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Abstract
Background  Osteosarcoma is a common bone tumor in adolescents and children, characterized by rapid 
progression, high malignancy, poor prognosis, and a tendency for pulmonary metastasis. Despite extensive research 
efforts, the specific driver gene associated with osteosarcoma remains unidentified, underscoring the urgent need for 
novel therapeutic targets and targeted treatment options.

Methods  In vitro studies were conducted to assess the effects of DCC-2036 on the proliferation, migration, and 
invasion of osteosarcoma (OS) cell lines, employing cloning and Transwell experiments. Network pharmacological 
analysis, complemented by in vitro experimental validation, indicated the critical target responsible for the inhibitory 
effects of DCC-2036. RNA sequencing analysis demonstrated that DCC-2036 could induce autophagy in OS cells, 
with relative protein levels assessed using Western blotting following treatment with the autophagy inhibitor 3-MA 
and the mTOR agonist MHY1485. In vivo studies further confirmed the role of DCC-2036 in cell proliferation through 
subcutaneous tumorigenesis.

Results  In this study, we demonstrated that the small molecule tyrosine kinase inhibitor DCC-2036 effectively 
inhibited osteosarcoma (OS) cells in both cellular and animal models. We found that DCC-2036 significantly 
suppressed the proliferation of osteosarcoma cells and induced apoptosis; additionally, it notably inhibited cell 
migration, invasion, and epithelial-to-mesenchymal transition (EMT). HCK was identified as the key target mediating 
the effects of DCC-2036 on osteosarcoma. Mechanistically, DCC-2036 was shown to inhibit the expression of 
phosphorylated AKT (p-AKT), phosphorylated S6 kinase (p-S6K), and phosphorylated 4E-binding protein 1 
(p-4EBP1) within the downstream PI3K/AKT/mTORC1 signaling pathway. Furthermore, in vivo experiments utilizing 
subcutaneous tumor xenografts in mice demonstrated that DCC-2036 effectively inhibited the growth of xenografted 
143B cells in BALB/C-nude mice.

DCC-2036 inhibits osteosarcoma via 
targeting HCK and the PI3K/AKT-mTORC1 axis 
to promote autophagy
Jun He1,2†, Liyang Yin3†, Qiong Yuan3, Xiaotao Su2, Yingying Shen3* and Zhongliang Deng1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12957-025-03778-2&domain=pdf&date_stamp=2025-3-29


Page 2 of 15He et al. World Journal of Surgical Oncology          (2025) 23:115 

Introduction
Osteosarcomas (OS) account for approximately 20-40% 
of all bone tumors, predominantly affecting children and 
adolescents [1, 2]. This type of tumor is characterized by 
rapid progression, a high level of malignancy, poor prog-
nosis, and the occurrence of lung metastases [3, 4]. Sur-
gical treatment and chemotherapy remain the standard 
approaches for managing osteosarcoma [5, 6]. Currently, 
methotrexate, cisplatin, doxorubicin, and ifosfamide are 
the mainstays of OS chemotherapy. However, the clinical 
application of chemotherapy is significantly limited due 
to high resistance and severe toxic side effects, including 
ototoxicity, nephrotoxicity, cardiotoxicity, and neurotox-
icity [7, 8]. In recent years, molecular targeted therapy 
has shown promising results in enhancing prognosis 
and tumor management [9, 10]. Nonetheless, the driver 
genes (targets) of osteosarcoma remain unclear, making 
the identification of new targets and targeted therapeutic 
agents an urgent challenge in osteosarcoma research.

Protein tyrosine kinases play a crucial role in cellular 
signal transduction pathways, regulating various physi-
cochemical processes such as cell growth, differentiation, 
and apoptosis [11]. The excessive amplification or muta-
tion of the gene encoding tyrosine kinase can lead to sus-
tained increases in tyrosine kinase activity, consequently 
inducing tumorigenesis [12, 13]. Therefore, the devel-
opment of drugs targeting tyrosine kinases has increas-
ingly become a focal point in anti-tumor drug research 
[14, 15]. Notably, several prospective phase II trials of 
tyrosine kinase inhibitors (TKIs) have been conducted 
for osteosarcoma, including regorafenib, cabozantinib, 
sorafenib (with or without everolimus), apatinib, and 
lenvatinib, which primarily target VEGFR and its down-
stream signaling pathways [16, 17].

DCC-2036 (Rebastinib) is a third-generation tyrosine 
kinase inhibitor specifically designed to target ABL1 in 
chronic myeloid leukemia (CML) [18]. Our previous 
studies demonstrated that DCC-2036 exerts anti-tumor 
activity against triple-negative breast cancer (TNBC) 
by targeting AXL/MET, thereby regulating the down-
stream PI3K/Akt-NFκB pathway [19]. Additionally, it 
inhibits TNBC stem cells by disrupting the AXL-KLF5 
positive-feedback loop [20]. As a multi-target inhibitor, 
DCC-2036 can also inhibit the activity of various tyro-
sine kinases that are highly expressed in osteosarcoma, 
including SRC, PDGFRα, and VEGFR2/KDR [18]. Con-
sequently, we hypothesize that DCC-2036 may also exert 
a significant inhibitory effect on osteosarcoma. In this 

study, we evaluated the efficacy of DCC-2036 against 
osteosarcoma both in vitro and in vivo, elucidating the 
critical targets and molecular mechanisms involved.

Methods
Chemicals and antibodies
DCC-2036 was purchased from Selleck (Houston, TX), 
while MHY1485 and 3-MA were obtained from MCE 
(Shanghai, China). These compounds were dissolved in 
DMSO and stored at -20 °C. The Western blot antibodies 
used in this study included phospho-AKT (S473) #4060, 
Vimentin #5741, and ZEB1 #3396, all sourced from 
Cell Signaling Technology (Beverley, MA). Addition-
ally, GAPDH #60004-1-Ig, β-actin #66009-1-Ig, 4EBP1 
#60246-1-Ig, Snail #13099-1-AP, P70(S6K) #14485-1-
AP, P62 #18420-1-AP, AKT #10176-2-AP, VEGFR2/
KDR #26415-1-AP, and E-Cadherin #20874-1-AP were 
acquired from Proteintech (Wuhan, China). Further-
more, HCK #AF7711, phospho-HCK (Tyr522) #AF7211, 
phospho-4EBP1 (Thr37/Thr46) #AF3830, phospho-p70 
S6K (Thr389/Thr412) #AF3228, and phospho-VEGFR2 
(Tyr1175) #AF4426 were purchased from Affinity 
(Changzhou, China). Lastly, LC3B #A19665 was obtained 
from ABclonal (Wuhan, China).

Cell culture
Human osteosarcoma cell lines MG-63 and 143B were 
obtained from ATCC and cultured in DMEM (Gibco, 
Waltham, MA), supplemented with 10% fetal bovine 
serum (HAKATA, Shanghai, China) and 1% penicillin/
streptomycin. The cultures were maintained at 37 °C in a 
5% CO2 atmosphere.

Cell treatment
Cells were plated in six-well plates and incubated over-
night at 37  °C in a 5% CO2 atmosphere. Once they 
reached 70–80% confluence, the cells were treated with 
varying concentrations of DCC-2036 (0 µM, 2.5 µM, 
5 µM, 10 µM)for 48 h, 3mM 3-MA for 3 h, and 10 µM 
MHY1485 for 6 h.

Cell viability assay
Cell viability was assessed using the CCK-8 assay (Abb-
kine, Wuhan, China). Cells in the logarithmic growth 
phase were trypsinized and resuspended in a cell suspen-
sion. Subsequently, 3,000 cells were seeded into each well 
of a 96-well plate and incubated overnight at 37  °C in a 
5% CO2 environment until they adhered to the surface. 

Conclusions  Collectively, these findings indicate that DCC-2036 promotes autophagy in osteosarcoma (OS) cells by 
targeting the HCK/AKT/mTORC1 axis and exerts anti-tumor effects without significant toxicity. Consequently, DCC-
2036 emerges as a promising therapeutic agent for the treatment of HCK-overexpressing osteosarcoma.
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The peripheral wells were filled with sterile PBS. Drug 
treatment involved dilutions of concentrations ranging 
from 0 to 20 µM, with three replicates for each concen-
tration, and lasted for 72 h. Following treatment, 10 µL of 
CCK-8 solution was added and incubated for 2 h in the 
incubator. The absorbance was measured with a 96-well 
plate reader at a wavelength of 450 nm. The 50% inhibi-
tion of cell growth (IC50) value was calculated using 
GraphPad Prism software.

Colony formation assay
The MG63 and 143B cells were seeded in 6-well plates 
and treated with varying concentrations of DCC-2036 
for 48  h. Following this, the cells were treated with 30 
µM of 3-MA for 3  h, and subsequently exposed to 10 
µM of MHY1485 for 6 h. After treatment, the cells were 
harvested, washed, and cultured in drug-free DMEM 
medium. After a 7-day incubation period, the cells were 
washed again, fixed, and stained. Finally, the number of 
colonies was quantified using an inverted microscope, 
with colonies containing 50 or more cells being counted.

Flow cytometry
Control group cells and those treated with DCC-2036 or 
DCC-2036 combined with 3-MA underwent digestion, 
collection, and washing with PBS. Annexin V-FITC and 
PI were subsequently introduced to interact with the cells 
at room temperature in the absence of light, followed by 
the detection of apoptotic cells using flow cytometry.

Transwell assay
The transwell cell culture chambers were prepared with 
Matrigel for invasion assays and without Matrigel for 
migration assays. Osteosarcoma cell lines (MG63 and 
143B) were treated with 2.5 and 5 µM DCC-2036 for 48 h 
and subsequently harvested in serum-free medium. A 
suspension of 300 µL of cells and 20 µL of Matrigel was 
introduced into each upper chamber for invasion assays 
(with no Matrigel for migration assays), while 500 µL of 
culture medium containing 10% FBS was added to the 
lower chamber. Following a 48-hour incubation period 
at room temperature, the transwell chambers were 
removed, and cells on the upper membrane were gently 
wiped away with a cotton swab after washing. The infil-
trated cells on the lower surface were treated with 95% 
alcohol for 10 min, stained with a 0.5% crystal violet solu-
tion for 5 min, and counted using an inverted microscope 
(five fields per chamber at 100× magnification).

Western blotting
Radioimmunoprecipitation (RIPA) buffer was utilized 
to prepare the whole cell lysate from the collected cells. 
The protein concentration was quantified using the BCA 
method (Cwbio, Wuhan, China). The protein lysate was 

then separated by SDS-PAGE and transferred to a PVDF 
membrane. The PVDF membrane was subsequently 
incubated with the corresponding antibody. The blots 
were detected using the ECL Detection System (Abbi-
kine, Wuhan, China).

Immunofluorescence
Sterilized cell sheets were initially placed in a petri dish, 
followed by the digestion of cells in the logarithmic 
growth phase using trypsin to prepare a cell suspension. 
Subsequently, 1 × 10^6 cells per well were inoculated into 
6-well plates and cultured in a CO2 incubator (5%) at 
37 °C for 24 h. After this incubation period, the cells were 
treated with 2.5 µM DCC-2036 for 48  h, fixed with 4% 
paraformaldehyde for 20  min, permeabilized with 0.5% 
Triton X-100, and washed three times with PBS. The 
cells were then blocked with 3% BSA for 30  min, incu-
bated with the primary antibody overnight, and stained 
with the secondary antibody for 1 h. The incubation was 
concluded by washing three times with PBS, adding an 
antifluorescence quenching agent, and subsequently 
observing the slides under a fluorescence microscope.

Tumor xenograft models
0.2  ml of 143B cells suspension with the concentration 
of 1 × 107 cells/ml were transplanted subcutaneously into 
the right side of backs of female BALB/c nude mice aged 
6 weeks. Upon reaching a subcutaneous tumor volume of 
50–100 mm³, the mice were randomly assigned to either 
a control group or a drug group. Daily measurements of 
weight and tumor volume were recorded. The drug group 
received a specified daily dosage of DCC-2036, while the 
control group received an equivalent volume of drug sol-
vent. The experiment concluded when the control group 
reached a tumor volume of 1200  mm³, resulting in the 
euthanization of nude mice across all groups. The subcu-
taneous tumors were excised, documented, weighed, and 
a portion of the tissue was preserved for immunohisto-
chemical analysis of protein expression. Another portion 
was utilized for Western Blot analysis of key proteins. All 
animal experiments were approved by the Medical Eth-
ics Committee of Nanhua Hospital, University of South 
China (2023-KY-120).

Statistical analysis
GraphPad Prism software 8 was used for statistical anal-
ysis. Comparisons between two groups involved Stu-
dent’s t-test. P value was defined as *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.
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Results
DCC-2036 significantly inhibited the proliferation and 
induced apoptosis in osteosarcoma cells
This study aimed to investigate the effects of DCC-2036 
on the proliferation of osteosarcoma cells. The results 
revealed that the IC50 values for inhibiting the growth 
of the osteosarcoma cell lines 143B and MG63 were 2.59 
µM and 1.431 µM, respectively (Fig. 1a). The plate clon-
ing assay demonstrated a reduction in colony formation 
with increasing concentrations of DCC-2036, indicating 
a significant inhibition of osteosarcoma cell proliferation 
(Fig. 1b). Furthermore, flow cytometry analysis indicated 
a dose-dependent increase in apoptosis induced by DCC-
2036 (Fig. 1c).

DCC-2036 significantly inhibited osteosarcoma cell 
migration, invasion and EMT
DCC-2036 exhibited significant inhibitory effects on 
the migration and invasion of 143B and MG63 cells, as 
demonstrated by Transwell assays. Furthermore, a dose-
dependent relationship was observed, indicating that 
higher concentrations of DCC-2036 led to increased 
inhibition of cell migration and invasion (Fig. 2a-b). Sub-
sequent Western blot analysis revealed alterations in epi-
thelial-mesenchymal transition (EMT) markers in 143B 
and MG63 cells treated with DCC-2036. Specifically, 
an upregulation of E-cadherin expression and a down-
regulation of ZEB1, Vimentin, and Snail expression were 
observed, suggesting that DCC-2036 effectively inhibits 
the progression of EMT (Fig. 2c).

The potential target of DCC-2036 in the inhibition of 
osteosarcoma was analyzed using network pharmacology 
revealing HCK as the key target
The Swiss database identified 100 effective targets of 
DCC-2036, with only the top 10 targets displayed in 
Fig.  3a. Differential enrichment analysis was performed 
on 3 cases of osteoblastoma (OB) and 15 cases of osteo-
sarcoma (OS) from the GSE9460 dataset, leading to the 
identification of 3,310 differentially expressed genes. 
Among these genes, 1,576 were found to be highly 
expressed, while 1,734 were under-expressed (Fig.  3b). 
The heat map illustrated the expression of the top 20 
Differentially Expressed Genes (DEGs) in the samples 
(Fig. 3c), and Principal Component Analysis (PCA) along 
with Uniform Manifold Approximation and Projection 
(UMAP) demonstrated significant differences in distri-
bution between the two groups of samples (Figs.  3d-e). 
The results from the Venn Diagram indicated that 17 
‘potential DEGs’ were identified, including HCK, CTSK, 
TRPV1, FLT1, PDE4B, IDH1, PTK2B, ACACA, MERTK, 
MAPK9, MAPK14, CTSS, CDC42BPG, TNKS, KDR, 
PDE11A, and CSF1R (Fig. 3f ). These findings suggest that 

these genes may serve as potential targets for DCC-2036 
in the inhibition of osteosarcoma.

The interaction of 17 potential target genes was ana-
lyzed using the STRING database, revealing that 10 
of these genes exhibited interactions (Fig.  4a). A topo-
logical analysis was conducted utilizing the Cytohubba 
plug-in, identifying the top five genes with the strongest 
interaction capabilities—referred to as key genes: HCK, 
MAPK14, PTK2B, KDR, and CSF1R (Figs. 4b-c). Notably, 
HCK, MAPK14, KDR, and CSF1R are highly expressed 
in osteosarcoma (OS), whereas PTK2B is expressed at 
low levels in OS (Fig. 4d). This suggests that DCC-2036 
may play a role in osteosarcoma intervention by down-
regulating HCK, MAPK14, KDR, and CSF1R, or by up-
regulating PTK2B.

Furthermore, a combination of multiple databases 
was employed, and AutodockTools software was used to 
perform docking simulations of DCC-2036 with HCK, 
MAPK14, PTK2B, KDR, and CSF1R to elucidate its 
binding affinity. The results indicated that all five genes 
were capable of successfully docking with DCC-2036 
under physiological conditions (binding energy < 0  kcal/
mol) (Fig.  4e). The visualization of the docking results 
for DCC-2036 with HCK, MAPK14, PTK2B, KDR, and 
CSF1R was conducted using PyMOL software (Figs. 4f-j). 
The findings demonstrated that DCC-2036 forms hydro-
gen bonds with the 21st amino acid (Valine, VAL) of 
CSF1R, the 518th amino acid (Threonine, THR) of HCK, 
and the 18th amino acid (Phenylalanine, PHE) of KDR. 
Additionally, it binds to amino acids 88, 89, 91, and 94 of 
MAPK14 (Aspartate, ASP; Valine, VAL; Threonine, THR; 
Arginine, ARG) through hydrogen bonding, as well as to 
amino acids 50, 54, and 206 of PTK2B (Phenylalanine, 
PHE; Lysine, LYS; Lysine, LYS) through hydrogen bond-
ing interactions.

In vitro kinase experiments of DCC-2036 have demon-
strated that only HCK (40 nM) and KDR (4 nM) exhibit 
an IC50 < 100 nM [1]. Western blot analysis indicated a 
significant decrease in both p-HCK and HCK levels fol-
lowing treatment with DCC-2036 in 143B cells, while 
p-KDR and KDR levels exhibited minimal changes 
(Fig.  4k). These findings suggest that HCK may repre-
sent a critical target of DCC-2036 for the inhibition of 
osteosarcoma.

DCC-2036 effectively inhibited the activity of 
osteosarcoma cells by inducing autophagy through the 
suppression of the PI3K-AKT-mTORC1 signaling pathway
To elucidate the specific molecular mechanisms by 
which DCC-2036 regulates osteosarcoma prolifera-
tion, apoptosis, invasion, and metastasis, we performed 
transcriptome sequencing on 143B cells treated with 
DCC-2036. The analysis identified a total of 6,287 up-
regulated genes and 435 down-regulated genes exhibiting 
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Fig. 1  DCC-2036 inhibits proliferation and induces apoptosis of osteosarcoma cells a. The growth of osteosarcoma cells was inhibited by DCC-2036. 
143B and MG63 cells were exposed to varying concentrations of DCC-2036 for 72 h, after which a CCK8 assay was performed. Data were collected from 
three independent experiments and are presented as mean ± standard deviation (SD). b. The clonal formation of osteosarcoma cells was suppressed by 
DCC-2036. Osteosarcoma cells were treated with DCC-2036 at concentrations of 0 µM (control group), 2.5 µM, and 5 µM for 48 h, and the number of cell 
colonies was determined through three repetitions, reported as mean ± standard deviation (SD). The image provides a schematic representation of three 
distinct experiments involving the formation of clones. c. Osteosarcoma cells were subjected to varying concentrations of DCC-2036 for 48 h, followed 
by Annexin V-FITC/PI double staining. The left panel illustrates a representative graph from the three independent experiments, while the right panel 
displays the corresponding statistical analysis, with significance levels denoted as **p < 0.01, ***p < 0.001, and ****p < 0.0001
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Fig. 2  DCC-2036 inhibits osteosarcoma cell migration, invasion and epithelial-mesenchymal transition (EMT) a-b. The invasion and migration of 143B 
and MG63 cells treated with DCC-2036 at varying concentrations (0 µM, 2.5 µM, 5 µM) were assessed using Transwell assays. Representative plots from 
three independent experiments are displayed on the left, while statistical analyses of cell numbers are presented on the right. Statistical significance was 
determined using a t-test, with significance levels denoted as *p < 0.05, ***p < 0.001, and ****p < 0.0001. Images were captured at a magnification of 400× 
with a scale bar of 100 μm. c. Changes in EMT marker expression in 143B and MG63 cells treated with DCC-2036 at different concentrations (0 µM, 2.5 µM, 
5 µM, 10 µM) were evaluated using Western blot assays
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Fig. 3 (See legend on next page.)

 



Page 8 of 15He et al. World Journal of Surgical Oncology          (2025) 23:115 

significant differential expression. The criteria for gene 
selection were established as|log2Fold Change| ≥ 1 and 
FDR < 0.05 (Fig.  5a). Furthermore, KEGG analysis indi-
cated that autophagy was the most enriched pathway 
influenced by DCC-2036 treatment, with a strong associ-
ation to lysosomal function (Fig. 5b). To validate the role 
of DCC-2036 in regulating autophagy, we conducted an 
immunofluorescence assay. The results of the immuno-
fluorescence staining demonstrated a transition of LC3B 
fluorescence from a diffuse state to a speckled state, 
indicative of autophagy activation by DCC-2036 (Fig. 5c). 
Additionally, western blot analysis confirmed that DCC-
2036 significantly reduced p62 protein expression while 
increasing LC3B-II levels in 143B cells, further support-
ing the enhancement of autophagy (Fig.  5d). As shown 
in Fig. 5d, the ratio of LC3B II to LC3B I increased in a 
concentration-dependent manner.

To further investigate whether the activation of 
autophagy mediates the inhibitory effects of DCC-2036 
on osteosarcoma cells, we treated 143B cells with DCC-
2036 while co-administering the autophagy inhibitor 
3-MA. Our findings demonstrated that, in comparison to 
the DCC-2036 treatment group, the cell growth activity, 
clonogenicity, migration, and invasion capabilities were 
significantly enhanced in the 3-MA combination group 
(Fig.  6a-c), while apoptosis was suppressed (Fig.  6d). 
Moreover, Western blot analysis confirmed that the 
inclusion of the autophagy inhibitor 3-MA in the treat-
ment of 143B cells markedly increased the expression 
of P62 protein and decreased the expression of LC3B-II 
(Fig.  6e). Collectively, these results indicate that DCC-
2036 effectively inhibits the activity of osteosarcoma cells 
by inducing autophagy.

The PI3K-AKT-mTORC1 signaling pathway plays a 
critical role as both an upstream signal in the inhibition 
of autophagy and a downstream regulatory pathway of 
HCK [21–24]. Western blot analysis revealed a signifi-
cant reduction in the phosphorylation of AKT (p-AKT), 
S6K (p-S6K), and 4EBP1 (p-4EBP1), which are key sig-
naling molecules within the PI3K-AKT-mTORC1 path-
way, following treatment with various concentrations of 
DCC-2036. Notably, the inhibitory effects became more 
pronounced with increasing drug concentration (Fig. 7a). 
Furthermore, subsequent Western blot analysis indicated 
that the addition of the mTOR activator MHY1485 to 

143B cells significantly elevated the protein expression 
levels of key signaling molecules within the PI3K-AKT-
mTORC1 pathway compared to the DCC-2036 treatment 
group. Additionally, there was a notable increase in the 
expression of the autophagy-related marker protein p62 
and a significant decrease in LC3B-II expression in the 
MHY1485 combination group (Fig.  7b), suggesting that 
DCC-2036 activates autophagy in osteosarcoma cells by 
inhibiting the PI3K-AKT-mTORC1 signaling pathway.

DCC-2036 inhibits the growth of xenografted 143B cells in 
BALB/C-nude mice
To further investigate the role of DCC-2036 in vivo, 
143B cells were subcutaneously transplanted into nude 
mice. Following tumor dissociation, the tumor volume 
in the control group was significantly larger than that 
in the DCC-2036 group (Fig.  8a). Tumor volume and 
body weight of the mice were measured on the 7th day 
post-inoculation. Starting on day 7 and continuing until 
day 28, DCC-2036 or sodium carboxymethylcellulose 
combined with Tween 80 was administered intragas-
trically to the mice. The tumor growth curve and body 
weight change curve indicated that the tumor volume in 
the DCC-2036 group was significantly lower than that 
in the control group, while no significant difference in 
body weight was observed (Fig.  8b). This suggests the 
efficacy and safety of DCC-2036 in treating osteosar-
coma. Furthermore, immunohistochemical analysis of 
p-HCK, HCK, P62, and LC3B expression in tumor tis-
sues revealed a decrease in p-HCK, HCK, and P62 lev-
els, along with an increase in LC3B levels in response to 
DCC-2036 (Fig. 8c). Immunoblotting of xenograft tissues 
from the mice demonstrated that DCC-2036 enhances 
autophagy through the inactivation of the PI3K-AKT-
mTOR pathway, thereby suppressing the growth of 
143B tumors, which is consistent with the in vitro data 
(Fig. 8d).

Discussion
Currently, combined therapies involving surgical inter-
vention and chemotherapy have resulted in a long-term 
survival rate of 60–70% for osteosarcoma patients. 
However, patients with local relapse or distal metastasis 
exhibit resistance to conventional chemotherapy, leading 
to an overall 5-year survival rate of approximately 20% or 

(See figure on previous page.)
Fig. 3  Network pharmacology evaluation of the potential targets of DCC-2036 for application in osteosarcoma a. The DCC-2036 SMILES notation was 
obtained from PubChem: (CC(C)(C)C1 = NN(C(= C1)NC(= O)NC2 = C(C = C(C = C2)OC3 = CC(= NC = C3)C(= O)NC)F)C4 = CC5 = C(C = C4)N = CC = C5). Using 
this SMILES notation, the potential targets of DCC-2036 were predicted on the SwissTargetPrediction website (​h​t​t​p​s​:​​​/​​/​s​w​i​s​s​​m​o​d​​e​​l​.​​e​x​p​​a​s​​​y​.​o​r​g​/). (b) Vol-
cano plot analysis of gene expression differences is presented; red dots indicate genes with high expression, gray dots represent genes with no significant 
change, and blue dots indicate genes with low expression. Significance was determined at p < 0.05, with log2(Fold Change) OS vs. OB ≥ 1. (c) The heat 
map indicates gene expression levels, with red representing high expression and blue representing low expression. d-e. PCA (Principal Component Anal-
ysis) and UMAP (Uniform Manifold Approximation and Projection) diagrams illustrate the distribution of samples. A greater distance between samples in 
different groups indicates a larger difference between those groups. (d) PCA diagram and (e) UMAP diagram. f. Venn diagram illustrating the intersection 
between the 100 effective targets of DCC-2036 and 3,310 differentially expressed genes

https://swissmodel.expasy.org/
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Fig. 4  Illustrates the construction of a protein-protein interaction network diagram, topological analysis, expression grouping of key differentially ex-
pressed genes (DEGs), and visualization of DCC-2036 binding with these key DEGs a. The protein interaction network diagram depicts ten potential target 
genes. b-c. Topological analysis shows that the intensity of the red color in the target nodes correlates with their Degree value, indicating a stronger in-
teraction capability with other targets. In contrast, targets exhibiting a more yellow color possess a lower Degree value. d. A comparison of the expression 
levels of HCK, MAPK14, PTK2B, KDR, and CSF1R between the control group and the OS group was performed using mean ± SD and Student’s t-test (***, 
p < 0.001). e. The binding energy values of HCK, MAPK14, PTK2B, KDR, CSF1R, and DCC-2036 were analyzed. f-j. The 2D docking visualization of DCC-2036 
with HCK, MAPK14, PTK2B, KDR, and CSF1R is presented. k. 143B cells were treated with DCC-2036 at varying concentrations (0 µM, 2.5 µM, 5 µM, 10 µM) 
for 48 h, and changes in HCK/KDR phosphorylation and total protein levels were assessed using western blot analysis
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less [25, 26]. Therefore, there is an urgent need to develop 
new therapeutic strategies for osteosarcoma patients, 
particularly given their poor prognosis and the disease’s 
prevalence among children and adolescents.

DCC-2036, a novel third-generation tyrosine kinase 
inhibitor (TKI), possesses a broader kinase inhibition 
profile compared to second-generation TKIs such as 
sorafenib [18]. Our previous studies have demonstrated 
that DCC-2036 has the potential to inhibit triple-neg-
ative breast cancer (TNBC) by suppressing AXL, MET, 
and KLF5 [19, 20]. Additionally, in vitro kinase assays 
indicated that DCC-2036 effectively inhibits multiple 
targets, including SRC, PDGFRα, and VEGFR2/KDR, all 

of which are activated and/or highly expressed in osteo-
sarcoma [18, 27]. This research confirms that DCC-2036 
efficiently inhibits osteosarcoma both in vitro and in vivo. 
First, DCC-2036 exhibited potent antiproliferative activ-
ity and reduced the colony-forming capability in osteo-
sarcoma cell lines (143B and MG63). It’s worth noting 
that the IC50 values of DCC-2036 for inhibiting the pro-
liferation of osteosarcoma cell lines 143B and MG63 were 
2.59 µM and 1.431 µM, respectively, according to the 
CCK8 assay (Fig. 1a). However, the IC50 values of pacli-
taxel (PTX) and cisplatin (DDP) for inhibiting the prolif-
eration of MG63 were 4.11 µM and 5.07 µM [28], and the 
IC50 value of cisplatin for inhibiting the proliferation of 

Fig. 5  DCC-2036 activates autophagy in osteosarcoma cells a. The volcano plot illustrates differential gene expression, with the horizontal axis depict-
ing the fold change in gene expression and the vertical axis representing the significance level of differentially expressed genes. Up-regulated genes 
are indicated by red dots, down-regulated genes by green dots, and non-differentially expressed genes by gray dots. b. The distribution plot of KEGG 
enrichment displays KEGG pathways on the vertical axis and the Rich factor, which indicates the degree of enrichment, on the horizontal axis. Larger dots 
correspond to a greater number of pathway-enriched differential genes, while the color intensity of each dot reflects the significance of enrichment. c. 
An immunofluorescence assay was performed to assess the state of autophagy in 143B cells treated with varying concentrations of DCC-2036 (0 µM and 
2.5 µM) for 48 h. A scale bar of 100 μm is included for reference. d. A Western blot assay was conducted to evaluate changes in autophagy-related marker 
proteins in 143B cells treated with different concentrations of DCC-2036 (0 µM, 2.5 µM, 5 µM, and 10 µM) for 48 h. Gray value analyses were employed to 
quantify the LC3B II / LC3B I ratios
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Fig. 6  DCC-2036 inhibits the activity of osteosarcoma cells by activating autophagy (a) The control group was treated with 0 µM, the treatment group 
received DCC-2036 (2.5 µM), and the combined treatment group was administered DCC-2036 (2.5 µM) alongside 3-MA (3 µM). Osteosarcoma cells were 
exposed to DCC-2036 (2.5 µM) for 48 h, followed by the addition of 3-MA (30 µM) for an additional 3 h. The growth activity of the three cell groups was 
assessed using the CCK8 assay at 0, 24, 48, and 72 h. (b-e) Cell treatment and grouping as described in (a). (b) Cells were subjected to three indepen-
dent experiments to quantify the number of cell colonies. The left graph illustrates a representative result from these experiments, while the right graph 
presents a statistical analysis of the number of clones. (c) A Transwell assay was utilized to evaluate the invasion and migration of treated 143B cells. The 
left diagram shows a representative result from three independent experiments, and the right diagram provides a statistical analysis of cell numbers. 
Magnification was set at 400× with a scale bar of 100 μm. (d) An Annexin V-FITC/PI double dye flow assay was performed to quantify cell death rates. The 
left graph depicts a representative result from three independent experiments, while the right graph displays a statistical analysis. (e) A Western blot assay 
was conducted to detect changes in markers related to autophagy
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143B were more than 5 µM [29]. Therefore, DCC-2036 
was more effective than cisplatin and paclitaxel in osteo-
sarcoma cells. Second, DCC-2036 induced apoptosis and 
inhibited epithelial-mesenchymal transition (EMT), as 
well as the migration and invasion of 143B and MG63 
cells. Third, DCC-2036 inhibited the growth of xeno-
grafted 143B cells in BALB/C nude mice.

To identify the primary target of DCC-2036 in osteo-
sarcoma (OS) cells, we initially performed a network 
pharmacology study. Effective targets of DCC-2036 
were identified using the Swiss database, followed by 
differential enrichment analysis on osteoblastoma (OB) 
and osteosarcoma (OS) datasets from the GEO data-
base. A total of 17 potential differentially expressed 
genes (DEGs) were identified, including HCK, CTSK, 
TRPV1, FLT1, PDE4B, IDH1, PTK2B, ACACA, MERTK, 
MAPK9, MAPK14, CTSS, CDC42BPG, TNKS, KDR, 
PDE11A, and CSF1R, indicating that these genes may 
serve as potential targets for DCC-2036 in the inhi-
bition of osteosarcoma. Subsequently, an interaction 
analysis of the 17 potential target genes was conducted 
using the String database, which revealed interactions 
among 10 of these genes. Topological analysis was per-
formed using the Cytohubba plugin, identifying the top 
five genes with the strongest interaction capabilities: 
HCK, MAPK14, PTK2B, KDR, and CSF1R. Furthermore, 
molecular docking studies were conducted by integrating 
multiple databases and utilizing AutodockTools software 
to dock DCC-2036 with HCK, MAPK14, PTK2B, KDR, 

and CSF1R. The results indicated that HCK, MAPK14, 
PTK2B, KDR, and CSF1R successfully completed dock-
ing with DCC-2036 under physiological conditions. The 
findings indicated five potential key targets of DCC-2036 
in osteosarcoma: HCK, MAPK14, PTK2B, CSF1R, and 
KDR. Based on the in vitro kinase assay for DCC-2036, 
only the IC50 values for HCK (40 nM) and KDR (4 nM) 
were below 100 nM [18]. Subsequently, we observed a 
significant decrease in the ratio of p-HCK to HCK, while 
the ratio of p-KDR to KDR exhibited only minor changes 
following DCC-2036 treatment, as determined by West-
ern blot (WB) assay. HCK, a member of the SRC family, 
has been reported to play a crucial role in the prolifera-
tion, apoptosis, invasion, and metastasis of osteosarcoma 
[30]. Therefore, we propose that HCK may serve as the 
critical target of DCC-2036 in osteosarcoma.

To investigate the specific mechanism of DCC-2036 
in osteosarcoma (OS) cells, RNA sequencing was per-
formed, revealing that autophagy was the most enriched 
pathway (Rich factor) following DCC-2036 treatment, 
and it was closely associated with lysosomal activity. Sub-
sequently, Western blot (WB) assays of P62 and LC3B, 
along with LC3 spot assays, indicated that DCC-2036 
activated autophagy in osteosarcoma cells. However, 
autophagy is a double-edged sword in cancer, includ-
ing osteosarcoma [31, 32]. On one hand, osteosar-
coma cells exploit autophagy to promote proliferation, 
develop resistance to therapy, and protect cancer stem 
cells. Conversely, autophagy can inhibit the proliferation 

Fig. 7  DCC-2036 activates autophagy in osteosarcoma cells by inhibiting the PI3K-AKT-mTORC1 signaling pathway (a) Following treatment of 143B cells 
with DCC-2036 at varying concentrations (0 µM, 2.5 µM, 5 µM, 10 µM) for 48 h, the phosphorylation levels of AKT, S6K, 4EBP1, and total protein levels 
were assessed using western blot analysis. (b) The control group, treatment group (DCC-2036 at 2.5 µM), and combined treatment group (DCC-2036 at 
2.5 µM + MHY1485 at 10 µM) were evaluated. After 48 h of DCC-2036 treatment, osteosarcoma cells were subsequently treated with MHY1485 for 6 h. 
The protein expression of key signaling molecules within the PI3K-AKT-mTORC1 pathway and the alterations in autophagy-related marker proteins were 
analyzed through western blot assay
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Fig. 8  DCC-2036 inhibits the growth of xenografted 143B cells in BALB/C-nude mice a, Representative images of subcutaneous tumor size in mice at the 
conclusion of the experiment (upper panel) alongside a statistical chart of tumor volume (lower panel). b, Subcutaneous tumor growth curve of 143B 
cells in BALB/C-nude mice, where 2 × 10^6 cells mixed with Matrigel were xenografted subcutaneously into BALB/C-nude mice. The tumor volume (in 
mm³) was measured one week later (upper panel). Additionally, body weight curves of BALB/C-nude mice throughout the experiment are presented 
(lower panel). c, Representative images of hematoxylin and eosin (HE) staining, as well as immunohistochemical staining for p-HCK, HCK, P62, and LC3B 
expression. d, Immunoblotting was conducted on xenografted tumor tissues following the experiment, with tumor tissues selected randomly
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and metastasis of osteosarcoma by inducing autopha-
gic cell death, apoptosis, and necrosis [33]. For instance, 
HSP90AA1-mediated autophagy promotes drug resis-
tance in osteosarcoma [34], however, Aurora-B knock-
down inhibits osteosarcoma metastasis by inducing 
autophagy via the mTOR/ULK1 pathway [35], 11-O-Gal-
loyl Bergenin from Corylopsis coreanas leaves induces 
autophagy and apoptosis in human osteosarcoma [36]. 
To confirm the relationship between autophagy and 
DCC-2036’s anti-tumor activity in OS cells, we used 
3-MA, which is an inhibitor of autophagy. The result 
showed that 3-MA could reverse DCC-2036’s anti-tumor 
activity (proliferation, migration, invasion, apoptosis) in 
part, indicating DCC-2036 exerted anti-tumor activity 
in OS cells mainly through inducing autophagy but not 
suppressing autophagy. Autophagy in this study is more 
likely to inhibit osteosarcoma. Recent studies have inves-
tigated the correlation and crosstalk between autophagy 
and EMT. On one hand, autophagy is essential for main-
taining cell survival during EMT. On the other hand, 
autophagy can inhibit EMT, thereby preventing cells 
from adopting a mesenchymal phenotype [37, 38]. For 
example, autophagy can degrade the SNAI1 protein, an 
EMT-related nuclear transcription factors, so inhibit-
ing autophagy induces EMT [39]. In this study, we have 
found DCC-2036 could inhibit EMT of 143B and MG63 
cells, and DCC-2036 could activate autophagy. Based 
on the above literature, it is reasonable to speculate that 
DCC-2036 may inhibit EMT by activating autophagy, but 
further experiments are needed to confirm this.

Considering that the PI3K/AKT/mTORC1 pathway 
is not only a classical signaling pathway that suppresses 
autophagy [23, 24] but also a downstream signaling path-
way of HCK [21, 22], we examined the expression of 
key proteins in the PI3K/AKT/mTORC1 pathway using 
WB. DCC-2036 was found to inhibit the expression of 
p-Akt, p-S6K, and p-4EBP1; moreover, the mTOR ago-
nist MHY1485 was able to rescue the autophagy induced 
by DCC-2036. Therefore, it can be concluded that DCC-
2036 induces autophagy in OS cells primarily through the 
AKT/mTORC1 pathway.

Conclusions
In summary, these data demonstrate that DCC-2036 
exhibits potent activity against osteosarcoma (OS) cells 
by targeting the HCK/AKT/mTORC1 axis to induce 
autophagy both in vivo and in vitro, without any sig-
nificant toxicity. Therefore, DCC-2036 is a promis-
ing candidate for targeting OS characterized by HCK 
overexpression.
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