regulation between Erk1/2 signal and Smad2 signal. (A) Expression levels of p-Erk1/2, t-Erk1/2, p-
Smad2 and t-Smad2 proteins after using U0126 and EGF. (B and C) Ratio of p-Erk1/2 to Erk1/2 and ratio
of p-Smad2 to t-Smad2 on 24 h after treatment with U0126 and EGF. (D) Expression levels of p-Erk1/2, t-
Erk1/2, p-Smad2 and t-Smad2 proteins after using SB431542 and TGF-β3. (E and F) Ratio of p-Erk1/2 to
t-Erk1/2 and ratio of p-Smad2 to t-Smad2 on 24 h after treatment with SB431542 and TGF-β3. Data were
presented as mean ± standard errors of the mean (n=3). * p < 0.05, ** p < 0.01, ns: no signi�cance. 
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Figure 6

Schematic diagram of CD44 regulation mechanism


