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Background: YK-4-279, a promising anticancer agent, has demonstrated therapeutic potential against various tumors. Osteosarcoma
(OS), an aggressive bone cancer primarily affecting adolescents, lacks effective treatment options. Investigating YK-4-279’s mechan-
isms in OS is critical for evaluating its clinical utility.

Methods: Using in vitro models, we examined YK-4-279’s effects on OS cell viability, proliferation, apoptosis, cell cycle progres-
sion, and DNA damage. We also assessed its impact on MAPK signaling pathway activation. To clarify the pathway’s role, we
combined YK-4-279 treatment with a P38 inhibitor.

Results: YK-4-279 markedly suppressed OS cell viability and proliferation, triggered G2/M phase arrest, and enhanced apoptosis and
DNA damage. Furthermore, it activated the MAPK pathway, elevating phosphorylation of ERK1/2, JNK, and P38 MAPK. Co-
treatment with a P38 inhibitor partially reversed these effects, confirming MAPK’s involvement in YK-4-279’s antitumor action.
Conclusion: YK-4-279 inhibits OS cell growth, induces DNA damage and cell cycle arrest, and promotes apoptosis via MAPK
pathway activation. These findings highlight its strong therapeutic potential for OS treatment.
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Introduction

Osteosarcoma (OS) is a prevalent and highly malignant bone tumor, with a global incidence of approximately 3 per million,
representing 11.7% of all primary bone tumors.' Osteosarcoma primarily affects children and adolescents, with its onset
typically occurring in the distal femur, tibia, proximal humerus, and other long bone epiphyses.” OS is highly invasive and
associated with a poor prognosis, with approximately 80-90% of patients already exhibiting micrometastases at the time of
diagnosis.® Although the 5-year survival rate can reach approximately 70% following comprehensive treatment with
chemotherapy, surgery, and radiotherapy, it drops to around 20% for patients with recurrent or metastatic OS.* This imposes
significant psychological pressure and economic burden on both the patient’s family and society, while the treatment of OS has
reached a bottleneck in recent years.” Therefore, there is an urgent need to explore novel therapeutic approaches and strategies
to provide patients with improved treatment options and enhance their prognosis.

DNA damage, cell cycle arrest, and induction of apoptosis are promising strategies to selectively eliminate cancer
cells.® These mechanisms also represent important targets for the development of novel antitumor drugs, by interacting
with DNA through specific drugs, cell division is inhibited, leading to the induction of cell death.” The DNA damage
response initiates with the efficient recognition of damage by sensor proteins (ATM, CHK), which activate other
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molecules in the DNA repair pathway (p21, CDK).*'? Concurrently, the DNA damage response halts cell cycle
progression, leading to cell cycle arrest.'* Severe unrepaired DNA damage subsequently activates cell death pathways,
such as apoptosis.'* Apoptosis is a programmed cell death mechanism in multicellular organisms that plays a crucial role
in eliminating unwanted cells in response to cellular development, stress, and various stimuli, including irreparable DNA
damage. Evasion of apoptosis promotes cancer development.'”

Currently, promising emerging treatment strategies include targeted therapy'® and nanotherapy.'” In the study of
malignant tumors, it has been observed that tumor cells frequently overexpress specific signature molecules, which may
be tumor proto-oncogene products or involved in normal signaling pathways. These signature molecules are targeted to
bind specifically to them, thereby blocking their activity and inhibiting tumor growth or inducing tumor cell death.'® The
precision of this treatment method is more robust and specific than that of chemotherapy drugs, with relatively fewer
toxic side effects. Numerous targeted drugs have been approved for use in first- and second-line treatments of various
malignant tumors, achieving favorable responses.'® > Molecular targeted therapy can undoubtedly be considered a novel
approach for the treatment of malignant tumors.

The E26 transformation-specific (ETS) family consists of 28 transcription factors. The activation of ETS is regulated
by several intracellular signaling pathways, including MAPK kinases (Erk, p38, and JNK), and disruption of its activity
typically leads to aberrant oncogenic changes involved in tumorigenesis and progression,*® including Ewing’s sarcoma

2829 and prostate cancer.’%! Among these, ETS variant 1 (ETV1)

(ES),24*2" brain tumors,27 hematologic malignancies,
plays a crucial role in the metastatic progression of both Ewing’s sarcoma and 0S.**** YK-4-279 is a small molecule
antagonist of ETV1 that has demonstrated promising anti-tumor activity in Ewing’s sarcoma (ES),** prostate cancer,’
and neuroblastoma.*® YK-4-279 binds to EWS-FLI1 and blocks its interaction with DHX9, leading to growth arrest and
apoptosis in Ewing’s sarcoma (ES) cells. YK-4-279 inhibits the function of ETS factors by disrupting protein-protein
interactions between various ETS proteins and their binding partners.>” This disruption of protein interactions, rather than
inhibiting a relatively ubiquitous enzyme, is believed to offer a more specific treatment for cancer cells.”® However,
studies on the mechanism of action of YK-4-279 in OS remain limited, thus, this study aimed to investigate the effects of
YK-4-279 on OS cell viability and proliferation, DNA damage, cell cycle, apoptosis, and the MAPK signaling pathway,

which could provide a new foundation for the treatment and prognosis of OS.

Materials and Methods

Reagents and Antibodies

YK-4-279 (Cat. No. Y10002; CAS: 1037184-44-3) was procured from Beijing Psaitong Biotechnology Co., Ltd. This
compound has the following molecular formula: C;,H3CI,NO,, with a molecular weight of 366.20 g/mol. Its physicochem-
ical properties include a density of 1.5 + 0.1 g/cm’, a boiling point of 608.9 = 55.0 °C at 760 mmHg, a melting point of
149-151 °C, and a flash point of 322.1 + 31.5 °C. For experimental use, a 50 mM stock solution was prepared in dimethyl
sulfoxide (DMSO; Solarbio, Cat. No. D8371), aliquoted, and stored at —80 °C to maintain compound stability. The following
reagents were used in the experiments: CCK-8 (C0039, Beyotime), Crystalline Violet Staining Solution (0.1%) (G1063,
Solarbio), DNA Content Quantification Assay (Cell Cycle) (CA1510, Solarbio), Annexin V-FITC Apoptosis Detection Kit
(BD PharmingenTM, 556547), Hoechst 33342/P1 (Beyotime, P0137), SB203580 (Psaitong Bio, S10108).

The following antibodies were used in this study: Phospho-ATM (Ser1981) (4526s, 1:1000), y-H2AX (Ser139)
(9718s, 1:1000), Phospho-p44/42 MAPK (Erk1/2)(Thr202/Tyr204)(4370s, 1:1000), Phospho-SAPK/INK (Thr183/
Tyr185) (9255s, 1:1000), B-actin (Ms)(3700s, 1:1000), GAPDH(Rb)(5147s, 1:1000), purchased from Cell Signaling
Technology (Danvers, MA, USA). Additional antibodies included ATM (ET1606-20, 1:1000), Chk2 (ET1610-52,
1:1000), p27 (ET1608-61, 1:1000), Cyclin B1 (ET1608-27, 1:1000), Cyclin D1 (ET1601-31, 1:1000), purchased from
HUABIO (China). PARP1 (13371-1-AP, 1:500), Caspase 8(13423-1-AP, 1:500), ERK1/2 (16443-1-AP, 1:1000), JNK
(66210-1-Ig, 1:2000), Phospho-CHEK?2 (Thr68)(29012-1-AP, 1:1000), p21 (10355-1-AP, 1:1000), p38 MAPK (14064-
1-AP, 1:1000), Phospho-p38 MAPK (Thr180/Tyr182) (28796-1-AP, 1:1000), purchased fromProteintech(China). Goat
Anti-Rabbit IgG H&L (HRP)(ab205718, Rb: 1:20000), Goat Anti-Mouse IgG H&L (HRP) (ab205719, Ms: 1:10000),
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Goat Anti-Rabbit IgG H&L (Alexa Fluor®™ 488) (ab150077, 1:500), Goat Anti-Mouse IgG H&L (Alexa Fluor® 594)
(ab150116, 1:500), were procured from Abcam (Cambridge, UK).

Cells and Cell Culture

HOS (ZQ0952) and MG63 (ZQ0403) were kindly provided Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Itd. All
cell lines were authenticated by Short Tandem Repeat (STR) profiling to confirm their identity. Cells were cultured in
Minimum Essential Medium (MEM) with Non-Essential Amino Acids (NEAA)(Pricella, PM150410), supplemented
with 10% fetal bovine serum (FBS)(Abwbio, AB-FBS0500) and 1% Penicillin-Streptomycin (P1400, Solarbio). Cultures
were maintained at 37 °C in a humidified incubator with 5% CO,, and the medium was refreshed every 2 to 3 days.

Cell Viability Assay

The effect of YK-4-279 on OS cell viability was assessed using the CCK-8 assay. HOS and MG63 cells in the logarithmic
growth phase were collected by centrifugation, counted, and inoculated into 96-well plates, with 1x10* cells/100 pL of cell
suspension added to each well. Six replicate wells were set for each concentration. The cells were incubated for 24 hours. YK-
4-279 was diluted according to the following concentration gradient: 8x1075, 6x107°, 4x107°, 2x107>, 1x10°°, 1x1077, and
1x10~® mol/L, and added to the corresponding wells. The cells were then incubated for 24 or 48 hours before performing the
CCK-8 assay. Two hours prior to the assay, CCK-8 reagent was added to each well, followed by incubation at 37°C in a light-
protected incubator. Absorbance (OD) was measured at 450 nm, and the cell survival rate was calculated using the following
formula: OD value of experimental wells - OD value of blank control wells) / (OD value of control wells - OD value of blank
control wells). The IC50 of YK-4-279 was subsequently calculated.

Cell Proliferation Assay

The effect of YK-4-279 on OS cell proliferation was assessed using Crystalline Violet Staining Solution in a cell colony
formation assay. HOS and MG63 cells, in the logarithmic growth phase, were seeded in 6-well plates at a density of 1000
cells per well and cultured overnight to allow adherence. YK-4-279 was then added to the plates at concentrations of 0, 1,
and 5 uM, and the culture medium was replaced every 2-3 days. After 14 days of culture, the medium was removed, and
the cells were washed twice with ice-cold PBS. The cells were then fixed in 4% paraformaldehyde (PFA) for 30 minutes,
after which the fixative was removed. The cells were washed once with ice-cold PBS, stained with 0.1% Crystalline
Violet Staining Solution (G1063, Solarbio) for 10 minutes, and subsequently washed with PBS before being air-dried.
Colony formation was observed, images were captured, and the number of colonies formed was quantified.

Cell Cycle Analysis
Flow cytometry with PI staining was employed to assess the effect of YK-4-279 on the OS cell cycle. HOS and MG63
cells, in the logarithmic growth phase, were seeded in 6-well plates and treated with YK-4-279 at concentrations of 0, 5,
and 10 uM for 24 hours. The cells from each group were collected in flow cytometry tubes, washed once with PBS, and
centrifuged. The cell concentration was then adjusted to 10° cells/mL, and 1 mL of single-cell suspension was prepared.
To fix the cells, 500 pL of 70% ice-cold ethanol was added, and the cells were incubated at 4°C overnight. After
fixation, the cells were washed with PBS before staining. 100 uL. of RNase A solution was added to the cell pellet, the
cells were resuspended, and incubated in a water bath at 37°C for 30 minutes. 400 pL of PI staining solution was added
and mixed. The cells were incubated at 4°C for 30 minutes, protected from light, and subsequently analyzed by flow
cytometry.

Immunofluorescence Analysis

Phosphorylation of histone H2AX was employed to label DNA double-strand breaks (DSBs) and evaluate the effect of
YK-4-279 on DNA damage in OS cells. HOS and MG63 cells (5 x 10° cells/mL) were seeded onto coverslips in 24-well
plates and treated with YK-4-279 (5 uM) for 24 hours. After treatment, the HOS and MG63 cells were washed with PBS
and fixed in 4% paraformaldehyde for 30 minutes. The cell membrane was then permeabilized with 0.1% Triton-X 100
(Beyotime, P0096) for 30 minutes, followed by blocking with 5% BSA at 4°C for 1 hour. Cells were incubated overnight
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at 4°C with primary antibodies: rabbit y-H2AX (Ser139, 9718S, 1:100, green) and mouse a-Tubulin (66031-1-Ig, 1:100,
red). After washing away excess primary antibodies with PBS, the HOS and MG63 cells were incubated with
fluorescently labeled secondary antibodies: Goat anti-Rabbit [gG H&L (Alexa Fluor®™ 488, ab150077, 1:500) and Goat
anti-Mouse IgG H&L (Alexa Fluor™ 594, ab150116, 1:500) for 1 hour at room temperature. The HOS and MG63 cells
were then incubated for 1 hour at room temperature. Finally, the nuclei were stained and counterstained with an
antifluorescence quenching solution containing DAPI (Beyotime, PO131). Fluorescence microscopy was employed to
observe and analyze the expression of fluorescent signals in individual cells.

Hoechst33342/Pl Analysis

To quantitatively evaluate whether YK-4-279 induces OS cell death, a Hoechst 33342/PI double-staining assay
(Beyotime, P0137) was employed. The HOS and MG63 cells were cultured in a suspension of 100,000 cells/mL per
well on coverslips in 24-well plates and treated with YK-4-279 at a concentration of 5 uM for 24 hours. Hoechst 33342
and PI stains were then added, and the HOS and MG63 cells were incubated at 4°C for 15 minutes. The HOS and MG63
cells were then washed with PBS. Co-localization of Hoechst 33342 (blue) and PI (red) indicates cell death. The images
were captured and analyzed by fluorescence microscopy.

Cell Apoptosis Analysis

The effect of YK-4-279 on OS cell apoptosis was further assessed using flow cytometry. Apoptosis was detected using
the Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen, 556547). HOS and MG63 cells in the logarithmic growth
phase were collected, counted, and diluted into a cell suspension of 1 x 10° cells/mL. The cells were then seeded into
6-well plates and treated with YK-4-279 at concentrations of 0, 5, and 10 uM for 24 hours. Adherent cells were
dissociated with 0.25% trypsin (without EDTA), and suspended cells were collected by centrifugation for 5-10 minutes
at room temperature. After washing the cells with ice-cold PBS, the cells were resuspended in 300 puL of 1x binding
buffer. Subsequently, 5 pL of Annexin V-FITC and 5 pL of PI were added, gently mixed, and incubated for 15 minutes at
room temperature, protected from light. Prior to analysis, 200 pL of 1x binding buffer was added, and flow cytometric
analysis was performed using a CytoFLEX SRT flow cytometer (BECKMAN COULTER, BF17071).

Western Blot Analysis

Healthy HOS and MG63 cells were washed with PBS, and adherent cells were collected and lysed using RIPA buffer
(Beyotime, P0013) containing protease and phosphatase inhibitors. The cells were lysed on ice for 30 minutes to extract
the protein. Protein concentration was quantified using the BCA assay kit (Beyotime, P0010). A 30 pg protein sample
was separated by 10% SDS-PAGE and transferred to a PVDF membrane after electrophoresis.

The membrane was blocked with 5% non-fat dry milk (BD Difco™ Skim Milk, 232100). The blocking solution was
prepared by mixing 0.5 g of non-fat dry milk with 10 mL of 1x TBST (0.1% Tween 20) and incubated at room
temperature on a shaking platform for 1 hour.

Following blocking, the membrane was incubated overnight at 4°C with the following primary antibodies: y-H2AX
(Ser139) (9718s, Rb, 1:1000), ATM (ET1606-20, Rb, 1:1000), Phospho-ATM (Ser1981) (4526s, Ms, 1:1000), Chk2
(ET1610-52, Rb, 1:1000), Phospho-CHEK?2 (Thr68) (29012-1-AP, Rb, 1:1000), p21 (10355-1-AP, Rb, 1:1000), p27
(ET1608-61, Rb, 1:1000), Cyclin B1 (ET1608-27, Rb, 1:1000), Cyclin D1 (ET1601-31, Rb, 1:1000), PARP1 (13371-
1-AP, Rb, 1:500), Caspase 8 (13423-1-AP, Rb, 1:500), ERK1/2 (16443-1-AP, Rb, 1:1000), Phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (4370s, Rb, 1:1000), JNK (66210-1-Ig, Ms, 1:2000), Phospho-SAPK/JNK (Thr183/Tyr185)
(9255s, Ms, 1:1000), p38 MAPK (14064-1-AP, Rb, 1:1000), Phospho-p38 MAPK (Thr180/Tyr182) (28796-1-AP, Rb,
1:1000), B-actin (3700s, Ms, 1:1000), and GAPDH (5147s, Rb, 1:1000).

After primary antibody incubation, the membrane was washed with 1x TBST and incubated with HRP-labeled
secondary antibodies at room temperature for 1 hour. The secondary antibodies used were Goat Anti-Rabbit IgG H&L
(HRP) (ab205718, Rb, 1:20000) and Goat Anti-Mouse IgG H&L (HRP) (ab205719, Ms, 1:10000). The membrane was
washed three times with 1x TBST.
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Finally, the blot was developed and analyzed using an ECL chemiluminescence detection system. The relative
expression level of the target protein was calculated as the ratio of the target protein to the internal control protein.

Animal Study

Female BALB/c-nu nude mice (SPF grade, approximately 15 g, 5-6 weeks old; Certificate No. 37072610100546123)
were supplied by Jinan Pengyue Experimental Animal Breeding Co., Ltd. (License No. SCXK [Lu] 20220006). All mice
were housed under standard specific pathogen-free (SPF) barrier conditions, maintained at 22 + 2°C, 50—60% humidity,
and a 12-hour light/dark cycle, with free access to food and water. After one week of acclimatization, the mice (n = 12)
were subcutaneously inoculated in the right axilla with 1 x 10”7 MG63 cells suspended in 200 pL of a 1:1 mixture of
Matrigel and PBS. The mice were randomly divided into two groups: a control group (administered PBS) and a YK-
4-279 treatment group (30 mg/kg/day). All agents were delivered via intraperitoneal (i.p.) injection, and the mice were
closely monitored throughout the dosing period. Tumor size was measured every three days, and tumor volume was
calculated using the formula: Volume = L x S? x 0.5, where L represents the longest diameter and S the shortest diameter.
After 28 days, all mice were anesthetized, euthanized, and the tumors were excised and weighed. Collected samples were
preserved for further analysis.

Statistical Analysis

Each experiment was conducted at least five times, and the results are expressed as the mean + standard deviation (SD).
Statistical significance between the two groups was determined using a paired two-tailed Student’s ¢-test. Comparisons
between multiple groups were analyzed using one-way ANOVA with post hoc multiple comparisons (Dunnett’s test)
performed in GraphPad Prism 9.0 software, if applicable. A p-value of < 0.05 was considered statistically significant.

Results

YK-4-279 Significantly Inhibits the Growth of OS Cells

The cytotoxicity of YK-4-279 in OS HOS and MG63 cell lines was assessed using the CCK-8 assay. After 24 and 48 hours of
treatment, the viability of HOS and MG63 cells was significantly reduced in the presence of YK-4-279 concentrations of 80,
60, 40,20, 1,0.1, and 0.01 uM. The effect was dose-dependent. The half-maximal inhibitory concentration (IC50) values were
calculated to be 2.41 £ 0.94 uM for HOS cells at 24 hours and 9.69 £3.96 uM at 48 hours, while MG63 cells had IC50 values
0f 3.01 £ 0.72 uM at 24 hours and 0.92 £0.32 uM at 48 hours (Figure 1A and B).

To assess the cytotoxic effects of YK-4-279 on normal cells, osteoblast MC3T3-E1 cells and rat renal podocytes were
exposed to various concentrations of YK-4-279 (80, 60, 40, 20, 1, 0.1, and 0.01 uM). The calculated IC50 values were
10.63 £ 4.95 uM for MC3T3-E1 cells and 14.47 £ 6.94 uM for rat renal podocytes, both measured over a 24 hours
period. These results indicate that YK-4-279 exerts a lesser cytotoxic effect on normal cells compared to its effects on
cancer cells (Figure S1).

The effect of YK-4-279 on cell proliferation in HOS and MG63 cells was then evaluated using a colony formation
assay. HOS and MG63 cells were treated with 0, 1, and 5 uM concentrations of YK-4-279 for 24 hours, and the colony
areas were significantly reduced at increasing concentrations of YK-4-279. Taken together, these results show that YK-
4-279 significantly reduced the viability and proliferation of HOS and MG63 cells (Figure 1C and D).

YK-4-279 Induces Cell Cycle Arrest at the G2/M Phase in OS Cells

Cell cycle arrest contributes to the inhibition of cell growth.*> We assessed the mechanism by which YK-4-279 induces
G2/M cell cycle arrest using flow cytometry. As shown in Figure 2A and B, treatment of HOS and MG63 cells with 0, 5,
and 10 uM YK-4-279 for 24 hours resulted in a significant decrease in the percentage of cells in the GO/G1 phase
compared with the control group, and a significant increase in the percentage of cells in the G2/M phase. The percentage
of cells in the S phase decreased in treated HOS and MG63 cells compared to control cells. These results indicated that
YK-4-279 induced cell cycle arrest in the G2/M phase in both HOS and MG63 cells.
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Figure | YK-4-279 significantly inhibits the growth of OS cells. (A) Chemical structure of YK-4-279 (CAS No.: 1,037,184-44-3). (B) HOS and MG63 cells were exposed to
increasing concentrations of YK-4-279 for 24 and 48 hours, followed by evaluation of cell viability and IC50 values using the CCK-8 assay. (C) The effect of YK-4-279 (0, I,
5 uM) on the clonogenic ability of HOS and MG63 cells was assessed using a colony formation assay. Colonies were stained with 0.1% crystalline violet staining solution and
subsequently counted. (D) Clone formation was statistically analyzed. Experiments were performed with five biological replicates per treatment, and results are presented as
mean * SD. ***P < 0.001.

Cyclin-dependent kinase (CDK) inhibitors p21 and p27 are well-known proteins that arrest cell cycle progression in
response to various stimuli. Cyclin B1 and cyclin D1 promote the G2/M phase transition. We further tested whether YK-
4-279 regulated the expression of p21, p27, cyclin Bl, and cyclin D1 in HOS and MG63 cells by Western blot. The
findings indicated that YK-4-279 treatment considerably increased p21 and p27 expression, while cyclin Bl and cyclin
D1 expression was inhibited upon YK-4-279 treatment (Figure 2C and D). These findings suggest that YK-4-279 may
inhibit OS cell proliferation by blocking the cell cycle at the G2/M phase.
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Figure 2 YK-4-279 induces cell cycle arrest at the G2/M phase in OS cells. HOS and MG63 cells were treated with YK-4-279 (0, I, 5, 10, 20 uM in Western blot, 0, 5 pM in
flow cytometry) for 24 h. (A) The average percentage of cells in GO/GI, S, and G2/M phases was determined and calculated by flow cytometry in HOS and MG63 cells. (B)
Quantification of cell cycle distribution in HOS and MG63 cells was performed. (C) The protein expression levels of P21, P27, Cyclin BI, and Cyclin DI were analyzed by
Western blot in HOS and MG63 cells, with GAPDH serving as the loading control. (D) Quantitative analysis of the protein expression levels of P21, P27, Cyclin B, and
Cyclin DI in HOS and MGé63 cells was performed (e: HOS; A: MG63). Experiments were performed with five biological replicates per treatment, and results are presented
as mean * SD. *P < 0.05, **P < 0.0, ***P < 0.001.
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YK-4-279 Triggered a Significant DNA Damage by DNA Damage Sensor Kinases in
OS Cells

y-H2AX is a sensitive marker of DSBs.*’ To investigate whether the cytotoxic effects of YK-4-279 are correlated with
DNA damage, we first analyzed the effects of YK-4-279 on DSBs by assessing the expression of y-H2AX. After
exposure to YK-4-279 for 24 hours, we assessed the protein level of y-H2AX by Western blot. The results showed that
YK-4-279 increased the expression of y-H2AX (Figure 3A and B). We then used immunofluorescence to detect y-H2AX
expression. The immunofluorescence staining showed that YK-4-279 increased y-H2AX formation (green) in the nucleus
(Figure 3C and D), consistent with the Western blot results. The results indicated that YK-4-279 upregulated y-H2AX
expression in a concentration-dependent manner.

To further elucidate the mechanisms underlying YK-4-279-mediated DNA damage, we examined the phosphorylation
of ATM and Chk2 following YK-4-279 exposure in both HOS and MG63 cells. Western blot results showed that YK-
4-279 increased the phosphorylation of ATM and Chk2 in a concentration-dependent manner (Figure 3E and F). These
results suggest that YK-4-279 can induce DNA damage, thereby inhibiting OS cell viability and proliferation.

YK-4-279 Triggers Apoptosis in OS Cells

When severe DNA damage exceeds the cell’s ability to repair, it may lead to cell death.*' To determine whether YK-
4-279 could induce OS cell death, we assessed it using the Hoechst 33342/PI double staining kit. After 24 hours of
treatment with YK-4-279 (5§ uM), a red fluorescent reaction was observed in the nuclei of HOS and MG63 cells. This
showed that YK-4-279 significantly induced cell death in HOS and MG63 cells (Figure 4A and B). To further determine
whether apoptosis occurred under YK-4-279 exposure, we performed Annexin V-FITC/PI staining by flow cytometry.
The results showed that the percentage of apoptotic cells increased gradually in HOS and MG63 cells upon exposure to
5 uM or 10 pM YK-4-279. These results showed that YK-4-279 could induce apoptosis in HOS and MG63 cells
(Figure 4C and D). Next, we also used Western blotting to assess the activation of the apoptosis-related proteins PARP1
and Caspase 8. The results showed that the levels of cleaved PARP1 and cleaved Caspase 8 increased in a concentration-
dependent manner (Figure 4E and F). These results suggest that YK-4-279 confers cytotoxicity through apoptosis in HOS
and MG63 cells.

YK-4-279 Induces Activation of MAPK Pathways in OS Cells

After confirming that YK-4-279 induces DNA damage, G2/M phase arrest, and apoptosis in osteosarcoma cells, we sought to
identify the key signaling pathway potentially coordinating these diverse phenotypic responses. Given the critical role of the
MAPK pathway (particularly the stress-responsive p38 and JNK subfamilies) in integrating DNA damage signals and
transmitting them to cell cycle checkpoints and apoptotic outcomes,**** we hypothesized that this pathway might serve as
the core mediator of YK-4-279’s effects. To validate this hypothesis, we first assessed whether YK-4-279 affected the MAPK
pathway in HOS and MG63 cells by detecting the phosphorylation levels of ERK1/2, JNK, and p38 MAPK. Western blot
analysis revealed that YK-4-279 treatment activated the phosphorylation of ERK1/2, JNK, and p38 MAPK in both cell lines in
a dose-dependent manner (Figure 5A and B). This preliminary finding demonstrates the rapid activation of the MAPK
pathway following drug exposure, providing direct evidence for subsequent functional studies. These results indicate that YK-

4-279 activates the MAPK signaling pathway in osteosarcoma cells.

Inhibiting MAPK Pathways Attenuates YK-4-279 Cytotoxic Activity on OS Cells

To further investigate whether YK-4-279 inhibits cell viability, induces DNA damage, and triggers apoptosis through
activation of the MAPK signaling pathway, we used SB203580 (p38 MAPK inhibitor) with or without YK-4-279
treatment in HOS and MG63 cells.

First, we assessed DNA damage in HOS and MG63 cells using fluorescent staining. As shown, the intensity of y-
H2AX fluorescence was significantly diminished in the SB203580 combined with YK-4-279 group compared with the
YK-4-279 alone group (Figure 6A and B). These results suggest that YK-4-279 induces DNA damage through activation
of the MAPK signaling pathway.
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Figure 3 YK-4-279 triggered a significant DNA damage by DNA damage sensor kinases in OS cells. HOS and MG63 cells were treated with YK-4-279 (0, I, 5, 10, 20 uM in
Western blot, 0, 5 uM in immunofluorescence) for 24 h. (A) The protein expression levels of y-H2AX in HOS and MG63 cells were analyzed by Western blot, with GAPDH
serving as the loading control. (B) Quantitative analysis of the protein expression levels of y-H2AX in HOS and MG63 cells was performed. (C) The localization of y-H2AX
expression was assessed by immunofluorescence in HOS and MGé63 cells following treatment with YK-4-279. Scale bar = 10 pm. (D) Quantification of y-H2AX fluorescence
intensity per nucleus in HOS and MG63 cells was performed. (E) The protein expression levels of ATM, p-ATM, Chk2, and p-Chk2 were analyzed by Western blot, with -
actin serving as the loading control. (F) Quantitative analysis of the protein expression levels of ATM, p-ATM, Chk2, and p-Chk2 in HOS and MG63 cells was performed (e:
HOS; A: MG63). Experiments were performed with five biological replicates per treatment, and results are presented as mean = SD. *P < 0.05, ***P < 0.001.
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Figure 5 YK-4-279 induces activation of MAPK pathways in OS cells. (A and B) The expressions of ERK1/2, JNK, and p38 MAPK, along with their phosphorylation levels, were
measured following treatment with various concentrations (0, I, 5, 10, and 20 pM) of YK-4-279 for 24 hours in HOS and MG63 cells using Western blot analysis. Data were then
analyzed (o: HOS; A: MG63). Experiments were performed with five biological replicates per treatment, and results are presented as mean * SD. *P < 0.05, **P < 0.01, ***P < 0.001.

A CCK-8 assay was then performed to assess changes in cell viability. YK-4-279 significantly reduced cell viability
in HOS and MG63 cells, but in the YK-4-279 co-administered with SB203580 group, cell viability in HOS and MG63
cells increased (Figure 6C). These results suggest that YK-4-279 inhibits cell viability through activation of the MAPK
signaling pathway.

Next, we assessed changes in apoptosis in HOS and MG63 cells using flow cytometry. The results showed that in
HOS cells, the apoptosis rate increased in the YK-4-279-exposed group, while it decreased in the SB203580 combined
with YK-4-279 group. In MG63 cells, the apoptosis rate increased in the YK-4-279-exposed group, while it decreased in
the SB203580 combined with YK-4-279 group (Figure 6D and E).

Finally, we used Western blot analysis to detect the expression of p-p38 MAPK, PARP1, and y-H2AX proteins. The
findings showed that the combination of SB203580 and YK-4-279 significantly decreased the protein levels of p-p38 MAPK,
cleaved PARP1 (CF-PARP1), and y-H2AX in HOS and MG63 cells compared to YK-4-279 alone (Figure 7A and B).

Altogether, these findings indicated that YK-4-279 inhibited cell viability, induced DNA damage, and triggered
apoptosis through activation of the MAPK signaling pathway.
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Figure 6 Inhibiting MAPK pathways attenuates YK-4-279 cytotoxic activity on OS cells. HOS and MG63 cells were treated with YK-4-279 and SB203580 (p38 MAPK
inhibitor) for 24 hours. (A and B) Changes in y-H2AX fluorescence foci following drug treatment were assessed by immunofluorescence in HOS and MGé3 cells, and the
data were analyzed. (C) Cell viability changes following drug treatment were assessed using the CCK-8 assay in HOS and MG63 cells, and the data were analyzed. (D and E)
Changes in apoptosis in HOS and MG63 cells following drug treatment were assessed using Annexin V-FITC/PI staining followed by flow cytometry, and the data were
analyzed. Experiments were performed with five biological replicates per treatment, and results are presented as mean = SD. *P < 0.05, **P < 0.01, **P < 0.001: drug
treatment group vs control. # < 0.05, ## P < 0.01, ###P < 0.001: co-treatment group vs YK-4-279.

11760 ‘e Drug Design, Development and Therapy 2025:19



Wang et al

YK-4-279 - - + + - - + +
SB203580 - + - + - + - +

p38 MAPK

PARP1 116 kDa
-CF 89 kDa
y-H2AX 15 kDa
B HOS MG63
e p-p38 MAPK/p38 MAPK e p-p38 MAPK/p38 MAPK
2 20 s c-PARP1/PARP1 2 5 s c-PARP1/PARP1
€ 77 |¢ v-HeAxGAPDH € 7o y-H2AX/GAPDH
5 5 sk -
-.5 1.5 [A "6 ek A #
< i o ¥ g 1.0 "
D 1.0 oxn # s e ,
0 *kk 0 #i# *
[ o *kk
o . 2 0.5
3 0.5- 3
[ [
2 2
= =
= 5
[ - - - [ Ly L L
[ T3R8 PRI ?R8L S8R8 PRI 92828
- D N W - 0D N O - I N 0 - 0D N O - 10D N O - D N v
5§38 53838 5§88 58¥S8 53838 5388
ONy N OGNy N ONyAN ONy N OGNy N Oy A
o X o o X m o X o o X m o X o o X o
7] 7] (7] [72] 7] 7] 7] (7] 7] 7] 7] 7]
¥ + + + + +
(=2 o o o (=2 (=2
~ ~ ~ ~ ~ ~
8 q q § 8 q
N s s s N 3
b4 X X X X X
> > > > > >

Figure 7 Inhibition MAPK pathway attenuates the effects of YK-4-279 on apoptosis and DNA damage proteins in OS cells. HOS and MG63 cells were treated with YK-
4-279 and SB203580 (p38 MAPK inhibitor) for 24 hours. (A) Protein expression levels of p38 MAPK, p-p38 MAPK, PARPI, and y-H2AX were analyzed by Western blot in
HOS and MG63 cells after drug treatment. GAPDH was used as the internal control. (B) Quantitative analysis of the protein expression levels of p38 MAPK, p-p38 MAPK,
PARPI, and y-H2AX in HOS and MG63 cells was performed. Experiments were performed with five biological replicates per treatment, and results are presented as mean *
SD. *P < 0.05, ***P < 0.001: drug treatment group vs control. # < 0.05, ### P < 0.001: co-treatment group vs YK-4-279.

YK-4-279 Inhibits Tumor Growth in Nude Mice

To evaluate the in vivo effect of YK-4-279 on osteosarcoma, MG63 cells were subcutaneously injected into nude mice,
which were then treated daily with either control (PBS) or YK-4-279 at a specified dose (30 mg/kg/day). Tumor size was
measured every three days to generate the tumor growth curve (Figure S2A). Notably, the administration of YK-4-279
was well-tolerated, with no observed side effects such as poor mental state or body weight loss (Figure S2B). After 28
days, the mice were euthanized, and tumors were collected and weighed (Figure S2C and D). Compared with the control
group, YK-4-279 treatment significantly slowed tumor growth. Western blot analysis revealed that YK-4-279 treatment
activated the expression of y-H2AX and induced the cleavage of PARP1, along with an increase in p-P38 MAPK levels
(Figure S2E and F). Additionally, serum biochemical analysis of the mice showed no significant differences in liver and
kidney function indicators between the two groups (Figure S2G). These results indicate that YK-4-279 not only
effectively inhibits osteosarcoma growth but also exhibits no significant toxicity at the therapeutic dose.
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Discussion
Our results showed that YK-4-279 significantly inhibited OS cell viability and proliferation, induced DNA damage,
blocked cell cycle progression, and triggered apoptosis. In addition, YK-4-279 significantly activated the MAPK
signaling pathway in OS cells, and may inhibit cell viability and proliferation, induce DNA damage, arrest cell cycle
progression, and trigger apoptosis through MAPK pathway activation. This study provides both an experimental basis
and a theoretical rationale for the use of the ETV1 inhibitor YK-4-279 in future clinical applications, offering new
perspectives for anti-OS therapy. Targeted inhibition of ETS activity by YK-4-279 has the potential to offer a promising
therapeutic modality for OS.

Tumors arise from cells that have lost control of their proliferation, making it crucial to inhibit the abnormal
proliferation of tumor cells. YK-4-279 can inhibit prostate cancer growth and metastasis in a mouse xenograft

1.** YK-4-279 inhibits the activity of lymphoma cell lines, and its antiproliferative effects are dose-dependent.>

mode
In melanoma studies, YK-4-279 was shown to significantly reduce the growth and viability of three different melanoma
cell lines, It has a significant impact on blocking or delaying tumor progression.*> Our results showed that YK-4-279
significantly reduced OS cell viability and inhibited cell proliferation, indicating its therapeutic potential for OS.

OS is a disease characterized by abnormal cell cycle regulation, closely linked to disruptions in its molecular
mechanisms. Cell cycle blockade is tightly regulated by specific cyclins and CDK complexes.*® Cyclin-dependent kinase
interacting proteins, such as p21 and p27, act as tumor suppressors by inhibiting CDK/cyclin complexes, thereby
restricting the cell cycle and blocking DNA replication.*”*® Cyclin D1, a key target in cancer therapy, influences the
cell cycle and cell growth.*” Cyclin B plays a crucial role in activating mitosis during the G2/M phase.’® YK-4-279
rapidly induces G2/M phase blockade in ES cells, reduces Cyclin B1 abundance, decreases microtubule-associated
protein production, and ultimately leads to growth arrest and apoptosis.”’ Previous studies have shown that methyl
protodioscin induces apoptosis in human osteosarcoma cells through caspase-dependent and MAPK signaling
pathways.’> Xie DM’s research indicates that Tanshinone II A enhances the sensitivity of osteosarcoma cells to
chemotherapeutic drugs by activating the p38/MAPK pathway. This activation leads to the upregulation of cleaved
caspase-3 and the pro-apoptotic gene Bax, while downregulating the expression of caspase-3 and the anti-apoptotic gene
Bcl-2.>* Our data showed that YK-4-279 blocked the OS cell cycle at the G2/M phase, significantly activated p21 and
p27, and inhibited the expression levels of Cyclin B1 and Cyclin D1. These findings suggest that YK-4-279 may inhibit
OS cell proliferation by blocking the cell cycle at the G2/M phase.

Anti-cancer drugs inhibit the proliferation of cancer cells by inducing DNA damage through targeting growth
signaling molecules involved in cell replication and the division of rapidly proliferating cells.>**> DNA damage activates
the upstream DNA damage response kinase, ataxia telangiectasia mutated (ATM), and the downstream checkpoint kinase
CHK2. ATM then induces the phosphorylation of the histone variant H2A histone family member X (H2AX), leading to
the formation of y-H2AX.>® We observed y-H2AX foci formation and elevated y-H2AX protein expression in OS cells
after treatment with YK-4-279, indicating early signs of DSBs in OS cells. When DNA is damaged, the ATM-CHK2
pathway is activated, triggering cell cycle checkpoints, apoptosis, or DNA repair, among other responses. Our results
show that YK-4-279 induces the phosphorylation of ATM and CHK2 in OS cells. These results suggest that YK-4-279
can induce DNA damage, thereby inhibiting OS cell viability and proliferation.

It is well known that inhibition of cell proliferation is closely linked to apoptosis, which plays a crucial role in anti-tumor
mechanisms. Therefore, apoptosis has become a key indicator for assessing anticancer efficacy.”” Apoptosis is an irreversible
cascade process driven by the activation of pro-apoptotic proteins, specifically the cysteine protease family (caspases).’®
Caspase 8 plays a crucial role in death receptor-mediated apoptosis.””*° Cleavage of PARP1 is commonly considered a marker
of apoptosis. YK-4-279 is a potent mitotic inhibitor that induces apoptosis in various neuroblastoma cell lines with different
oncogenic drivers.*® In a xenograft mouse model, YK-4-279 induced apoptosis and slowed tumor growth in ES cell lines by
inhibiting EWS-FLII activity.®’ The combination of low-dose docetaxel with YK-4-279 enhanced apoptosis induction,
reduced motility, and decreased invasiveness in prostate cancer cells.%® In this study, we found that YK-4-279 significantly

increased the rate of apoptosis in OS cells and promoted elevated levels of PARP1 and Caspase 8 cleavage products, consistent
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with previous reports. These results suggest that YK-4-279 may have therapeutic potential in the treatment of OS by
promoting apoptosis in OS cells, effectively inhibiting the growth and progression of OS.

The Mitogen-Activated Protein Kinase (MAPK) signaling pathway plays a crucial role in the induction of apoptosis
by anticancer drugs. Key members of the MAPK family, including ERK, JNK, and P38, regulate cell differentiation,
proliferation, apoptosis, and survival.®® Since several ETS factors are direct targets of the MAPK signaling pathway.®**
Studying the activation of this pathway by YK-4-279 is crucial for the treatment of OS. Our experimental results show
that YK-4-279 activates ERK1/2, JNK, and P38 MAPK, significantly increasing the expression levels of their phos-
phorylated forms. Studies have shown that activation of JNK and P38 MAPK can induce apoptosis through G2/M phase
arrest,®®’ which aligns with our results.

To further verify whether YK-4-279 exerts its inhibitory effects on OS through the MAPK signaling pathway, we co-
treated cells with YK-4-279 and a P38 MAPK inhibitor to observe whether the inhibitor could reverse YK-4-279’s effects. The
results showed that the P38 inhibitor partially neutralized the effects of YK-4-279, reducing apoptosis in OS cells, partially
restoring DNA integrity, and attenuating the activation of the MAPK signaling pathway induced by YK-4-279. These findings
suggest that YK-4-279 may inhibit OS cell viability and proliferation by activating the MAPK signaling pathway, inducing
DNA damage and cell cycle arrest, and promoting apoptosis, thereby exerting its anti-OS activity.

YK-4-279 has demonstrated anticancer effects across a variety of tumor types, highlighting its potential as a promising
therapeutic approach. Our in vitro experiments in OS cells show that YK-4-279 holds significant potential for the future treatment
of OS. In summary, YK-4-279 inhibited OS cell viability and proliferation, induced cell cycle arrest, promoted apoptosis, and
suppressed OS cell growth and progression. The antitumor activity of YK-4-279 in OS may be mediated through the activation of
the MAPK signaling pathway. YK-4-279 shows strong potential as a therapeutic agent for OS treatment.

Furthermore, this study demonstrated that YK-4-279 significantly suppressed tumor growth in an MG63 osteosar-
coma xenograft model. The underlying mechanism may be associated with the activation of the DNA damage response
(as evidenced by upregulated y-H2AX expression), the apoptotic pathway (indicated by PARP1 cleavage), and the p38
MAPK stress signaling pathway. Notably, at the effective dose (30 mg/kg/day), the treatment did not induce significant
changes in body weight or abnormalities in hepatic and renal function parameters, indicating that YK-4-279 possesses
both potent in vivo antitumor efficacy and a favorable safety profile.

This study has limitations, and future research will expand in multiple directions. First, we plan to include a broader
variety of osteosarcoma cell lines to better simulate the tumor microenvironment and comprehensively evaluate the
antitumor activity and mechanisms of action of YK-4-279. Additionally, we will refine our animal experiments to assess
the efficacy and safety of YK-4-279 in vivo. Furthermore, pharmacokinetic and pharmacodynamic studies are essential
for determining the optimal dosing regimen and evaluating the drug’s stability in circulation. We may also explore
structural modifications to YK-4-279 to enhance solubility, reduce potential toxicity, and maintain target specificity.
Additionally, we will investigate potential combination therapy regimens with traditional chemotherapy or immunother-
apy to potentially enhance its antitumor efficacy and overcome resistance mechanisms. This approach aims to advance
the preclinical optimization of YK-4-279 and establish a solid foundation for its clinical translation.

Conclusion

This study investigates the anticancer effects and underlying mechanisms of YK-4-279 in OS. The results of our in vitro
experiments revealed that YK-4-279 effectively inhibits OS cell viability and proliferation, induces G2/M phase cell
cycle arrest, promotes apoptosis and induces DNA damage. We further observed that YK-4-279 activates the MAPK
signaling pathway, including key proteins such as ERK1/2, JNK, and P38 MAPK. Phosphorylation of these proteins was
significantly increased upon treatment with YK-4-279. Additionally, co-treatment with a P38 MAPK inhibitor partially
reversed the effects of YK-4-279, highlighting the crucial role of P38 MAPK in mediating its antitumor effects. In
conclusion, YK-4-279 exerts its antitumor activity in OS through the activation of the MAPK signaling pathway, leading
to inhibition of cell viability, cell cycle arrest, DNA damage, and apoptosis. These findings suggest that YK-4-279 holds

great promise as a therapeutic agent for the treatment of osteosarcoma.
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