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Knockdown of CD44 inhibits proliferation, 
migration and invasion of osteosarcoma cells 
accompanied by downregulation of cathepsin S
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Abstract 

Background: Osteosarcoma (OS) is a malignant bone tumour of mesenchymal origin. These tumours are charac-
terised by rich vascularisation, therefore promoting rapid proliferation and facilitating metastasis. CD44 has been 
reported to be involved in OS, but its role and molecular mechanisms in the pathogenesis of the disease are not fully 
determined.

Methods: In this study, we investigated the antitumor effect of CD44 on the development of OS and further 
explored the molecular mechanisms. The expression of CD44, cathepsin S and MMP-9 was detected by Western blot 
(WB) and reverse transcription-polymerase chain reaction (RT-qPCR) in different cell lines (MG63, U2OS OS and hFOB 
1.19). To elucidate the role of CD44 in OS, MG63 and U2OS cells were treated with small interference RNA (siRNA) to 
knock down CD44, and the knockdown efficiency was validated with GFP and RT-qPCR. Furthermore, cell prolifera-
tion was assayed using Cell Counting Kit-8 (CCK-8) and colony formation assays, and cell migration and invasion were 
assayed by transwell and wound-healing assays.

Results: We found that CD44 expression in the MG63 and U2OS OS cell lines was markedly increased compared to 
that of the human osteoblast hFOB 1.19 cell line. Knockdown of CD44 inhibited proliferation, migration and invasion 
of MG63 and U2OS cells. Cathepsin S expression in the MG63 and U2OS OS cell lines was increased compared to that 
of the human osteoblast hFOB 1.19 cell line. When CD44 was knocked down, its expression level went down.

Conclusion: Taken together, our data reinforced the evidence that CD44 knockdown inhibited cell proliferation, 
migration and invasion of OS cells accompanied by altered expression of cathepsin S. These findings offer new clues 
for OS development and progression, suggesting CD44 as a potential therapeutic target for OS.

Keywords: Osteosarcoma, CD44, Cathepsin S, Proliferation, Migration, Invasion

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Osteosarcoma (OS) is the most common primary bone 
tumour, mainly occurring in children and adolescents, 
and the third most frequent in adults, following chon-
drosarcoma and chordoma. The overall incidence of 
OS is 3.4 per million cases per year worldwide [1], 

and the principal cause of death in patients suffering 
from OS is pulmonary metastasis [2, 3]. Osteosarcoma 
is a primary bone cancer characterised by cancer cells 
that produce calcified osteoid extracellular matrix 
and inducing lung metastases with a high frequency 
[4]. Despite recent advances in treating osteosarcoma 
with a combination of chemotherapy and surgery, the 
5-year survival rate remains low, and the prognosis for 
patients is poor [5]. The cellular and molecular mecha-
nisms underlying the progression of osteosarcoma, 
including the rate of cancer cell proliferation, the 

Open Access

*Correspondence:  358620793@qq.com
1 Department of Orthopaedics, The Affiliated Hospital of Chengde 
Medical College, No. 1 Nanyingzi Street, Chengde 067000, Hebei, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-022-03048-x&domain=pdf


Page 2 of 10Kong et al. Journal of Orthopaedic Surgery and Research          (2022) 17:154 

formation of metastatic lesions and the development 
of drug resistance, remain unclear.

Cluster of differentiation 44 (CD44) is a complex 
transmembrane adhesion glycoprotein considered 
an essential bridge molecule as it links the extracel-
lular matrix and intracellular skeletal proteins and 
participates in intracellular signal transduction, affect-
ing cell deformation or movement through cytoskel-
etal changes [6]. Numerous studies have reported that 
CD44 not only participates in normal cellular func-
tions but also plays pivotal roles in pathological pro-
cesses [7]. For example, CD44-RhoA-YAP signalling 
mediates mechanics-induced fibroblast activation, 
and targeting this pathway could ameliorate crystalline 
silica-induced silicosis and provide a potential thera-
peutic strategy to mitigate fibrosis [8]. It is noteworthy 
that CD44 expression was found upregulated in dif-
ferent tumours [9–11], promoting cancer cell invasion 
and migration [12, 13]. However, the role and molecu-
lar mechanisms of CD44 in the development and pro-
gression of OS remain uncertain.

Cathepsin S (CTSS), a lysosomal cysteine protease of 
papain subfamily, has a series of functions under extra-
cellular conditions, unlike other family members [14]. 
Like matrix metalloproteinases, members of the his-
tone family have been associated with metastasis and 
cancer recurrence [15]. Cathepsin S is highly expressed 
in renal clear cell carcinoma [16], hepatocellular carci-
noma [17], cervical cancer [18], lung cancer [19] and 
other tumours and is an essential regulator of tumour 
growth and invasion. Suppression of cell migra-
tion and invasion by modulation of  Ca2+-dependent 
downstream effectors after CTSS inhibition [20]. The 
expression of cathepsin S was regulated by PI3K/Akt 
and Ras/Raf/MAPK signalling pathways, is a candidate 
target for blocking the metastasis of breast and oral 
cancers [21, 22]. It is evident that CTSS is highly cor-
related with tumour invasion and migration and plays 
a pro-cancer role in most tumours.

The present study analysed the CD44 expression pat-
tern in OS cell lines using reverse transcription-quan-
titative PCR (RT-qPCR) and Western blot (WB). 
Furthermore, loss-of-function experiments were per-
formed to investigate the biological roles of CD44 in 
OS. The results revealed that CD44 expression was 
upregulated in OS cell lines. In addition, in vitro assays 
revealed that CD44 downregulation inhibited cell pro-
liferation, migration, and invasion, probably by regu-
lating cathepsin S. These findings suggest that CD44 
functions as an oncogene and future research may 
contribute to the development of new tools for the 
diagnosis and treatment of OS.

Materials and methods
Cell culture
The human OS MG63 and U2OS cell lines were pur-
chased from the Cell Bank of Shanghai Institute of Cell 
Biology (Shanghai, China) and cultured in modified 
Eagle’s medium (MEM, Gibco) supplemented with 10% 
fetal bovine serum (FBS, Gibco) at 37 °C with 5%  CO2.

The normal human osteoblastic cell line hFOB 1.19 
was purchased from the Cell Bank of Shanghai Insti-
tute of Cell Biology (Shanghai, China) and maintained 
in D-MEM/F-12 (Gibco) supplemented with 10% FBS 
(Gibco) and 0.3  mg/mL Geneticin (G418; Gibco) at 
37 °C with 5%  CO2.

Small interference RNA transfection
Small interference RNA (siRNA) for transfection was 
purchased from Ribobio (Guangzhou, China). Trans-
fections (50  nM final concentration of siRNA) were 
performed using Invitrogen Lipofectamine 2000 
(Thermo Fisher Scientific) following the protocols of 
the manufacturer. Three different siRNAs (si-CD44-1, 
si-CD44-2, si-CD44-3) were tested, and si-CD44-1 and 
si-CD44-2 were selected for subsequent experiments. A 
control siRNA (si-NC) was used in all the experiments.

RT‑qPCR analysis
MG63 and U2OS cells were treated with si-CD44 or 
si-NC for 24 h, and total RNA was extracted from the 
OS cell lines and the normal human osteoblastic cell 
line hFOB 1.19 using Trizol (Supersmart, China). Next, 
2  μg of RNA was used to synthesise the complemen-
tary DNA (cDNA) by reverse transcriptase (ABclonal, 
China). The resulting complementary cDNA was used 
for PCR analysis. The relative levels of genes were 
detected by RT-qPCR using SYBR Premix Ex Taq™ 
(ABclonal, China). The PCR cycling conditions were 
95  °C for 5  min, followed by denaturation for 10  s 
at 95  °C and extension for 20  s at 60  °C for 40 cycles. 
GAPDH was used as an internal loading control. All 
reactions were performed in triplicates. Fold changes 
were calculated using the  2−ΔΔCq method. The primers 
were as follows: CD44 forward, 5′-GAG CAG CAC TTC 
AGG AGG TT-3′ and reverse, 5′-TGG TTG CTG TCT 
CAG TTG CT-3′; cathepsin S forward, 5′-GCA GTG 
GCA CAG TTG CAT AA-3′ and reverse, 5′-AGC ACC 
ACA AGA ACC CAT GT-3′; GAPDH forward, 5′-GTC 
TCC TCT GAC TTC AAC AGCG-3′ and reverse, 5′-ACC 
ACC CTG TTG CTG TAG CCAA-3′.

Western blot analysis
MG63 and U2OS cells were treated with si-CD44 or 
si-NC for 48 h, and total proteins were extracted using 
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RIPA buffer containing protease inhibitor cocktail. Pro-
tein concentrations were determined using the BCA 
Protein Assay (Multi sciences). Proteins (30  µg/lane) 
were separated by 10% SDS-PAGE and transferred to 
PVDF membranes. The membranes were blocked with 
5% non-fat milk for 2  h at room temperature (RT). 
Next, the membranes were incubated with anti-CD44 
(1:2000, ABclonal, China), cathepsin S (1:2000, Affinity, 
China), anti-MMP-9 (1:2000, ABclonal, China) at 4  °C 
overnight. Subsequently, the appropriate horseradish 
peroxidase (HRP)-linked secondary antibodies (1:5000, 
Sera care) were used to visualise the immunoreactivity. 
GAPDH was used as an internal control. The intensity 
of each band was measured with ImageJ.

Cell counting Kit‑8 (CCK‑8) assay
MG63 and U2OS cells were treated with si-CD44 or 
si-NC for 24 h. Cells were prepared into suspension and 
MG-63, and U2OS cells were seeded in 96-well plates 
at a density of 1 ×  103 cells per well and incubated in a 
humidified incubator at 37  °C for 24, 48, 72 h and 96 h. 
Subsequently, the cells were incubated with 10 µl CCK-8 
solution for another 1  h at 37  °C. Optical density (OD) 
was determined at a wavelength of 450 nm.

Colony formation assay
MG63 and U2OS cells were treated with CD44 siRNA or 
negative control for 24  h. Cells were then resuspended 
and seeded in 6-well plates at a density of 500 cells per 
well and cultured for 15  days. Subsequently, cells were 
fixed with pre-cooled methanol for 30  min at RT and 
stained with 0.1% crystal violet for 20 min at RT, washed 
twice with PBS and twice with double distilled water. 
The colonies were counted and analysed under a light 
microscope.

Wound‑healing assay
To evaluate the role of CD44 in OS cell migration, MG63 
and U2OS cells were transfected with si-CD44 or si-NC 
for 24  h. Cells were resuspended and seeded in 6-well 
plates at a density of 1 ×  106 cells per well, and 2  ml of 
culture medium supplemented with 10% FBS was added. 
Cells were grown to 90% confluence, and then, a uniform 
and consistent wound was scraped on the bottom of the 
6-well plate with a 200 μL plastic pipette tip (time set as 
0 h). PBS was used to remove floating cells. Subsequently, 
cells were incubated in fresh complete medium (1% FBS) 
for 0, 24 and 48 h and the number of migrated cells were 
observed and counted under a light microscope.

Transwell assay
Migration and invasion abilities of MG-63 and U2OS 
cells were measured using a transwell assay. The Matrigel 

was incubated at 37˚C for 5  h before testing. OS cells 
were transfected with si-CD44, si-cathepsin S or si-NC 
for 24  h. 1 ×  105 transfected cells were resuspended in 
serum-free medium and seeded in the upper chamber 
with or without Matrigel (BD Biosciences) for the inva-
sion and migration assays, respectively. Subsequently, 
medium containing 20% FBS was added to the lower 
chambers. Following a 24 h incubation, the cells from the 
upper compartments were scraped off with cotton swabs, 
while the cells that migrated to or invaded the lower sur-
face of the membrane were fixed with pre-cooled metha-
nol at RT for 20 min and stained with 0.1% crystal violet 
at RT for 20 min. The stained cells were counted in five 
random fields off view under a light microscope at × 200 
magnification, and all experiments were repeated three 
times.

Statistical analysis
The results are presented as the mean ± SD. Statistical 
analyses were performed using SPSS 23.0 (IBM Corp, 
USA) and GraphPad Prism 9.0 (La Jolla, CA, USA) soft-
ware. ANOVA test was applied to compare differences 
among multiple groups. P < 0.05 was considered to indi-
cate a statistically significant difference.

Results

1. CD44 is upregulated in OS cell lines. The present 
study first examined CD44 expression levels in the 
MG63, U2OS, and hFOB 1.19 cell lines by WB and 
RT-qPCR. Compared with the hFOB 1.19 cell line, 
the expression of CD44 was markedly upregulated in 
the OS cell lines (Fig. 1A–C).

2. CD44 knockdown in MG63 and U2OS cells in vitro. 
MG63 and U2OS cells were transfected with si-CD44 
or si-NC for 24 h, and the transfection efficiency was 
detected using fluorescence microscopy (Fig.  2A). 
CD44 mRNA and protein expression was quanti-
fied by RT-PCR and Western blot, respectively, 
after CD44 knockdown in MG63 and U2OS cells. 
As shown in Fig. 2B,C, the results revealed that the 
siRNA transfection decreased CD44 expression, but 
as expected, no significant difference was observed 
between the si-NC and control groups. For subse-
quent experiments, two (siCD44-1, siCD44-2) of the 
three CD44 siRNA with high transfection efficiency 
were selected.

3. CD44 knockdown inhibited the proliferation of 
MG63 and U2OS cells. To assess the role of CD44 in 
MG63 and U2OS cell proliferation, siRNA was trans-
fected to silence CD44 expression. Subsequently, cell 
proliferation was assessed using CCK-8 and colony 
formation assays. As demonstrated by the result 
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of the CCK-8 assay, cell growth was suppressed in 
CD44-silenced MG63 and U2OS cells compared with 
the si-NC-transfected cells (Fig. 3A). In addition, the 
colony formation ability of si-CD44-transfected cells 
was decreased (Fig.  3B). These results revealed that 
downregulation of CD44 markedly decreased the 
proliferation of MG63 and U2OS cells.

4. CD44 knockdown inhibited the migration and inva-
sion of MG63 and U2OS cells. To investigate the role 
of CD44 in the migration and invasion of OS cells, 
the wound-healing assay was used at 0, 12, or 24  h 
after transfection. The result of the wound-healing 
assay showed that the migration distances of cells 
transfected with si-NC were compared to the migra-
tion distances in CD44-silenced cells (Fig. 4A).

 The result of the transwell migration and invasion 
assay showed that the number of control si-NC-
transfected cells was more than the number of CD44-
silenced cells (Fig.  4B). Furthermore, Western blot 

was applied to evaluate the matrix metalloproteinase 
MMP-9 protein levels. As shown in Fig.  4C, silenc-
ing of CD44 decreased MMP-9 expression in MG-63 
and U2OS cells compared with the si-NC group. 
Therefore, the results suggested that the migration 
and invasion abilities of MG-63 and U2OS cells were 
suppressed following CD44 knockdown.

5. Cathepsin S is upregulated in OS cell lines. The 
expression level of cathepsin S in the MG63, U2OS, 
and hFOB 1.19 cell lines by RT-qPCR. Compared 
with the hFOB 1.19 cell line, the expression of cath-
epsin S was upregulated in the OS cell lines (Fig. 1D).

6. CD44 knockdown downregulated the expression 
of cathepsin S in MG63 and U2OS cells. To further 
confirm the underlying mechanism of CD44 in OS, 
we detected the mRNA and protein expression of 
cathepsin S by RT-PCR and Western blot after CD44 
knockdown in MG63 and U2OS cells. The mRNA 
and protein levels of cathepsin S in the CD44-

Fig. 1 CD44 and cathepsin S are upregulated in OS cell lines. A, B CD44 protein levels in MG63, U2OS, and hFOB 1.19 cell lines. **P < 0.01 versus 
hFOB group. C CD44 mRNA levels in MG63, U2OS, and hFOB 1.19 cell lines. **P < 0.01 versus hFOB group. D Cathepsin S mRNA levels in MG63, 
U2OS, and hFOB 1.19 cell lines. **P < 0.01 versus hFOB group
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silenced OS cells were markedly reduced compared 
with the control cells (si-NC) at 24 and 48  h after 
transfection (p < 0.01) (Fig.  5A,B). These data indi-
cated that CD44 exerted its effects in OS in part by 
regulating cathepsin S.

Discussion
At present, the molecular mechanisms underlying 
the development of OS have not been fully explored. 
Therefore, it is crucial to elucidate the predictive mark-
ers of OS and their potential regulatory mechanisms. 
CD44, also known as homing cell adhesion molecule, 
is a cell surface transmembrane glycoprotein molecule 

involved in cell–cell and cell–extracellular matrix com-
munication. In humans, CD44 proteins are encoded by 
a highly conserved gene located on the short arm of 
chromosome 11 (11p13) [23], whose expression is ele-
vated in a wide range of malignant tumours [24], such 
as colon tumours, ovarian clear cell carcinoma and 
glioblastoma. In this study, we found that CD44 was 
highly expressed in osteosarcoma cell lines compared 
to hFOB1.19 human osteoblasts.

Previous studies on the role of CD44 in osteosarcoma 
mostly used it as a cancer stem cell marker to evalu-
ate the stem cell status of osteosarcoma [25, 26], or it 
could be used as an evaluation protein for pulmonary 
metastasis of osteosarcoma [27, 28]. In our experi-
ment, the effect of CD44 knockdown on biological 

Fig. 2 CD44 knockdown in MG63 and U2OS cells in vitro. A Transfection efficiency of MG-63 and U2OS cells was assessed by fluorescence 
microscopy. GFP, green fluorescent protein. Magnification, × 200. B Reverse transcription-quantitative PCR analysis was used to assess the mRNA 
expression levels of CD44 in MG-63 and U2OS cells after transfection for 24 h. **P < 0.01 versus si-NC group. C Western blot was used to assess CD44 
expression levels in MG-63 and U2OS cells 48 h after transfection
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behaviour of osteosarcoma was directly observed. 
CCK8 and Colony formation assays showed that down-
regulated CD44 inhibited the proliferation of OS cells, 
wound-healing and transwell assays showed that down-
regulated CD44 inhibited the invasion and migra-
tion of OS cells. MMP-9 can cleave many extracellular 
matrix (ECM) proteins and regulate ECM remodelling, 
which can be used as a marker of tumour invasion and 
metastasis, and its expression level is positively corre-
lated with tumour invasion and metastasis [29]. Many 
studies have used MMP-9 as a regulatory factor for 
evaluating tumour invasion and metastasis (including 

osteosarcoma) [30–32]. Both matrix metalloprotein-
ases and CD44 are critical for tumour invasion. MMP-9 
has been shown to be associated with CD44 on breast 
cancer cells [33] and human melanoma cells [34]. Mt1-
MMP can cleave CD44 and promote cell migration in 
pancreatic tumour cell lines [35]. Previous studies have 
shown that, the activated Ras-MEK-ERK signalling 
pathway can modulate the transcriptional expression of 
MMP-9 [36], which can interact with the CD44 extra-
cellular domain, this interaction allows the secretion 
and activation of MMP-9, leading to the release of the 
CD44 intracellular domain (CD44ICD) [37]. MMP-9 is 

Fig. 3 CD44 knockdown inhibited the proliferation of MG63 and U2OS cells. A CCK8 assay demonstrated that silencing of CD44 inhibited the 
cell proliferation capability on the indicated time points after transfection with CD44 siRNA (si-CD44). *P < 0.05, **P < 0.01 versus si-NC group (the 
significant differences between the si-CD44-1, si-CD44-2 group and the si-NC group were consistent, with a common label). B Colony formation in 
MG-63 and U2OS cells. All data are presented as the mean ± SD of n = 3 experiments
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highly expressed in osteosarcoma [38, 39], in our study, 
MMP-9 expression was down-regulated after CD44 
was knocked down, reflecting the promoting effect 
of CD44 on invasion and metastasis of osteosarcoma 
cells, which is consistent with the role of CD44 in other 
tumours [40, 41].

Cathepsin is secreted on the cell surface in the highly 
acidic tumour microenvironment and is similar to matrix 
metalloproteinases in its role in the degradation of mul-
tiple extracellular matrix (ECM) proteins and basement 
membranes, thereby promoting tumour cell invasion and 
metastasis [42], and a number of cathepsins have been 

Fig. 4 CD44 knockdown inhibited the migration and invasion of MG63 and U2OS cells. A A wound-healing assay was performed to detect 
the migration of MG-63 and U2OS cells. B Transwell assay was performed to detect migration and invasion of MG-63 and U2OS cells. 
Magnification, × 200. C Expression levels of migration and invasion-related proteins (MMP-9) were detected by Western blotting
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found to activate MMP-9 through the proteolysis of its 
pro-domain [43]. Cathepsin S (CTSS) is one of a fam-
ily of cathepsin proteases, which could partially alter 
the expression of MMP-9 in human corneal epithelial 
cells through protease-activated [44], MMP-9 and CTSS 
have synergistic effects in triple negative breast cancer 
(TNBC), and simultaneous deletion of both can inhibit 
the invasion of MDA-MB-231 human TNBC cell inva-
sion [45]. CTSS has been found to be associated with a 
variety of biological functions in cancer. For instance, 
after the cathepsin S was inhibited, TNBC had a reduced 
ability to grow and metastasize [45], TGF-β reversed 
PI3K/AKT/mTOR pathway-induced changed in EMT 
and tight junction proteins, which in turn inhibit aggres-
sive growth and distant metastasis of glioblastoma [46], 
the secretion of progesterone and estradiol in rabbit 
ovarian granulosa cells was regulated and cell prolifera-
tion was inhibited. We found that CTSS was also highly 
expressed in osteosarcoma cells.

In polysaccharide storage myopathy (PSSM), Gene 
expression analysis showed that CTSS and CD44 genes 
were more than twofold up-regulated [47], and the 
expression of CTSS and CD44v9 increased after gastric 

epithelial injury [48]. Our data showed that after CD44 
knockdown, the expression of CTSS in OS cells was 
consistent with the trend of MMP-9 and also showed 
downregulation. The regulation mechanism of CD44 
in diseases has many crossed signalling pathways with 
CTSS, such as PI3K/AKT Pathway [49, 50], P38 [51, 52] 
and ERK1/2-MAPK signalling pathways [53, 54], and 
other factors like MMP-9 and CD74 [55, 56] are also 
involved. However, the exact regulatory relationship 
between the two has not been found in experimental 
studies. This limitation still needs a lot of work to be fur-
ther clarified, which may have far-reaching significance 
for the diagnosis and treatment of osteosarcoma, and we 
will continue to explore it in the follow-up work.

Conclusion
This study shows that inhibition of CD44 attenuates cell 
proliferation, migration and invasion, possibly by regulat-
ing the expression of cathepsin S in OS cells. These find-
ings suggest that CD44 may be an oncogenic factor in 
the progression of OS and may be a promising molecular 
marker for the diagnosis and treatment of OS.

Fig. 5 CD44 knockdown downregulated the expression of cathepsin S in MG63 and U2OS cells. A mRNA expression levels of CD44, cathepsin S, 
and β-actin were detected by RT-qPCR. B Protein expression levels of CD44, cathepsin S, and β-actin were detected by Western blotting. **P < 0.01 
versus control group



Page 9 of 10Kong et al. Journal of Orthopaedic Surgery and Research          (2022) 17:154  

Abbreviations
OS: Osteosarcoma; CD44: Cluster of differentiation 44; Cathepsin S: CTSS; 
CCK8: Cell counting kit-8; MMP9: Matrix metalloproteinase 9; WB: Western 
blot; RT-qPCR: Reverse transcription-polymerase chain reaction; siRNA: Small 
interference RNA.

Acknowledgements
Thank you for medical science research project in Hebei province (20200352, 
20200378) and natural science research youth fund for higher education in 
Hebei province (QN2020107) support.

Authors’ contributions
LK was responsible for manuscript writing and experiment conducting; HJ 
and XG contributed to data collection and analysis; SC collected the literature 
and explained the results; YJ designed this study and reviewed this article. The 
authors read and approved the final manuscript.

Funding
This work was supported by medical science research project in Hebei prov-
ince (20200352, 20200378) and natural science research youth fund for higher 
education in Hebei province (QN2020107).

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors report no declarations of interest.

Author details
1 Department of Orthopaedics, The Affiliated Hospital of Chengde Medical 
College, No. 1 Nanyingzi Street, Chengde 067000, Hebei, China. 2 Pathology 
Teaching and Research Section, Chengde Medical College, Chengde 067000, 
Hebei, China. 

Received: 11 November 2021   Accepted: 2 March 2022

References
 1. Czarnecka AM, Synoradzki K, Firlej W, Bartnik E, Sobczuk P, Fiedorowicz M, 

Grieb P, Rutkowski P. Molecular biology of osteosarcoma. Cancers (Basel). 
2020;12(8):2130.

 2. Yang C, Tian Y, Zhao F, Chen Z, Su P, Li Y, Qian A. Bone microenvironment 
and osteosarcoma metastasis. Int J Mol Sci. 2020;21(19):6985.

 3. Heymann MF, Lézot F, Heymann D. The contribution of immune infiltrates 
and the local microenvironment in the pathogenesis of osteosarcoma. 
Cell Immunol. 2019;343:103711.

 4. Cui J, Dean D, Hornicek FJ, Chen Z, Duan Z. The role of extracelluar matrix 
in osteosarcoma progression and metastasis. J Exp Clin Cancer Res CR. 
2020;39(1):178.

 5. Li M, Sun J, Zhang W, Zhao Y, Zhang S, Zhang S. Drug delivery systems 
based on CD44-targeted glycosaminoglycans for cancer therapy. Carbo-
hydr Polym. 2021;251:117103.

 6. Lim GT, You DG, Han HS, Lee H, Shin S, Oh BH, Kumar EKP, Um W, Kim 
CH, Han S, Lee S, Lim S, Yoon HY, Kim K, Kwon IC, Jo DG, Cho YW, Park JH. 
Bioorthogonally surface-edited extracellular vesicles based on metabolic 
glycoengineering for CD44-mediated targeting of inflammatory diseases. 
J Extracell Vesicles. 2021;10(5):e12077.

 7. Dong Y, Arif AA, Guo J, Ha Z, Lee-Sayer SSM, Poon GFT, Dosanjh 
M, Roskelley CD, Huan T, Johnson P. CD44 loss disrupts lung lipid 
surfactant homeostasis and exacerbates oxidized lipid-induced lung 
inflammation. Front Immunol. 2020;11:29.

 8. Li S, Li C, Zhang Y, He X, Chen X, Zeng X, Liu F, Chen Y, Chen J. Targeting 
mechanics-induced fibroblast activation through CD44-RhoA-YAP 
pathway ameliorates crystalline silica-induced silicosis. Theranostics. 
2019;9(17):4993–5008.

 9. Pothuraju R, Rachagani S, Krishn SR, Chaudhary S, Nimmakayala RK, 
Siddiqui JA, Ganguly K, Lakshmanan I, Cox JL, Mallya K, Kaur S, Batra 
SK. Molecular implications of MUC5AC-CD44 axis in colorectal cancer 
progression and chemoresistance. Mol Cancer. 2020;19(1):37.

 10. Gomez KE, Wu F, Keysar SB, Morton JJ, Miller B, Chimed TS, Le PN, Nieto 
C, Chowdhury FN, Tyagi A, Lyons TR, Young CD, Zhou H, Somerset HL, 
Wang XJ, Jimeno A. Cancer cell CD44 mediates macrophage/mono-
cyte-driven regulation of head and neck cancer stem cells. Cancer Res. 
2020;80(19):4185–98.

 11. Liu X, Taftaf R, Kawaguchi M, Chang YF, Chen W, Entenberg D, Zhang 
Y, Gerratana L, Huang S, Patel DB, Tsui E, Adorno-Cruz V, Chirieleison 
SM, Cao Y, Harney AS, Patel S, Patsialou A, Shen Y, Avril S, Gilmore HL, 
Lathia JD, Abbott DW, Cristofanilli M, Condeelis JS, Liu H. Homophilic 
CD44 interactions mediate tumor cell aggregation and polyclonal 
metastasis in patient-derived breast cancer models. Cancer Discov. 
2019;9(1):96–113.

 12. Cao H, Xiao J, Reeves ME, Payne K, Chen CS, Baylink DJ, Marcucci G, Xu 
Y. Discovery of proangiogenic CD44+mesenchymal cancer stem cells 
in an acute myeloid leukemia patient’s bone marrow. J Hematol Oncol. 
2020;13(1):63.

 13. Kong T, Ahn R, Yang K, Zhu X, Fu Z, Morin G, Bramley R, Cliffe NC, Xue 
Y, Kuasne H, Li Q, Jung S, Gonzalez AV, Camilleri-Broet S, Guiot MC, 
Park M, Ursini-Siegel J, Huang S. CD44 promotes PD-L1 expression and 
its tumor-intrinsic function in breast and lung cancers. Cancer Res. 
2020;80(3):444–57.

 14. Fei M, Zhang L, Wang H, Zhu Y, Niu W, Tang T, Han Y. Inhibition of 
cathepsin s induces mitochondrial apoptosis in glioblastoma cell lines 
through mitochondrial stress and autophagosome accumulation. 
Front Oncol. 2020;10:516746.

 15. Steimle A, Kalbacher H, Maurer A, Beifuss B, Bender A, Schafer A, Muller 
R, Autenrieth IB, Frick JS. A novel approach for reliable detection of 
cathepsin S activities in mouse antigen presenting cells. J Immunol 
Methods. 2016;432:87–94.

 16. Song E, Song W, Ren M, Xing L, Ni W, Li Y, Gong M, Zhao M, Ma X, 
Zhang X, An R. Identification of potential crucial genes associated 
with carcinogenesis of clear cell renal cell carcinoma. J Cell Biochem. 
2018;119(7):5163–74.

 17. Wang X, Xiong L, Yu G, Li D, Peng T, Luo D, Xu J. Cathepsin S silencing 
induces apoptosis of human hepatocellular carcinoma cells. Am J 
Transl Res. 2015;7(1):100–10.

 18. Hsin MC, Hsieh YH, Wang PH, Ko JL, Hsin IL, Yang SF. Hispolon sup-
presses metastasis via autophagic degradation of cathepsin S in cervi-
cal cancer cells. Cell Death Dis. 2017;8(10):e3089.

 19. Brown R, Nath S, Lora A, Samaha G, Elgamal Z, Kaiser R, Taggart C, 
Weldon S, Geraghty P. Cathepsin S: investigating an old player in lung 
disease pathogenesis, comorbidities, and potential therapeutics. Respir 
Res. 2020;21(1):111.

 20. Lin HH, Chen SJ, Shen MR, Huang YT, Hsieh HP, Lin SY, Lin CC, Chang 
WW, Chang JY. Lysosomal cysteine protease cathepsin S is involved in 
cancer cell motility by regulating store-operated Ca(2+) entry. Biochim 
Biophys Acta Mol Cell Res. 2019;1866(12):118517.

 21. Hsieh MJ, Lin CW, Chen MK, Chien SY, Lo YS, Chuang YC, Hsi YT, Lin CC, 
Chen JC, Yang SF. Inhibition of cathepsin S confers sensitivity to methyl 
protodioscin in oral cancer cells via activation of p38 MAPK/JNK signal-
ing pathways. Sci Rep. 2017;7:45039.

 22. Gautam J, Bae YK, Kim JA. Up-regulation of cathepsin S expression by 
HSP90 and 5-HT7 receptor-dependent serotonin signaling correlates 
with triple negativity of human breast cancer. Breast Cancer Res Treat. 
2017;161(1):29–40.

 23. Ouhtit A, Rizeq B, Saleh HA, Rahman MM, Zayed H. Novel CD44-down-
stream signaling pathways mediating breast tumor invasion. Int J Biol 
Sci. 2018;14(13):1782–90.



Page 10 of 10Kong et al. Journal of Orthopaedic Surgery and Research          (2022) 17:154 

 24. Chen C, Zhao S, Karnad A, Freeman JW. The biology and role of CD44 
in cancer progression: therapeutic implications. J Hematol Oncol. 
2018;11(1):64.

 25. Liang X, Xu C, Cao X, Wang W. Isovitexin suppresses cancer stemness 
property and induces apoptosis of osteosarcoma cells by disruption of 
the DNMT1/miR-34a/Bcl-2 axis. Cancer Manag Res. 2019;11:8923–36.

 26. Subramaniam D, Angulo P, Ponnurangam S, Dandawate P, Ramamoorthy 
P, Srinivasan P, Iwakuma T, Weir SJ, Chastain K, Anant S. Suppressing STAT5 
signaling affects osteosarcoma growth and stemness. Cell Death Dis. 
2020;11(2):149.

 27. He A, Yang X, Huang Y, Feng T, Wang Y, Sun Y, Shen Z, Yao Y. CD133(+) 
CD44(+) cells mediate in the lung metastasis of osteosarcoma. J Cell 
Biochem. 2015;116(8):1719–29.

 28. Yu P, Wen J, Wang J, Liang J, Shen Y, Zhang W. Establishment and char-
acterization of a novel human osteosarcoma cell line for spontaneous 
pulmonary metastasis research in vivo. Ann Transl Med. 2019;7(20):573.

 29. Huang H. Matrix metalloproteinase-9 (MMP-9) as a cancer biomarker 
and MMP-9 biosensors: recent advances. Sensors (Basel, Switzerland). 
2018;18(10):3249.

 30. Karmakar D, Maity J, Mondal P, Shyam Chowdhury P, Sikdar N, Karmakar 
P, Das C, Sengupta S. E2F5 promotes prostate cancer cell migration and 
invasion through regulation of TFPI2, MMP-2 and MMP-9. Carcinogenesis. 
2020;41(12):1767–80.

 31. Wang J, Liu Q, Xiao H, Luo X, Liu X. Suppressive effects of Momordin Ic on 
HepG2 cell migration and invasion by regulating MMP-9 and adhesion 
molecules: Involvement of p38 and JNK pathways. Toxicol In Vitro Int J 
Publ Assoc BIBRA. 2019;56:75–83.

 32. Chen T, Chen Z, Lian X, Wu W, Chu L, Zhang S, Wang L. MUC 15 pro-
motes osteosarcoma cell proliferation, migration and invasion through 
livin, MMP-2/MMP-9 and Wnt/β-catenin signal pathway. J Cancer. 
2021;12(2):467–73.

 33. Ko YS, Jung EJ, Go SI, Jeong BK, Kim GS, Jung JM, Hong SC, Kim CW, Kim 
HJ, Lee WS. Polyphenols extracted from Artemisia annua L exhibit anti-
cancer effects on radio-resistant MDA-MB-231 human breast cancer cells 
by suppressing stem cell phenotype β-catenin and MMP-9. Molecules. 
2020;25(8):1916.

 34. Jobani BM, Najafzadeh N, Mazani M, Arzanlou M, Vardin MM. Molecular 
mechanism and cytotoxicity of allicin and all-trans retinoic acid against 
CD44(+) versus CD117(+) melanoma cells. Phytomed Int J Phytother 
Phytopharmacol. 2018;48:161–9.

 35. Jiang W, Zhang Y, Kane KT, Collins MA, Simeone DM, di Magliano MP, 
Nguyen KT. CD44 regulates pancreatic cancer invasion through MT1-
MMP. Mol Cancer Res MCR. 2015;13(1):9–15.

 36. Tsubaki M, Satou T, Itoh T, Imano M, Ogaki M, Yanae M, Nishida S. Reduc-
tion of metastasis, cell invasion, and adhesion in mouse osteosarcoma by 
YM529/ONO-5920-induced blockade of the Ras/MEK/ERK and Ras/PI3K/
Akt pathway. Toxicol Appl Pharmacol. 2012;259(3):402–10.

 37. Miletti-González KE, Murphy K, Kumaran MN, Ravindranath AK, Wernyj RP, 
Kaur S, Miles GD, Lim E, Chan R, Chekmareva M, Heller DS, Foran D, Chen 
W, Reiss M, Bandera EV, Scotto K, Rodríguez-Rodríguez L. Identification 
of function for CD44 intracytoplasmic domain (CD44-ICD): modulation 
of matrix metalloproteinase 9 (MMP-9) transcription via novel promoter 
response element. J Biol Chem. 2012;287(23):18995–9007.

 38. Wang J, Shi Q, Yuan TX, Song QL, Zhang Y, Wei Q, Zhou L, Luo J, Zuo G, 
Tang M, He TC, Weng Y. Matrix metalloproteinase 9 (MMP-9) in osteosar-
coma: review and meta-analysis. Clin Chim Acta. 2014;433:225–31.

 39. Liu JF, Chen PC, Chang TM, Hou CH. Thrombospondin-2 stimulates 
MMP-9 production and promotes osteosarcoma metastasis via the PLC 
PKC, c-Src and NF-κB activation. J Cell Mol Med. 2020;24(21):12826–39.

 40. Jiang K, Chi T, Li T, Zheng G, Fan L, Liu Y, Chen X, Chen S, Jia L, Shao J. A 
smart pH-responsive nano-carrier as a drug delivery system for the tar-
geted delivery of ursolic acid: suppresses cancer growth and metastasis 
by modulating P53/MMP-9/PTEN/CD44 mediated multiple signaling 
pathways. Nanoscale. 2017;9(27):9428–39.

 41. Ma J, Li M, Chai J, Wang K, Li P, Liu Y, Zhao D, Xu J, Yu K, Yan Q, Guo S, 
Wang Z, Fan L. Expression of RSK4, CD44 and MMP-9 is upregulated and 
positively correlated in metastatic ccRCC. Diagn Pathol. 2020;15(1):28.

 42. Abboud-Jarrous G, Atzmon R, Peretz T, Palermo C, Gadea BB, Joyce JA, 
Vlodavsky I. Cathepsin L is responsible for processing and activation of 
proheparanase through multiple cleavages of a linker segment. J Biol 
Chem. 2008;283(26):18167–76.

 43. Carrilho MR, Scaffa P, Oliveira V, Tjäderhane L, Tersariol IL, Pashley DH, Tay 
F, Nascimento FD. Insights into cathepsin-B activity in mature dentin 
matrix. Arch Oral Biol. 2020;117:104830.

 44. Klinngam W, Fu R, Janga SR, Edman MC, Hamm-Alvarez SF. Cathepsin S 
alters the expression of pro-inflammatory cytokines and MMP-9, partially 
through protease-activated receptor-2, in human corneal epithelial cells. 
Int J Mol Sci. 2018;19(11):3530.

 45. Gautam J, Banskota S, Lee H, Lee YJ, Jeon YH, Kim JA, Jeong BS. Down-
regulation of cathepsin S and matrix metalloproteinase-9 via Src, a non-
receptor tyrosine kinase, suppresses triple-negative breast cancer growth 
and metastasis. Exp Mol Med. 2018;50(9):1–14.

 46. Wei L, Shao N, Peng Y, Zhou P. Inhibition of cathepsin S restores TGF-
beta-induced epithelial-to-mesenchymal transition and tight junction 
turnover in glioblastoma cells. J Cancer. 2021;12(6):1592–603.

 47. Barrey E, Mucher E, Jeansoule N, Larcher T, Guigand L, Herszberg B, Chaf-
faux S, Guérin G, Mata X, Benech P, Canale M, Alibert O, Maltere P, Gidrol 
X. Gene expression profiling in equine polysaccharide storage myopathy 
revealed inflammation, glycogenesis inhibition, hypoxia and mitochon-
drial dysfunctions. BMC Vet Res. 2009;5:29.

 48. Engevik AC, Feng R, Choi E, White S, Bertaux-Skeirik N, Li J, Mahe MM, 
Aihara E, Yang L, DiPasquale B, Oh S, Engevik KA, Giraud AS, Montrose MH, 
Medvedovic M, Helmrath MA, Goldenring JR, Zavros Y. The development 
of spasmolytic polypeptide/TFF2-expressing metaplasia (SPEM) during 
gastric repair is absent in the aged stomach. Cell Mol Gastroenterol Hepa-
tol. 2016;2(5):605–24.

 49. Kim J, Jiang J, Badawi M, Schmittgen TD. miR-221 regulates CD44 in 
hepatocellular carcinoma through the PI3K-AKT-mTOR pathway. Biochem 
Biophys Res Commun. 2017;487(3):709–15.

 50. Gautam J, Bae YK, Kim JA. Up-regulation of cathepsin S expression by 
HSP90 and 5-HT(7) receptor-dependent serotonin signaling correlates 
with triple negativity of human breast cancer. Breast Cancer Res Treat. 
2017;161(1):29–40.

 51. Lee H, Lee DH, Oh JH, Chung JH. Skullcapflavone II suppresses TNF-α/
IFN-γ-induced TARC MDC, and CTSS production in HaCaT cells. Int J Mol 
Sci. 2021;22(12):6428.

 52. Wang Y, Mack JA, Maytin EV. CD44 inhibits α-SMA gene expression 
via a novel G-actin/MRTF-mediated pathway that intersects with 
TGFβR/p38MAPK signaling in murine skin fibroblasts. J Biol Chem. 
2019;294(34):12779–94.

 53. Lu CH, Lin CH, Li KJ, Shen CY, Wu CH, Kuo YM, Lin TS, Yu CL, Hsieh SC. 
Intermediate molecular mass hyaluronan and CD44 receptor interac-
tions enhance neutrophil phagocytosis ANd IL-8 production via p38- and 
ERK1/2-MAPK signalling pathways. Inflammation. 2017;40(5):1782–93.

 54. Xander P, Brito RR, Pérez EC, Pozzibon JM, de Souza CF, Pellegrino R, 
Bernardo V, Jasiulionis MG, Mariano M, Lopes JD. Crosstalk between B16 
melanoma cells and B-1 lymphocytes induces global changes in tumor 
cell gene expression. Immunobiology. 2013;218(10):1293–303.

 55. Bararia D, Hildebrand JA, Stolz S, Haebe S, Alig S, Trevisani CP, Osorio-Bar-
rios F, Bartoschek MD, Mentz M, Pastore A, Gaitzsch E, Heide M, Jurinovic 
V, Rautter K, Gunawardana J, Sabdia MB, Szczepanowski M, Richter J, Klap-
per W, Louissaint A Jr, Ludwig C, Bultmann S, Leonhardt H, Eustermann 
S, Hopfner KP, Hiddemann W, von Bergwelt-Baildon M, Steidl C, Kridel R, 
Tobin JWD, Gandhi MK, Weinstock DM, Schmidt-Supprian M, Sárosi MB, 
Rudelius M, Passerini V, Mautner J, Weigert O. Cathepsin S alterations 
induce a tumor-promoting immune microenvironment in follicular 
lymphoma. Cell Rep. 2020;31(5):107522.

 56. Al Abdulmonem W, Rasheed Z, Aljohani ASM, Omran OM, Rasheed N, 
Alkhamiss A, Alhumaydhi AF, Alblihed MA, Al Ssadh H, Khan MI, Fernán-
dez N. Absence of CD74 isoform at 41kDa prevents the heterotypic 
associations between CD74 and CD44 in human lung adenocarcinoma-
derived cells. Immunol Investig. 2021;50(8):891–905.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Knockdown of CD44 inhibits proliferation, migration and invasion of osteosarcoma cells accompanied by downregulation of cathepsin S
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Cell culture
	Small interference RNA transfection
	RT-qPCR analysis
	Western blot analysis
	Cell counting Kit-8 (CCK-8) assay
	Colony formation assay
	Wound-healing assay
	Transwell assay
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


