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Abstract 

Objective Osteosarcoma is a rare primary malignant tumor of the bone characterized by poor survival rates, owing 
to its unclear pathogenesis. Rho GTPase-activating protein 44 (ARHGAP44), which belongs to the Rho GTPase-activat-
ing protein family, has promising applications in the targeted therapy of tumors. Therefore, this study aimed to investi-
gate the biological function of ARHGAP44 in osteosarcoma and its possible application as a therapeutic target.

Methods The expression level of ARHGAP44 in osteosarcoma and its relationship with tumor prognosis were 
detected using Gene Expression Omnibus database analysis and immunohistochemical staining of clinical specimens. 
The cell model of ARHGAP44 knockdown was constructed, and the effects of this gene on the malignant biological 
behavior of osteosarcoma cells were investigated using CCK-8, clone formation, transwell invasion, wound heal-
ing, and flow cytometry assays. Western blotting was performed to detect the expression of ARHGAP44, p53, C-myc, 
and Cyclin D1 in osteosarcoma.

Results Biogenic analysis showed that ARHGAP44 was highly expressed in osteosarcoma. This result was associated 
with poor tumor prognosis and negatively correlated with the expression of the tumor suppressor gene p53. Immu-
nohistochemistry and western blotting revealed significantly upregulated expression of ARHGAP44 in osteosarcoma 
tissues. Additionally, Kaplan–Meier analysis of clinical specimens suggested that ARHGAP44 was negatively correlated 
with tumor prognosis. CCK-8, clone formation, transwell invasion, wound healing, and flow cytometry assays showed 
that downregulation of ARHGAP44 expression significantly reduced the malignant biological behavior of osteosar-
coma cells. Furthermore, western blotting showed that the expression level of p53 in osteosarcoma cells was signifi-
cantly increased after the downregulation of ARHGAP44 expression, whereas the expression of C-myc and Cyclin D1 
was significantly decreased compared with that in the control group.

Conclusion ARHGAP44 was highly expressed in osteosarcoma and was negatively correlated with its prognosis. 
The downregulation of ARHGAP44 expression reduced the malignant biological behavior of osteosarcoma cells. 
These findings suggest that the downregulation of ARHGAP44 expression inhibits the malignant progression 
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of osteosarcoma by regulating the p53/C-myc/Cyclin D1 pathway, demonstrating the potential of ARHGAP44 as a ther-
apeutic target for osteosarcoma.

Keywords ARHGAP44, Osteosarcoma, p53, Proliferation, Invasion, Migration

Introduction
Osteosarcoma is a rare primary malignant bone tumor 
that occurs in children and adolescents [1]. The current 
treatment strategy for osteosarcoma is limb-sparing sur-
gery combined with adjuvant chemotherapy and targeted 
therapy, which can increase the 5-year overall survival 
rate of patients with non-metastatic recurrent osteosar-
coma to approximately 70% [2]. However, the prognosis 
of osteosarcoma often deteriorates following recurrence 
or distant metastasis. In addition, the inability to undergo 
surgical resection or resistance to chemotherapy often 
lead to a lack of effective treatment for metastatic or 
recurrent cases [3]. Modern medical technology and 
molecular biology have enabled the rapid development 
of targeted anticancer drugs [4]. In addition, targeted 
therapy for osteosarcoma has broader research prospects 
because this tumor involves more targets and signaling 
pathways compared to benign bone tumors [5].

Rho GTPase-activating protein 44 (ARHGAP44) 
belongs to the Rho GTPase-activating protein (RhoGAP) 
family, also known as Rich2 [6]. Loss of RhoGAP activ-
ity often leads to uncontrolled GTPase activity, which 
consequently affects tumor progression. RhoGAP fac-
tors can also affect tumors by regulating the cell cycle, 
including non-small cell lung and colorectal cancers [7]. 
The role of ARHGAP44 in tumors is more controversial 
than that of other ARHGAP members. The upregulation 
of ARHGAP44 expression is associated with aberrant 
breast follicular morphology [8]. Another study showed 
the cancer-suppressive effect of upregulated ARHGAP44 
expression in hepatocellular carcinoma [9]. Hu et  al. 
[10] suggested that the overexpression of this gene pro-
moted osteosarcoma metastasis and was associated with 
poor prognosis through gene pool enrichment analysis. 

However, no further experiments were performed to elu-
cidate the mechanism. In addition, Xu et  al. [11] found 
that mutant p53 inhibits the transcription of ARHGAP44, 
thereby affecting the spread and migration of tumor cells.

In this study, we used multiple biological techniques at 
several levels, including clinical specimens, proteins, and 
molecules, to elucidate the impact of ARHGAP44 on the 
mechanism underlying osteosarcoma development and 
its participation in the detailed processes of the malig-
nant biological behavior of osteosarcoma cells through 
the p53 signaling pathway.

Materials and methods
Bioinformatic analysis
The mRNA chips GSE14359 [12] and GSE39058 [13] 
were downloaded from the Gene Expression Omnibus 
(GEO) database (http:// www. ncbi. nlm). GSE14359 con-
tained 18 tumor tissue and two normal samples from 
patients with osteosarcoma but no survival information 
was obtained (Table 1). In contrast, GSE39058 included 
miRNA data and survival information of 65 patients 
(including 65 biopsy specimens and 26 pairs of surgically 
resected specimens) (Table 2). GSE14359 was processed 
using Illumina Human software to analyze expression dif-
ferences. Survival of the high and low expression groups 
in the GSE39058 dataset was determined, and KM sur-
vival curves were plotted according to the Kaplan–
Meier method, in which the high and low expression 
groups were classified according to the expression level 
of ARHGAP44 from high to low at the median. RNA-
seq data for osteosarcoma (Level 3) were obtained from 
The Cancer Genome Atlas (TCGA) database (https:// 
portal. gdc. com). Genes contained in the corresponding 
p53 pathway were collected. The correlation between 

Table 1 Clinical information of patients with osteosarcoma GSE14359

Clinical information Number (n = 20)

Type

 Non-neoplastic primary osteoblast cells 2

 Conventional osteosarcoma tissue 10

 Osteosarcoma lung metastasis tissue 8

Age

 Median 23

 Range 7–74

http://www.ncbi.nlm
https://portal.gdc.com
https://portal.gdc.com
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ARHGAP44 and potential targets was analyzed using the 
R software GSVA package and selecting the parameter 
method = ’ssgsea.’

Immunohistochemical staining
Tissue samples were collected from 21 patients with oste-
osarcoma at the Department of Orthopedics, Shengjing 
Hospital of China Medical University (Table 3). Inclusion 
criteria: (1) Patients diagnosed with conventional osteo-
sarcoma through postoperative pathology; (2) patients 
whose tumors had been radiologically evaluated and 
could be surgically removed; and (3) patients who did not 
receive radiotherapy or chemotherapy. Exclusion criteria: 
(1) patients younger than 6  years old; (2) patients with 
other serious diseases; and (3) patients with incomplete 
history and imaging data. All study protocols involving 
patients were conducted in accordance with the declara-
tion of Helsinki and provided informed consent prior to 
the initiation of experiments.

Patients underwent excision biopsy to obtain paracan-
cerous tissue from bone-like tissue in the 1–3 cm region 
of the gross visible margin of the tumor. Tissue samples 
were embedded in paraffin, cut into 5  μm paraffin sec-
tions, dewaxed, and repaired by microwaving for 10 min 
with a citric acid solution. Endogenous peroxidase block-
ers and serum blocking solution were added to the slides 
for 40 min, followed by incubation with ARHGAP44 anti-
body (1:150; Atlas Antibodies, Bromma, Sweden) at 4 °C 
overnight. DAB color development, re-dyeing, and dewa-
tering sealing were performed on the second day. Positive 
results were analyzed using a semi-quantitative scoring 
method, where the percentage of positive cell counts 
(0–100%) was combined with the intensity of staining 
(0 = negative, 1 = weakly positive, 3 = moderately positive, 
4 = strongly positive), and the final data were the prod-
uct of the two indices. KM prognostic analysis was also 
performed on the collected clinical specimens based on 
immunohistochemical scores to assess their relationship 
with tumor prognosis.

Cell culture and siRNA transfection
Human osteosarcoma cell lines MG63 and HOS and the 
osteoblastic cell line hFOB1.19 were purchased from 
Procell Life Science and Technology Co. Ltd. (Wuhan, 
China). The MG63 and HOS cells were cultured in mini-
mum essential medium (MEM) (Procell, Wuhan, China) 
containing 10% fetal bovine serum (FBS), whereas the 
hFOB1.19 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Procell) containing G418 (Pro-
cell) and 10% FBS. They were all placed in an incubator at 
37 °C and 5%  CO2 to enable cell growth.

Cells were transfected using the Lipofectamine 3000 
reagent (Invitrogen, Carlsbad, CA, USA), and siRNA was 
synthesized by General Biology (Anhui, China) (Table 4). 
The siRNA was transfected into MG63 and HOS cells 

Table 2 Clinical information of patients with osteosarcoma 
GSE39058

Clinical information Number (n = 65)

Age

 Median 12

 Range 3–76

Sex

 Male 30 (46%)

 Female 35 (54%)

Metastases at diagnosis

 Yes 11 (17%)

 No 54 (83%)

Tumor status

 Recurrence 23 (35%)

 Death 14 (22%)

Table 3 Immunohistochemistry patient clinical information

Clinical information Number (n = 21)

Age

 Median 16

 Range 8–73

Sex

 Male 11 (52%)

 Female 10 (48%)

Metastases at diagnosis

 Yes 3 (14%)

 No 18 (86%)

Tumor status

 Death 6 (29%)

Table 4 Sequence of siRNA and negative control

Primer Sequence (5′–3′)

ARHGAP44 (human) siRNA GAG AUA GAG UUC AAC AUU ATT 
UAA UGU UGA ACU CUA UCU CTT 

Negative control UUC UCC GAA CGU GUC ACG UTT 
ACG UGA CAC GUU CGG AGA ATT 

Table 5 Sequence of the PCR primer

Primer Forward primer (5′–3′) Reverse primer (5′–3′)

ARHGAP44 CAC AGC ACG CAC AAG AAG C CCC AGG ATA GCT GAC CCC T

GAPDH GGA GCG AGA TCC CTC CAA AAT GGC TGT TGT CAT ACT TCT 
CATGG 
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according to the manufacturer’s instructions, and the 
cells were grown stably in MEM containing 10% FBS for 
48  h. RNA was extracted from cultured cells using the 
TRIzol reagent (Invitrogen) and reverse transcribed into 
cDNA using the reverse transcription premix produced 
by Vazyme (Nanjing, China). The ChamQ Universal 
SYBR qPCR Master Mix (Vazyme) and 7500 Fluorescent 
Quantitative PCR Instrument (Applied Biosystems™, 
USA) were used to perform real-time quantitative PCR to 
examine the knockdown efficiency of samples (Table 5). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
(General Biology) was used as a housekeeping gene. The 
relative mRNA expression was calculated based on the 
ddCt values, and 2^ddCt represented the fold-change.

CCK‑8 assay
Cells were transfected, homogeneously inoculated into 
96-well plates, and placed in a  CO2 incubator for growth. 
Ten microliters of the CCK-8 reagent (GlpBio, Montclair, 
CA, USA) were added to each well at 24, 48, 72, and 96 h. 
The incubator was allowed to stand for 3 h, and the OD 
value at 450 nm was then measured in each well using a 
microplate reader (BioTek, USA).

Clone formation assay
The transfected cells were inoculated into six-well plates 
at a cell density of 1000 cells/well and placed in a  CO2 
incubator for 3  weeks. Culture was discontinued when 
most of the single-cloned cells in the wells were greater 
than 50. The cells were washed with PBS, fixed with 4% 
paraformaldehyde for 30  min, stained with crystal vio-
let staining solution for 10 min, washed again with PBS, 
dried, and photographed. The number of single-cloned 
cells greater than 50 was counted.

Transwell migration assay
A cell suspension (200 μL of cell suspension containing 
5 ×  105 cells, MEM without FBS) was added to the upper 
chamber of transwell plates (BioFil, Guangzhou, China). 
The pore size of transwells was 8.0  μm, and the lower 
chamber was supplemented with MEM containing 10% 
FBS. The cells were fixed with 4% paraformaldehyde for 
30  min and stained with crystal violet staining solution 
for 10 min after 24 h incubation. The upper chamber was 
washed with PBS and observed under a microscope. Five 
fields of view were photographed in each well, and the 
cells were counted.

Wound healing assay
After siRNA transfection, the upper medium was 
removed and the 200 μL sterile gun head was used per-
pendicular to the pore plate for marking, washed with 

PBS, and photographed immediately (0 h). Samples were 
then cultured in serum-free medium for 24 h and photo-
graphed again to detect the migration ability of osteosar-
coma cells after siRNA transfection.

Flow cytometry assay
The transfected cells were inoculated in six-well plates and 
digested with EDTA-free pancreatic enzyme at 70% conflu-
ence. The cells were further centrifuged (2000 rpm, 5 min) 
to prepare a suspension. Precooled PBS was mixed with 
500 μL binding buffer (Seven Biotech, Beijing, China) and 
5 μL Annexin V-FITC (Seven Biotech) at 24  °C. The cells 
were added with 5 μL PI (Seven Biotech) and incubated 
away from light for 5–15 min. Apoptosis was then detected 
using flow cytometry. The apoptosis rate was the sum of 
the percentage of P2-Q2 and P2-Q3 quadrants.

Western blot analysis
The cells were lysed using RIPA lysis buffer (Epizyme, 
Shanghai, China) containing 1% protease inhibitor PMSF 
(Epizyme) on ice for 30 min and centrifuged at 10,000 rpm 
for 15 min. The supernatant was separated using 10% SDS–
PAGE (Epizyme) and transferred onto a PVDF membrane 
(Biosharp, Guangzhou, China). Thirty micrograms of pro-
tein was loaded on the SDS-page of the NC group and the 
siARHGAP44 group. After sealing, the PVDF membrane 
was incubated with ARHGAP44 (1:1500; Atlas Antibod-
ies), p53 (1:1000; Cell Signaling Technology, Danvers, MA, 
USA), C-myc (1:1000; Abcam, Cambridge, UK), Cyclin D1 
(1:1000; Abcam) antibodies, GAPDH (1:1000, Abcam) 
and β-Actin (1:1000, Abcam). These antibodies were co-
incubated overnight at 4 °C. Rapid blocking buffer (Seven 
Biotech) was used to block the antibodies. After washing 
the PVDF membranes with TBS-Tween-20 three times, 
the secondary antibody (Elabscience, Wuhan, China) was 
added and incubated at 25  °C for 1 h. Next, the indicator 
proteins were detected using a hypersensitive ECL chemi-
luminescence kit (Beyotime, Shanghai, China).

Statistical analysis
The data obtained were expressed as the mean ± stand-
ard deviation and statistically analyzed using SPSS 25.0 
(IBM Corp. Released 2017. IBM SPSS Statistics for 
Windows, Version 25.0. Armonk, NY: IBM Corp). In 
addition, graphs were produced using GraphPad Prism 
8 software. One-way analysis of variance (ANOVA) 
and an unpaired t-test were performed using GraphPad 
Prism version 8.0.2 for Windows (GraphPad Software, 
Boston, MA, USA; www. graph pad. com). The Chi-
square test was used to compare differences in the stain-
ing of osteosarcoma tissue specimens. The log-rank test 
was used to determine the significance of differences 

http://www.graphpad.com
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between survival curves, and Spearman’s correla-
tion coefficient was used to analyze the correlation 
between target genes and potential targets. Compari-
sons between groups were performed using an unpaired 

t-test, and one-way ANOVA was used for one-way mul-
tigroup comparisons. Each group of experiments was 
repeated at least three times, and p < 0.05 indicated sta-
tistical significance.

Fig. 1 Bioinformatic and immunohistochemical results for the detection of the differential expression of ARHGAP44 in osteosarcoma, correlation 
with tumor prognosis, and correlation with p53. A Differential gene analysis of GSE14359, as obtained using GEO database; B The expression 
level of ARHGAP44 in osteosarcoma tissues was higher than that in paracancerous tissues, p = 0.011; C Immunohistochemical results of ARHGAP44 
in osteosarcoma tissue showing deeply stained brown–yellow nuclei, images were recorded using ×400 magnification; D Immunohistochemical 
positive expression of ARHGAP44 in paracancerous tissues was lower than that in tumor tissues, images were recorded using ×400 magnification; E: 
Kaplan–Meier survival curves of patients with high and low ARHGAP44-expressing osteosarcoma, p = 0.0291; F: ROC model for 1-, 3-, and 5-year survival 
in patients with high ARHGAP44 expression; G KM survival analysis established based on immunohistochemical results of clinical specimens, p = 0.0495; 
H TCGA database showing that ARHGAP44 expression in osteosarcoma was negatively correlated with p53, p = 2.04e−05, with a Spearman correlation 
coefficient of − 0.26; I–J: Western blotting results of ARHGAP44 expression in osteosarcoma and osteoblastic cell lines, * for p < 0.05, ** for p < 0.01
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Results
ARHGAP44 expression is elevated in osteosarcoma 
and correlates with poor prognosis
The GEO database analysis (GSE14359) showed that 
the expression level of ARHGAP44 in osteosarcoma 
was significantly higher than that in normal tissues 
(p = 0.011) (Fig. 1A, B). In addition, the immunohisto-
chemistry results of osteosarcoma tumor specimens 
and paracancerous tissues showed that the expression 
of ARHGAP44 was higher in osteosarcoma tissues than 
in paracancerous tissues (Fig. 1C, D, Table 6). This gene 
had an expression rate of 66.7% and 19.0% in osteosar-
coma and paracancerous tissues, respectively (p < 0.05). 
Western blotting (Fig.  1I-J) showed that ARHGAP44 
expression in MG63 and HOS osteosarcoma cells 
was higher than that in hFOB1.19 osteoblastic cells 
(p < 0.05).

KM survival analysis (GSE39058) indicated that 
ARHGAP44 expression in osteosarcoma was associated 
with prognosis (Fig. 1E, F). The median survival times 
of patients with osteosarcoma exhibiting high and 
low expression of ARHGAP44 were 4.4 and 9.3  years, 
respectively, and the difference was statistically sig-
nificant (p = 0.0291). Similarly, KM survival analysis 
(Fig. 1G) based on clinical specimen data showed that 
high ARHGAP44 expression was associated with tumor 
prognosis (p = 0.0495). Subsequent analysis based on 
the TCGA database further revealed that the expres-
sion of ARHGAP44 in osteosarcoma was negatively 
correlated with the expression of p53, with a correla-
tion coefficient of − 0.26. These results suggest that 
ARHGAP44 may influence the development of osteo-
sarcoma by negatively regulating the oncogene p53 
(Fig. 1H).

Relationship between ARHGAP44 and the malignant 
biological behavior of osteosarcoma cells
Effects of ARHGAP44 on the proliferation of osteosarcoma 
cells
To investigate the specific role of ARHGAP44 after clarify-
ing its expression level in osteosarcoma, three ARHGAP44 
knockdown siRNAs were constructed and validated for 
efficiency. The siRNA with the highest knockdown effi-
ciency (si003) was selected to treat the osteosarcoma 
cell lines MG63 and HOS (Fig. 2A, B). After successfully 
constructing the ARHGAP44 knockdown cell model, we 
first detected the proliferative ability of the cells using the 
CCK-8 assay (Fig. 2C, D). When the expression of ARH-
GAP44 was downregulated, the proliferative ability of the 
MG63 and HOS cell lines was significantly weakened com-
pared with that of the control group and showed a time-
dependent change (p < 0.01). Consistent with the CCK-8 
assay results, the clone formation assay suggested that the 
proliferative capacity of MG63 and HOS cells was signifi-
cantly reduced after ARHGAP44 knockdown, and the dif-
ference was statistically significant (p < 0.01) (Fig. 2E–G).

Effects of ARHGAP44 on the invasion of osteosarcoma cells
The invasive ability of the cells was also assessed using 
a transwell invasion assay. The invasive ability of MG63 
and HOS cells was significantly inhibited by the down-
regulation of ARHGAP44 expression (p < 0.01; Fig.  3A–
C). This suggests that ARHGAP44 affects osteosarcoma 
cell invasion.

Effects of ARHGAP44 expression on the migration 
of osteosarcoma cells
We examined the migration ability of MG63 and HOS 
cells using a wound healing assay. When the expression 

Table 6 The expression of ARHGAP44 in osteosarcoma tissues

Group Number of cases 
(n)

Positive (n) Negative (n) Positive rate (%) χ2 p

Osteosarcoma tissues 21 14 7 66.7 9.882 0.002

Paracancerous tissues 21 3 18 19.0

Fig. 2 Knockdown cell model of ARHGAP44 was constructed and the effect of ARHGAP44 on the proliferative ability of MG63 and HOS cell lines 
was detected using CCK-8 and clonal formation assays. A, B Transfection efficiency was verified using qRT − PCR after siRNA transfection, ** 
for p < 0.01; C, D: Effect of ARHGAP44 expression inhibition on the cell activity of MG63 and HOS cell lines at 24, 48, 72, and 96 h, ** for p < 0.01; 
E Results of clone formation assay of MG63 and HOS cell lines after ARHGAP44-siRNA transfection; F, G Number of clonogenic cells in the MG63 
and HOS control group was higher than that in the ARHGAP44 knockdown group, ** for p < 0.01

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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of ARHGAP44 was downregulated, the migratory abil-
ity of MG63 and HOS osteosarcoma cell lines was sig-
nificantly attenuated compared with the control group 
(p < 0.01) (Fig. 3D–F).

Effects of ARHGAP44 on the apoptosis of osteosarcoma cells
We examined the apoptosis ability of MG63 and HOS 
cells using a flow cytometry assay. When the expres-
sion of ARHGAP44 was downregulated, the total num-
ber of apoptotic cells in both cell lines was significantly 
increased (p < 0.01) (Fig. 3G–I).

ARHGAP44 exerts anti‑tumor effects 
through the p53/C‑myc/Cyclin D1 pathway
To further investigate the specific mechanism of action of 
ARHGAP44 in osteosarcoma, the protein expression lev-
els of several molecular pathways were examined using 
western blotting. When ARHGAP44 expression was 
downregulated, the expression levels of p53 in the MG63 
and HOS osteosarcoma cells were significantly higher 
than those in the control group, whereas the expression 
of C-myc and Cyclin D1 was significantly lower (p < 0.05; 
Fig.  4A–C). This suggests that the downregulation of 
ARHGAP44 expression may play an antitumor role in 
osteosarcoma by regulating the p53/C-myc/Cyclin D1 
pathway.

Discussion
Osteosarcoma is the most common primary bone malig-
nancy in children and adolescents and has a high pro-
pensity for local infiltration and metastasis [14]. The 
combination of surgical resection and adjuvant chemo-
therapy has led to improved survival in patients with 
primary osteosarcoma in recent years. However, the 
prognosis of metastatic or recurrent osteosarcoma 
remains poor [15]. Therefore, new treatment modalities 
are required. Modern medical technology and molecular 
biology have facilitated the rapid development of targeted 
anticancer drugs. In addition, the study of the patho-
genic mechanism in osteosarcoma is of great significance 
for understanding the development of osteosarcoma 
and developing new therapeutic targets. Thus, targeted 

therapies have markedly broad research and application 
prospects in osteosarcoma.

ARHGAP44 is a member of the RhoGAP family, and 
loss of RhoGAP activity often leads to uncontrolled 
GTPase activity, which subsequently affects tumor 
progression [16]. Most RhoGAP family members have 
anticancer effects. However, the biological mechanism 
of ARHGAP44 remains controversial [16]. In this study, 
we first analyzed differences in the expression of ARH-
GAP44 using the GEO database. ARHGAP44 expres-
sion in osteosarcoma tissues was significantly higher 
than that in normal tissues. Immunohistochemical 
staining of 21 clinically collected osteosarcoma tissue 
specimens and western blotting results demonstrated 
high ARHGAP44 expression in osteosarcoma tissues. In 
addition, KM survival analysis using both bioinformatic 
analysis and clinical specimens collected suggested that 
high ARHGAP44 expression was negatively correlated 
with the prognosis of osteosarcoma. This suggests that 
ARHGAP44 may play a pro-carcinogenic role in osteo-
sarcoma and may be used as a clinical marker for osteo-
sarcoma prognosis.

Members of the RhoGAP family mediate the malig-
nant behavior of tumor cells through E-cadherin syn-
ergy, p53 acetylation, and modulation of the Hippo and 
RhoA/AKT pathways [17–20]. In the present study, we 
investigated the effects of the RhoGAP family mem-
ber ARHGAP44 on the malignant biological behavior 
of osteosarcoma cells. The CCK-8 and clone forma-
tion assays demonstrated that the downregulation of 
ARHGAP44 expression attenuated the proliferation of 
MG63 and HOS cells. Results of the transwell invasion 
and wound healing assays suggested that the downregu-
lation of ARHGAP44 expression could inhibit the inva-
sion and migration of MG63 and HOS osteosarcoma 
cells. Furthermore, the downregulation of ARHGAP44 
expression increased the apoptosis of MG63 and HOS 
cells. These results suggest that ARHGAP44 plays a key 
role in the development and progression of osteosar-
coma. In addition, ARHGAP44 may be associated with 
p53 mutations that mediate tumor progression [11].

(See figure on next page.)
Fig. 3 Effects of ARHGAP44 on the invasion, migration, and apoptosis ability of MG63 and HOS cells, as detected using transwell invasion, wound 
healing, and flow cytometry assays. A Transwell invasion assay results for MG63 and HOS cells transfected with ARHGAP44-siRNA; B C The number 
of penetrating cells in the MG63 and HOS control groups was significantly higher than that in the ARHGAP44 knockdown group, ** for p < 0.01; 
D Experimental results of the control and ARHGAP44 knockdown groups at 0 h versus 24 h; E, F The healing area of the MG63 and HOS control 
group was larger than that of the ARHGAP44 knockdown group, ** for p < 0.01. G Flow cytometry assay results of the ARHGAP44 knockdown group 
and the control group; H, I The apoptosis ratio of MG63 and HOS control groups was significantly higher than that in the ARHGAP44 knockdown 
group, ** for p < 0.01, **** for p < 0.0001
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Fig. 3 (See legend on previous page.)
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As a downstream target of RhoGAP family members, 
p53 binds to specific DNA response elements to medi-
ate tumor suppression processes such as cell cycle arrest, 
DNA repair, apoptosis, and ferroptosis [18, 21]. Inactiva-
tion or transformation of p53 into mutant p53 can lead 
to tumor development through downstream pathways 
such as MAPK/MK2, EGFR/ERK, and C-myc/Cyclin 

D1 [22–24] pathways. Bykov et  al. [25] used the small-
molecule compound PRIMA-1 to increase p53 activity, 
thereby enhancing its cancer inhibitory function [25]. 
P53 can play a key role in the pathogenesis of osteosar-
coma [26]. In this study, we analyzed the potentially rel-
evant tumor signaling pathways of ARHGAP44 using 
the TCGA database. We found a negative correlation 

Fig. 4 Western blotting was used to detect the protein expression of p53, C-myc, and Cyclin D1 after ARHGAP44 knockdown in osteosarcoma. A–C 
The expression of C-myc and Cyclin D1 in the ARHGAP44 knockdown group was lower than that in the control group, whereas the expression of p53 
was higher than that in the control group. β-Actin served as an internal control, * for p < 0.05

Fig. 5 Mechanism of the downregulation of ARHGAP44 expression to inhibit malignant biological behaviors through the p53/C-myc/Cyclin D1 
pathway in osteosarcoma
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between ARHGAP44 and p53. This suggests that ARH-
GAP44 influences tumor development in osteosarcoma 
by regulating p53 and related molecular pathways, which 
affects tumor development. Western blot analysis indi-
cated that the downregulation of ARHGAP44 expression 
level may lead to the mutation of p53 and increase its 
activity, which plays an antitumor role in osteosarcoma, 
consistent with the findings of previous studies [22, 25]. 
This suggests that ARHGAP44 regulates p53 in osteosar-
coma, further revealing the upstream regulatory mecha-
nisms of this gene.

C-myc and Cyclin D1 are classical molecular signal-
ing pathways that have been widely studied in malignant 
tumors such as breast cancer and lung cancer [27]. C-myc 
is highly expressed as a proto-oncogene in breast, rectal, 
and non-small cell lung cancers and plays a role in malig-
nant progression [28, 29]. Similarly, Cyclin D1 is overex-
pressed in most malignant tumors and is associated with 
a poor prognosis [30]. In osteosarcoma, the C-myc/Cyclin 
D1 pathway often contributes to osteosarcoma pro-
gression by altering the cell cycle, DNA repair, and cell 
migration [31, 32]. There is also a regulatory relationship 
between p53, C-myc, and Cyclin D1. Oyang et  al. [33] 
found that LPLUNC1 reduces the proliferation of naso-
pharyngeal carcinoma tumor cells through the p53/C-
myc pathway. In breast cancer, metformin reduces the 
expression of Cyclin D1 by upregulating the p53 expres-
sion, thereby promoting tumor apoptosis [34]. However, 
the roles of the ARHGAP44/p53 and C-Myc/Cyclin D1 
pathways in osteosarcoma remain unclear. The present 
study revealed that C-myc and Cyclin D1 may be inhib-
ited by the downregulation of ARHGAP44 and upregu-
lation of p53 expression levels, which is consistent with 
the findings of Oyang and Yenmis et  al. [33, 34]. These 
results suggest that the downregulation of ARHGAP44 
expression may inhibit the proliferation, invasion, and 
migration of osteosarcoma tumor cells through the 
p53/C-myc/Cyclin D1 pathway (Fig. 5).

A limitation of this study is that the direct regulatory 
relationship between p53, C-myc, and Cyclin D1 was not 
further verified. However, these limitations will be fur-
ther supplemented and improved in subsequent studies.

The present study demonstrates, for the first time, 
that the downregulation of ARHGAP44 expression may 
inhibit osteosarcoma development by regulating the 
p53/C-myc/Cyclin D1 pathway. These findings provide 
new insights into the molecular pathogenesis of osteo-
sarcoma. These findings further suggest that ARHGAP44 
may serve as a prognostic biomarker and potential thera-
peutic target for osteosarcoma in clinical practice.
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