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ABSTRACT 

YK-4-279 is an emerging anticancer compound that has demonstrated activity across a range of tumor models. 

Osteosarcoma (OS), a highly aggressive bone malignancy predominantly diagnosed in adolescents, still lacks 

satisfactory therapeutic options. A detailed investigation of how YK-4-279 functions in OS is essential for 

determining its potential clinical relevance. Therefore, the present study aimed to evaluate its effects on OS cell 

viability, proliferation, DNA damage, cell cycle regulation, apoptosis, and MAPK signaling activity, potentially 

providing a novel basis for osteosarcoma treatment and prognosis.  In vitro experimental systems were used to 

evaluate the effects of YK-4-279 on osteosarcoma cell viability, proliferation, programmed cell death, cell cycle 

distribution, and DNA damage responses. Its regulatory influence on MAPK signaling activity was also analyzed. 

To further verify pathway involvement, cells were treated with YK-4-279 in combination with a P38-specific 

inhibitor.  Treatment with YK-4-279 significantly impaired osteosarcoma cell survival and proliferation, induced 

arrest at the G2/M checkpoint, and increased both apoptotic activity and DNA damage levels. In parallel, MAPK 

signaling was activated, as indicated by enhanced phosphorylation of ERK1/2, JNK, and P38 MAPK. Notably, 

inhibition of P38 partially mitigated these effects, supporting a functional role for MAPK signaling in mediating 

the compound’s anticancer activity.  YK-4-279 exerts strong inhibitory effects on osteosarcoma cell growth by 

promoting DNA damage, enforcing cell cycle arrest, and activating apoptosis through MAPK pathway 

stimulation. These findings suggest its potential as a promising candidate for osteosarcoma therapy. 
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Introduction 

Osteosarcoma (OS) is a frequent and highly malignant primary bone cancer, with an estimated global incidence 

of approximately 3 cases per million people and representing 11.7% of all primary bone tumors [1]. It primarily 

affects children and adolescents and most commonly develops in the metaphyseal regions of long bones, including 

the distal femur, proximal tibia, and proximal humerus [2]. The disease is characterized by aggressive behavior 

and poor prognosis, with about 80%–90% of patients already harboring micrometastatic disease at diagnosis [3]. 

Although combined treatment strategies involving chemotherapy, surgery, and radiotherapy can raise 5-year 

survival rates to roughly 70%, outcomes remain poor for recurrent or metastatic cases, where survival drops to 

around 20% [4]. This creates considerable emotional stress for patients and imposes a heavy socioeconomic 

burden, while therapeutic progress in OS has largely stagnated in recent years [5]. Therefore, there is an urgent 

need for innovative treatment strategies that can improve survival outcomes and provide more effective clinical 

management options. 
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DNA damage, cell cycle arrest, and activation of programmed cell death represent effective approaches for 

selectively removing malignant cells [6]. These biological processes are also key targets in the development of 

new anticancer agents, where drugs that interact directly with DNA can suppress cell division and ultimately 

trigger cellular death [7]. The DNA damage response is initiated through the rapid detection of lesions by sensor 

proteins such as ATM and CHK, which subsequently activate downstream mediators involved in DNA repair 

pathways, including p21 and CDK [8–12]. In parallel, activation of this response results in inhibition of cell cycle 

progression and consequent cell cycle arrest [13]. When DNA damage is extensive and cannot be repaired, 

apoptotic signaling pathways are then activated [14]. Apoptosis is a tightly regulated form of programmed cell 

death in multicellular organisms that is essential for removing damaged or unnecessary cells in response to 

developmental cues, cellular stress, and irreparable genomic injury. Impairment of apoptotic mechanisms 

contributes to tumor development and progression [15]. 

At present, emerging therapeutic approaches such as targeted therapy [16] and nanotechnology-based treatment 

[17] are gaining attention. In cancer research, tumor cells have been shown to frequently overexpress specific 

molecular signatures that may arise from proto-oncogenes or components of normal signaling cascades. These 

molecules can be selectively targeted to inhibit their function, thereby suppressing tumor growth or inducing 

cancer cell death [18]. Compared with conventional chemotherapy, this strategy offers higher specificity and 

reduced systemic toxicity. A growing number of targeted agents have already been approved for first- and second-

line treatment of different malignancies, demonstrating encouraging clinical outcomes [19–22]. Accordingly, 

molecular targeted therapy is widely recognized as a promising direction in cancer treatment. 

The E26 transformation-specific (ETS) family comprises 28 transcription factors. ETS activity is controlled by 

multiple intracellular signaling cascades, including MAPK-related kinases (ERK, p38, and JNK). Dysregulation 

of this system is commonly associated with oncogenic transformation and tumor progression [23], including in 

Ewing’s sarcoma (ES) [24–26], brain malignancies [27], hematological cancers [28, 29], and prostate cancer [30, 

31]. Within this family, ETS variant 1 (ETV1) has been identified as an important regulator of metastatic 

progression in both Ewing’s sarcoma and osteosarcoma (OS) [32, 33]. YK-4-279 is a small-molecule inhibitor 

targeting ETV1 and has shown significant antitumor effects in Ewing’s sarcoma (ES) [34], prostate cancer [35], 

and neuroblastoma [36]. Mechanistically, YK-4-279 binds to EWS-FLI1 and prevents its interaction with DHX9, 

thereby inhibiting growth and inducing apoptosis in ES cells. It also suppresses ETS protein function by disrupting 

protein–protein interactions between ETS factors and their partners [37]. This mode of action, which interferes 

with specific protein interactions rather than broadly inhibiting essential enzymes, is considered to provide greater 

cancer selectivity [38]. However, the mechanistic role of YK-4-279 in osteosarcoma remains insufficiently 

characterized. Therefore, the present study aimed to evaluate its effects on OS cell viability, proliferation, DNA 

damage, cell cycle regulation, apoptosis, and MAPK signaling activity, potentially providing a novel basis for 

osteosarcoma treatment and prognosis. 

Materials and Methods  

Reagents and antibodies 

YK-4-279 (Cat. No. Y10002; CAS: 1037184–44-3) was supplied by Beijing Psaitong Biotechnology Co., Ltd. 

This compound possesses the molecular formula C17H13Cl2NO4 and a molecular mass of 366.20 g/mol. Its 

physicochemical profile includes a density of 1.5 ± 0.1 g/cm3, a boiling temperature of 608.9 ± 55.0 °C at 760 

mmHg, a melting interval of 149–151 °C, and a flash point of 322.1 ± 31.5 °C. For experimental procedures, a 50 

mM stock solution was prepared in dimethyl sulfoxide (DMSO; Solarbio, Cat. No. D8371), aliquoted, and stored 

at −80 °C to maintain stability. The experimental reagents included CCK-8 (C0039, Beyotime), 0.1% Crystal 

Violet Staining Solution (G1063, Solarbio), DNA Content Quantification Kit for Cell Cycle Analysis (CA1510, 

Solarbio), Annexin V-FITC Apoptosis Detection Kit (BD PharmingenTM, 556547), Hoechst 33342/PI 

(Beyotime, P0137), and SB203580 (Psaitong Bio, S10108). 

Primary antibodies used in this study were Phospho-ATM (Ser1981) (4526s, 1:1000), γ-H2AX (Ser139) (9718s, 

1:1000), Phospho-ERK1/2 (Thr202/Tyr204) (4370s, 1:1000), Phospho-JNK (Thr183/Tyr185) (9255s, 1:1000), β-

actin (Ms) (3700s, 1:1000), and GAPDH (Rb) (5147s, 1:1000), obtained 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), and Cyclin D1 (ET1601-31, 1:1000), provided by 

HUABIO (China). Further antibodies comprised PARP1 (13371-1-AP, 1:500), Caspase 8 (13423-1-AP, 1:500), 
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ERK1/2 (16443-1-AP, 1:1000), JNK (66210-1-Ig, 1:2000), Phospho-CHEK2 (Thr68) (29012-1-AP, 1:1000), p21 

(10355-1-AP, 1:1000), p38 MAPK (14064-1-AP, 1:1000), and Phospho-p38 MAPK (Thr180/Tyr182) (28796-1-

AP, 1:1000), sourced from Proteintech (China). Secondary antibodies consisted of Goat Anti-Rabbit IgG H&L 

(HRP) (ab205718, Rb: 1:20000), Goat Anti-Mouse IgG H&L (HRP) (ab205719, Ms: 1:10000), Goat Anti-Rabbit 

IgG H&L (Alexa Fluor® 488) (ab150077, 1:500), and Goat Anti-Mouse IgG H&L (Alexa Fluor® 594) 

(ab150116, 1:500), obtained from Abcam (Cambridge, UK). 

 

Cells and cell culture 

Osteosarcoma cell lines HOS (ZQ0952) and MG63 (ZQ0403) were provided by Shanghai Zhong Qiao Xin Zhou 

Biotechnology Co., Ltd. Authentication of all cell lines was performed using Short Tandem Repeat (STR) 

profiling to ensure identity verification. Cells were cultured in Minimum Essential Medium (MEM) supplemented 

with Non-Essential Amino Acids (NEAA) (Pricella, PM150410), 10% fetal bovine serum (FBS) (Abwbio, AB-

FBS0500), and 1% Penicillin-Streptomycin (P1400, Solarbio). Incubation was maintained at 37 °C in a humidified 

atmosphere containing 5% CO2, and culture medium was replaced every 2–3 days. 

 

Cell viability assay 

The cytotoxic effect of YK-4-279 on osteosarcoma cells was evaluated using the CCK-8 assay system. HOS and 

MG63 cells in the exponential growth phase were collected by centrifugation, counted, and seeded into 96-well 

plates at a density of 1×104 cells per 100 μL per well. Each concentration group included six replicate wells. After 

a 24-hour attachment period, cells were exposed to YK-4-279 at graded concentrations of 8×10−5, 6×10−5, 

4×10−5, 2×10−5, 1×10−6, 1×10−7, and 1×10−8 mol/L. Cells were subsequently incubated for either 24 or 48 

hours before viability assessment. Two hours before measurement, CCK-8 reagent was added to each well and 

incubated at 37 °C under light-protected conditions. Absorbance was measured at 450 nm, and viability was 

calculated using the formula: (OD of treated wells−OD of blank)/(OD of control wells−OD of blank). The half-

maximal inhibitory concentration (IC50) of YK-4-279 was then determined. 

 

Cell proliferation assay 

The proliferative capacity of osteosarcoma (OS) cells following YK-4-279 exposure was evaluated using a colony 

formation assay based on Crystalline Violet staining. HOS and MG63 cells in the exponential growth phase were 

plated at a density of 1000 cells per well in 6-well culture plates and incubated overnight to allow cell attachment. 

Cells were then treated with YK-4-279 at final concentrations of 0, 1, and 5 µM, with culture medium exchanged 

every 2–3 days to maintain treatment conditions. After 14 days of incubation, culture media were removed, and 

cells were rinsed twice with ice-cold PBS to eliminate residual medium. Fixation was performed with 4% 

paraformaldehyde (PFA) for 30 minutes, followed by fixation removal. Cells were subsequently washed once 

with cold PBS and stained with 0.1% Crystalline Violet Staining Solution (G1063, Solarbio) for 10 minutes. 

Excess dye was removed by PBS washing, and plates were air-dried. Colony formation was then documented 

through imaging, and the number of visible colonies was quantified. 

 

Cell cycle analysis 

Flow cytometric analysis with propidium iodide (PI) staining was performed to determine the effect of YK-4-279 

on cell cycle progression in OS cells. HOS and MG63 cells in logarithmic growth phase were seeded into 6-well 

plates and exposed to YK-4-279 at concentrations of 0, 5, and 10 µM for 24 hours. Cells were collected from each 

treatment group into flow cytometry tubes, washed once with PBS, and centrifuged. The resulting cell suspensions 

were adjusted to a density of 106 cells/mL, and 1 mL of single-cell suspension was prepared per sample. 

Cells were fixed by adding 500 µL of pre-chilled 70% ethanol and incubating at 4 °C overnight to preserve cellular 

structure. After fixation, samples were washed with PBS before staining. RNase A (100 µL) was added to each 

pellet, followed by resuspension and incubation at 37 °C for 30 minutes in a water bath to remove RNA 

contamination. Subsequently, 400 µL of PI solution was introduced and gently mixed. Cells were incubated for 

30 minutes at 4 °C in the dark to ensure proper staining and then analyzed by flow cytometry. 

 

Immunofluorescence analysis 

DNA double-strand breaks (DSBs) were assessed by detecting phosphorylated histone H2AX (γ-H2AX), a marker 

of DNA damage induced by YK-4-279 in OS cells. HOS and MG63 cells were seeded at 5 × 10 ^5 cells/mL onto 
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glass coverslips in 24-well plates and treated with 5 µM YK-4-279 for 24 hours. After treatment, cells were rinsed 

with PBS and fixed using 4% paraformaldehyde for 30 minutes. Membrane permeabilization was then performed 

with 0.1% Triton X-100 (Beyotime, P0096) for 30 minutes, followed by blocking with 5% BSA at 4 °C for 1 hour 

to prevent nonspecific antibody binding. 

Cells were incubated overnight at 4 °C with primary antibodies targeting rabbit γ-H2AX (Ser139, 9718S, 1:100, 

green) and mouse α-Tubulin (66031-1-Ig, 1:100, red). After removal of unbound antibodies via PBS washing, 

cells were incubated with fluorescent secondary antibodies—Goat anti-Rabbit IgG 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. 

Following secondary antibody incubation, cells were further processed at room temperature for 1 hour. Nuclei 

were then counterstained using DAPI-containing antifade mounting medium (Beyotime, P0131). Finally, 

fluorescence microscopy was used to visualize and analyze intracellular fluorescent signal distribution and 

intensity. 

 

Hoechst33342/PI analysis 

To determine whether YK-4-279 induces osteosarcoma (OS) cell death, a dual fluorescent staining approach using 

Hoechst 33342 and propidium iodide (PI) (Beyotime, P0137) was applied. HOS and MG63 cells were seeded 

onto coverslips in 24-well plates at a density of 100,000 cells/mL and exposed to 5 µM YK-4-279 for 24 hours. 

After treatment, Hoechst 33342 and PI were simultaneously applied, followed by incubation at 4 °C for 15 

minutes. Cells were then rinsed with PBS to remove excess dye. Co-staining patterns, where Hoechst 33342 (blue) 

and PI (red) signals overlapped, were interpreted as indicators of cell death. Fluorescence microscopy was used 

for image acquisition and analysis. 

 

Cell apoptosis analysis 

Apoptosis induction by YK-4-279 in OS cells was evaluated by flow cytometry. The Annexin V-FITC Apoptosis 

Detection Kit (BD Pharmingen, 556547) was used according to protocol. HOS and MG63 cells in exponential 

growth were collected, counted, and adjusted to 1 × 106 cells/mL. Cells were plated into 6-well plates and treated 

with YK-4-279 at 0, 5, and 10 µM for 24 hours. Following treatment, adherent cells were detached using 0.25% 

trypsin without EDTA, while suspended cells were recovered by centrifugation at room temperature for 5–10 

minutes. Cells were washed with ice-cold PBS and resuspended in 300 μL of 1× binding buffer. Subsequently, 5 

μL Annexin V-FITC and 5 μL PI were added, gently mixed, and incubated for 15 minutes at room temperature in 

the dark. Before measurement, 200 μL of 1× binding buffer was added, and samples were analyzed using a 

CytoFLEX SRT flow cytometer (BECKMAN COULTER, BF17071). 

 

Western blot analysis 

Protein expression analysis was performed in HOS and MG63 cells. After PBS washing, cells were collected and 

lysed using RIPA buffer (Beyotime, P0013) supplemented with protease and phosphatase inhibitors. Lysis was 

carried out on ice for 30 minutes to ensure efficient protein extraction. Total protein concentration was measured 

using a BCA assay kit (Beyotime, P0010). Equal amounts of protein (30 µg per sample) were separated on 10% 

SDS-PAGE gels and transferred onto PVDF membranes. 

Membranes were blocked using 5% non-fat dry milk (BD Difco™ Skim Milk, 232100), prepared by dissolving 

0.5 g milk powder in 10 mL of 1× TBST containing 0.1% Tween 20. Blocking was performed at room temperature 

for 1 hour under gentle agitation. 

After blocking, membranes were incubated overnight at 4 °C with a panel of primary antibodies including γ-

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-CHEK2 (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), β-actin (3700s, Ms, 1:1000), and GAPDH 

(5147s, Rb, 1:1000). 
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Membranes were then washed with 1× TBST and incubated with HRP-conjugated 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). After incubation, membranes were 

washed three times with 1× TBST to remove unbound antibodies. 

Detection was performed using an enhanced chemiluminescence (ECL) system, and protein band intensities were 

quantified. Relative expression levels were calculated by normalizing target protein signals to internal loading 

controls. 

 

Animal study 

Female BALB/c-nu nude mice (SPF grade, approximately 15 g, 5–6 weeks old; Certificate No. 

37072610100546123) were obtained from Jinan Pengyue Experimental Animal Breeding Co., Ltd. (License No. 

SCXK [Lu] 20220006). Animals were maintained under strict SPF barrier conditions, with environmental control 

set at 22 ± 2 °C temperature, 50%–60% relative humidity, and a 12-hour light/dark cycle, while receiving food 

and water ad libitum. After a one-week acclimation period, mice (n = 12) were inoculated subcutaneously in the 

right axilla with 1 × 107 MG63 cells suspended in 200 µL of a 1:1 Matrigel/PBS mixture. The mice were then 

randomly allocated into two groups: a vehicle control group (PBS) and a treatment group receiving YK-4-279 at 

30 mg/kg/day. All administrations were performed via intraperitoneal injection, and animals were monitored 

throughout the experiment. Tumor growth was measured every 3 days, and tumor volume was estimated using 

the formula: Volume = (L × S^2) × 0.5, where L represents the maximum diameter and S the minimum diameter. 

After 28 days, mice were anesthetized and sacrificed; tumors were excised, weighed, and preserved for further 

analyses. 

 

Statistical analysis 

Each experiment was performed at least 5 times independently, and data are presented as mean ± standard 

deviation (SD). Statistical comparisons between two groups were conducted using a two-tailed paired Student’s 

t-test. For datasets involving multiple groups, one-way analysis of variance (ANOVA) followed by Dunnett’s post 

hoc test was applied using GraphPad Prism 9.0 when applicable. A P-value below 0.05 was considered statistically 

significant. 

Results and Discussion 

YK-4-279 significantly inhibits the growth of OS cells 

The cytotoxic activity of YK-4-279 against osteosarcoma cell lines HOS and MG63 was assessed using the CCK-

8 assay. Following 24 and 48 hours of exposure, a pronounced decrease in cell viability was observed in both 

lines across a concentration range of 80, 60, 40, 20, 1, 0.1, and 0.01 μM, demonstrating a clear dose-responsive 

pattern. The IC50 values were calculated as 2.41 ± 0.94 μM and 9.69 ± 3.96 μM for HOS cells at 24 and 48 hours, 

respectively, while MG63 cells exhibited IC50 values of 3.01 ± 0.72 μM and 0.92 ± 0.32 μM over the same time 

points (Figures 1a and 1b). 

  

 

 

a) b) 
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c) d) 

Figure 1. 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 treated with graded concentrations of YK-4-279 for 24 

and 48 hours, and cell viability as well as IC50 values were determined using the CCK-8 assay, (c) The effect 

of YK-4-279 (0, 1, 5 µM) on clonogenic survival of HOS and MG63 cells was examined by colony formation 

assay. Colonies were fixed, stained with 0.1% crystalline violet solution, and quantified, and (d) Statistical 

evaluation of colony formation capacity. Experiments were conducted in five biological replicates per group, 

and data are shown as mean ± SD. ***P < 0.001. 

 

To assess potential toxicity in non-cancerous cells, osteoblast MC3T3-E1 cells and rat renal podocytes were 

treated with a range of YK-4-279 concentrations (80, 60, 40, 20, 1, 0.1, and 0.01 μM). After 24 hours, the IC50 

values were 10.63 ± 4.95 μM for MC3T3-E1 cells and 14.47 ± 6.94 μM for renal podocytes, indicating that normal 

cells are less sensitive to YK-4-279 than cancer cells. 

The anti-proliferative effect of YK-4-279 was further validated through colony formation analysis. HOS and 

MG63 cells treated with 0, 1, and 5 µM YK-4-279 for 24 hours showed a marked, concentration-dependent decline 

in both colony number and size. Overall, these findings indicate that YK-4-279 effectively suppresses the viability 

and proliferative potential of osteosarcoma cells (Figures 1c and 1d). 

 

YK-4-279 induces cell cycle arrest at the G2/M phase in OS cells 

Inhibition of cell proliferation is closely associated with disruption of normal cell cycle progression [39]. To 

clarify whether YK-4-279 affects cell cycle distribution, flow cytometry was performed to analyze phase-specific 

changes. As illustrated in Figures 2a and 2b, treatment of HOS and MG63 cells with YK-4-279 at 0, 5, and 10 

μM for 24 hours resulted in a clear shift in cell cycle distribution. Specifically, the fraction of cells in the G0/G1 

phase was significantly reduced compared with untreated controls, while a marked accumulation of cells in the 

G2/M phase was observed. In addition, the proportion of S-phase cells also decreased following treatment in both 

cell lines. These results collectively indicate that YK-4-279 arrests OS cells primarily at the G2/M checkpoint. 

 

 

 
a) b) 
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c) d) 

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, 1, 5, 10, 20 µM in Western blot, 0, 5 µM in flow cytometry) for 24 h: (a) Flow 

cytometric analysis and quantification of cell cycle distribution (G0/G1, S, and G2/M phases) in HOS and 

MG63 cells, (b) Statistical evaluation of cell cycle phase distribution in HOS and MG63 cells, (c) Western 

blot analysis of P21, P27, Cyclin B1, and Cyclin D1 expression, with GAPDH as a loading control, and (d) 

Quantitative analysis of protein expression levels of P21, P27, Cyclin B1, and Cyclin D1 in HOS and MG63 

cells (●: HOS; ▲: MG63). Experiments were repeated five times, and results are expressed as mean ± SD. *P 

< 0.05, **P < 0.01, ***P < 0.001. 

 

Cell cycle progression is tightly regulated by cyclin-dependent kinase inhibitors such as p21 and p27, which act 

as suppressors of cell cycle advancement, whereas Cyclin B1 and Cyclin D1 facilitate transition into the G2/M 

phase. To investigate whether these regulatory proteins are affected by YK-4-279, their expression levels were 

examined by Western blot. The results demonstrated that YK-4-279 markedly upregulated p21 and p27 

expression, while simultaneously suppressing Cyclin B1 and Cyclin D1 levels in both HOS and MG63 cells 

(Figures 2c and 2d). These changes suggest that YK-4-279 impedes OS cell proliferation by reinforcing G2/M 

phase arrest through coordinated regulation of cell cycle proteins. 

 

YK-4-279 triggered significant DNA damage via DNA damage sensor kinases in OS cells 

The phosphorylated form of histone H2AX (γ-H2AX) is widely recognized as a sensitive biomarker of DNA 

double-strand breaks (DSBs) [40]. To evaluate whether YK-4-279 induces DNA damage, γ-H2AX expression 

was first assessed following treatment. Western blot analysis after 24 hours of exposure showed a pronounced 

increase in γ-H2AX protein levels in both HOS and MG63 cells (Figures 3a and 3b). 

This finding was further supported by immunofluorescence analysis, which revealed strong nuclear accumulation 

of γ-H2AX (green signal) in YK-4-279–treated cells compared with controls (Figures 3c and 3d). Together, these 

results confirm that YK-4-279 significantly elevates DNA damage in a concentration-dependent manner. 

 

 

 
a) b) 
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c) d) 

 

 

e) f) 

Figure 3. YK-4-279 triggered significant DNA damage via DNA damage sensor kinases in OS cells. HOS 

and MG63 cells were treated with YK-4-279 (0, 1, 5, 10, 20 µM in Western blot, 0, 5 µM in 

immunofluorescence) for 24 h: (a) Western blot analysis of γ-H2AX expression in HOS and MG63 cells, 

with GAPDH as a loading control, (b) Quantification of γ-H2AX protein levels in HOS and MG63 cells, (c) 

Immunofluorescence detection of γ-H2AX localization following YK-4-279 treatment. Scale bar = 10 µm, 

(d) Quantitative analysis of γ-H2AX fluorescence intensity per nucleus in HOS and MG63 cells, (e) Western 

blot analysis of ATM, p-ATM, Chk2, and p-Chk2 expression, with β-actin as a loading control, and (f) 

Quantitative evaluation of ATM, p-ATM, Chk2, and p-Chk2 levels in HOS and MG63 cells (●: HOS; ▲: 

MG63). Experiments were performed independently 5 times, and data are presented as mean ± SD. *P < 0.05, 

***P < 0.001. 

 

To further explore upstream signaling events in this DNA damage response, ATM and Chk2 activation were 

examined. Western blot analysis demonstrated that YK-4-279 significantly enhanced phosphorylation of both 

ATM and Chk2 in a dose-dependent manner in HOS and MG63 cells (Figures 3e and 3f). These results indicate 

that YK-4-279 activates DNA damage response signaling cascades, thereby impairing the viability and 

proliferation of osteosarcoma cells. 

 

YK-4-279 triggers apoptosis in OS cells 

Excessive DNA damage that exceeds the cellular repair capacity often leads to programmed cell death [41]. To 

evaluate whether YK-4-279 is capable of inducing osteosarcoma (OS) cell death, Hoechst 33342/PI dual staining 

was performed. Following 24 hours of exposure to 5 µM YK-4-279, strong red fluorescence signals were detected 

in the nuclei of both HOS and MG63 cells, indicating loss of membrane integrity and increased cell death. These 

observations confirmed that YK-4-279 markedly promotes cell death in OS cells (Figures 4a and 4b). 

To further verify apoptotic induction, Annexin V-FITC/PI staining was performed and analyzed by flow 

cytometry. The results demonstrated a dose-dependent elevation in apoptotic cell populations in both HOS and 

MG63 cells after treatment with 5 μM and 10 μM YK-4-279. This confirmed that YK-4-279 effectively induces 

apoptosis in OS cells (Figures 4c and 4d). 

Subsequently, apoptosis-associated proteins were examined by Western blot, focusing on PARP1 and Caspase 8 

activation. The data showed a concentration-dependent increase in cleaved PARP1 and cleaved Caspase 8 levels 
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following YK-4-279 exposure (Figures 4e and 4f). Together, these findings indicate that YK-4-279 exerts 

cytotoxic effects in HOS and MG63 cells primarily by activating apoptotic pathways. 

 

 
 

a) b) 

 
 

c) d) 

 

 

e) f) 

Figure 4. YK-4-279 triggers apoptosis in OS cells. HOS and MG63 cells were treated with YK-4-279 (0, 5 

µM in immunofluorescence, 0, 5, 10 µM in flow cytometry, 0, 1, 5, 10, 20 µM in Western blot) for 24 h: (a) 

Assessment of cell death using Hoechst 33342/PI staining in HOS and MG63 cells. Scale bar = 10 µm, (b) 

Quantification of cell death–positive cells in HOS and MG63 populations, (c) Flow cytometric analysis of 

apoptosis using Annexin V-FITC/PI staining, (d) Quantitative analysis of apoptotic rates in HOS and MG63 

cells, (e) Western blot detection of PARP1 and Caspase 8 expression, with GAPDH as the loading control, 

and (f) Densitometric analysis of PARP1 and Caspase 8 expression in HOS and MG63 cells (●: HOS; ▲: 
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MG63). Experiments were independently repeated five times, and data are expressed as mean ± SD. **P < 

0.01, ***P < 0.001. 

 

YK-4-279 induces activation of MAPK pathways in OS cells 

After establishing that YK-4-279 induces DNA damage, G2/M arrest, and apoptosis in osteosarcoma cells, we 

next sought to identify the upstream signaling network that coordinates these biological effects. Considering that 

the MAPK cascade—particularly the stress-responsive p38 and JNK branches—plays a central role in linking 

DNA damage responses to cell cycle control and apoptosis regulation [42, 43], we hypothesized that MAPK 

signaling may act as a key mediator of YK-4-279 activity. 

To test this, we examined whether YK-4-279 modulates MAPK pathway activation by assessing phosphorylation 

levels of ERK1/2, JNK, and p38 MAPK in HOS and MG63 cells. Western blot results showed that YK-4-279 

treatment induced a dose-dependent increase in phosphorylation of ERK1/2, JNK, and p38 MAPK in both cell 

lines (Figures 5a and 5b). This early activation pattern suggests rapid engagement of MAPK signaling following 

drug exposure and provides mechanistic evidence supporting downstream functional effects. Overall, these 

findings demonstrate that YK-4-279 activates MAPK signaling in osteosarcoma cells. 

 

 
a) 

 

b) 

Figure 5. YK-4-279 induces activation of MAPK pathways in OS cells: (a and b) Expression and 

phosphorylation levels of ERK1/2, JNK, and p38 MAPK were evaluated in HOS and MG63 cells treated with 

YK-4-279 (0, 1, 5, 10, and 20 µM) for 24 hours using Western blot analysis. Quantitative data were analyzed 

(●: HOS; ▲: MG63). Experiments were independently repeated five times, and results are presented as mean 

± SD. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

Inhibiting MAPK pathways attenuates YK-4-279 cytotoxic activity on OS cells 

To clarify whether the biological effects of YK-4-279—including reduced viability, DNA damage induction, and 

apoptosis—are mediated through MAPK signaling activation, HOS and MG63 cells were treated with YK-4-279 

alone or in combination with SB203580, a p38 MAPK inhibitor. 
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First, DNA damage levels were evaluated using fluorescence-based detection of γ-H2AX. As illustrated in 

Figures 6a and 6b, co-treatment with SB203580 markedly reduced γ-H2AX fluorescence intensity compared 

with YK-4-279 monotherapy. This indicates that inhibition of p38 MAPK suppresses YK-4-279–induced DNA 

damage, supporting the involvement of MAPK signaling in this process. 

 

 
 

a) b) 

 

 

c) d) 

 

e) 

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) 

Immunofluorescence analysis of γ-H2AX foci changes after treatment in HOS and MG63 cells, followed by 

quantitative evaluation, (c) Cell viability was measured using the CCK-8 assay in HOS and MG63 cells and 

statistically analyzed, (d and e) Apoptosis was assessed using Annexin V-FITC/PI staining and flow 

cytometry in HOS and MG63 cells, followed by quantitative analysis. Experiments were performed in five 

biological replicates per group, and data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001: drug 

treatment group vs control. #P < 0.05, ##P < 0.01, ###P < 0.001: co-treatment group vs YK-4-279. 

 

Next, cell viability was evaluated using the CCK-8 assay. YK-4-279 alone significantly decreased viability in 

both HOS and MG63 cells; however, when SB203580 was added, this inhibitory effect was partially reversed, 
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leading to increased cell viability compared with YK-4-279 treatment alone (Figure 6c). These findings indicate 

that MAPK pathway activation is required for the full cytotoxic effect of YK-4-279. 

Subsequently, apoptotic changes were analyzed via flow cytometry. In both HOS and MG63 cells, YK-4-279 

treatment led to a clear increase in apoptotic populations, whereas co-treatment with SB203580 significantly 

reduced apoptosis levels in both cell lines (Figures 6d and 6e). 

Finally, protein expression was examined by Western blot, focusing on p-p38 MAPK, PARP1, and γ-H2AX. The 

results demonstrated that SB203580 co-treatment substantially decreased phosphorylation of p38 MAPK as well 

as levels of cleaved PARP1 and γ-H2AX compared with YK-4-279 alone in both HOS and MG63 cells (Figures 

7a and 7b). 

 

  
a) b) 

Figure 7. Inhibition of the MAPK pathway attenuates YK-4-279-induced apoptosis and alterations in DNA 

damage-related proteins in OS cells. HOS and MG63 cells were treated with YK-4-279 and SB203580 (p38 

MAPK inhibitor) for 24 hours: (a) Western blot analysis of p38 MAPK, p-p38 MAPK, PARP1, and γ-H2AX 

expression in HOS and MG63 cells, with GAPDH as the internal control, and (b) Quantitative evaluation of 

protein expression levels of p38 MAPK, p-p38 MAPK, PARP1, and γ-H2AX. Experiments were 

independently repeated five times, and data are presented as mean ± SD. *P < 0.05, ***P < 0.001: drug 

treatment group vs control. #P < 0.05, ###P < 0.001: co-treatment group vs YK-4-279. 

 

Overall, these results demonstrate that the cytotoxic effects of YK-4-279—including suppression of viability, 

induction of DNA damage, and promotion of apoptosis—are largely dependent on activation of the MAPK 

signaling pathway. 

 

YK-4-279 inhibits tumor growth in nude mice 

To investigate the in vivo antitumor activity of YK-4-279 against osteosarcoma, MG63 cells were injected 

subcutaneously into nude mice, which were subsequently administered either PBS (control) or YK-4-279 at a 

dose of 30 mg/kg/day. Tumor dimensions were recorded every three days to construct growth curves. Importantly, 

YK-4-279 administration was well tolerated, with no noticeable adverse effects, such as reduced activity or weight 

loss, observed in treated mice. After 28 days of treatment, animals were euthanized, and tumors were excised and 

weighed. 

Compared with the control group, YK-4-279 treatment significantly suppressed tumor progression. Molecular 

analysis by Western blot showed increased γ-H2AX expression, enhanced PARP1 cleavage, and elevated p-p38 

MAPK levels following YK-4-279 administration, indicating activation of DNA damage and MAPK-related 

apoptotic signaling in vivo. 

In addition, serum biochemical profiling revealed no significant differences in liver or kidney function parameters 

between treated and control groups, suggesting minimal systemic toxicity at the administered dose. 

Overall, these findings demonstrate that YK-4-279 effectively suppresses osteosarcoma tumor growth in vivo 

while maintaining a favorable safety profile at therapeutic concentrations. 

In this study, YK-4-279 was shown to exert broad antitumor effects in osteosarcoma (OS) models, including 

suppression of cell viability and proliferation, induction of DNA damage, disruption of cell cycle progression, and 

activation of apoptotic signaling. Importantly, these biological effects were accompanied by robust activation of 

the MAPK signaling cascade in OS cells. Taken together, these findings suggest that the anti-proliferative, pro-
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damage, and pro-apoptotic actions of YK-4-279 are likely linked to MAPK pathway stimulation. Overall, the 

results provide both mechanistic insight and experimental support for the potential clinical application of the 

ETV1 inhibitor YK-4-279, highlighting ETS targeting as a promising strategy for osteosarcoma therapy. 

Uncontrolled proliferation is a defining characteristic of cancer, making growth suppression a central goal of 

anticancer therapy. Previous in vivo studies have shown that YK-4-279 can inhibit tumor growth and metastatic 

spread in prostate cancer xenograft models [44]. In lymphoma systems, it has been reported to suppress malignant 

cell growth in a concentration-dependent manner [35]. Likewise, melanoma studies have demonstrated that YK-

4-279 reduces both survival and proliferative capacity across multiple cell lines, thereby limiting tumor 

progression [45]. Consistent with these observations, our data confirmed that YK-4-279 significantly impaired 

OS cell growth and viability, supporting its potential value as an anti-osteosarcoma agent. 

Osteosarcoma progression is closely linked to abnormalities in cell cycle control, which depend on the coordinated 

regulation of cyclins and cyclin-dependent kinases (CDKs) [46]. CDK inhibitory proteins such as p21 and p27 

act as negative regulators of cell cycle progression by suppressing cyclin–CDK complex activity, thereby 

preventing DNA replication and cell cycle transition [47, 48]. Cyclin D1 is widely recognized as an oncogenic 

regulator involved in cell proliferation and is frequently considered a therapeutic target [49]. Cyclin B, in contrast, 

is essential for driving cells into mitosis during the G2/M phase [50]. Earlier studies reported that YK-4-279 

induces rapid G2/M arrest in Ewing sarcoma cells, associated with reduced Cyclin B1 levels and altered 

microtubule-associated protein expression, ultimately leading to growth inhibition and apoptosis [51]. In addition, 

methyl protodioscin has been shown to trigger apoptosis in osteosarcoma cells through caspase-dependent 

mechanisms and activation of the MAPK pathway [52]. Similarly, Xie DM reported that Tanshinone II A 

enhances chemosensitivity in osteosarcoma by activating the p38/MAPK pathway, increasing pro-apoptotic 

proteins such as cleaved caspase-3 and Bax, while suppressing anti-apoptotic markers such as Bcl-2 and caspase-

3 [53]. In line with these studies, our results demonstrated that YK-4-279 induced G2/M phase arrest in OS cells, 

increased p21 and p27 expression, and reduced Cyclin B1 and Cyclin D1 levels. These data indicate that YK-4-

279 inhibition of OS cell proliferation is strongly associated with disruption of the G2/M checkpoint. 

Many anticancer agents induce DNA damage in rapidly dividing tumor cells by interfering with replication-

associated signaling pathways [54, 55]. DNA damage typically activates the upstream kinase ATM and its 

downstream effector CHK2. Activated ATM subsequently phosphorylates histone H2AX, generating γ-H2AX as 

a marker of DNA double-strand breaks [56]. In the present study, elevated γ-H2AX foci formation and increased 

γ-H2AX protein expression were detected in OS cells following YK-4-279 exposure, indicating the occurrence 

of DNA damage. Once DNA lesions arise, the ATM–CHK2 axis initiates downstream responses, including 

checkpoint activation, apoptosis, or DNA repair. Our findings further showed enhanced phosphorylation of ATM 

and CHK2 after YK-4-279 treatment. Collectively, these results indicate that YK-4-279 induces DNA damage 

signaling, contributing to reduced OS cell viability and proliferative capacity. 

The inhibition of tumor cell proliferation is closely linked to the activation of programmed cell death pathways, 

which represent a central mechanism in anticancer therapy [57]. Accordingly, apoptosis is widely used as a key 

functional endpoint when evaluating the efficacy of potential anticancer agents. Apoptosis itself is an irreversible 

and highly coordinated signaling cascade governed primarily by the cysteine protease (caspase) family [58]. 

Within this system, Caspase 8 serves as an essential initiator of death receptor–mediated apoptotic signaling [59, 

60]. Additionally, PARP1 cleavage is routinely recognized as a biochemical indicator of apoptotic progression. 

The small molecule YK-4-279 has been reported as a potent mitotic disruptor that induces apoptosis across 

multiple neuroblastoma models with distinct oncogenic drivers [36]. In vivo xenograft studies further 

demonstrated that YK-4-279 suppresses tumor growth in Ewing sarcoma by disrupting EWS-FLI1 activity and 

promoting apoptosis [61]. Moreover, combining low-dose docetaxel with YK-4-279 has been shown to intensify 

apoptotic signaling while concurrently reducing cellular motility and invasive potential in prostate cancer models 

[62]. In the present work, YK-4-279 significantly increased apoptotic rates in osteosarcoma (OS) cells and 

enhanced the accumulation of cleaved PARP1 and Caspase 8, consistent with previously reported findings. These 

results collectively suggest that YK-4-279 may exert anti-OS effects primarily by inducing apoptotic cell death, 

thereby restricting tumor expansion and progression. 

The MAPK (Mitogen-Activated Protein Kinase) signaling network is a fundamental regulator of apoptosis 

triggered by anticancer interventions. Core MAPK components, including ERK, JNK, and p38, orchestrate 

essential cellular functions such as proliferation, differentiation, survival, and programmed cell death [63]. 

Notably, multiple ETS transcription factors are direct downstream targets of MAPK signaling cascades [64, 65]. 
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Therefore, determining whether YK-4-279 modulates this pathway is essential for understanding its mechanism 

of action in OS. Our findings revealed that YK-4-279 markedly increased phosphorylation levels of ERK1/2, 

JNK, and p38 MAPK, indicating robust activation of MAPK signaling. Previous evidence has shown that 

activation of JNK and p38 MAPK can drive apoptosis via G2/M cell cycle arrest [66, 67], which is consistent 

with our experimental results. 

To further confirm the functional role of MAPK signaling in YK-4-279–mediated effects, OS cells were co-treated 

with YK-4-279 and a p38 MAPK inhibitor to determine whether pathway suppression could reverse its biological 

activity. The results demonstrated that inhibition of p38 MAPK partially reversed the effects of YK-4-279, leading 

to decreased apoptosis, partial recovery of DNA stability, and reduced MAPK pathway activation. These 

observations indicate that YK-4-279 suppresses OS cell survival and proliferation predominantly by activating 

MAPK signaling, which, in turn, promotes DNA damage, cell cycle arrest, and apoptosis. 

YK-4-279 has exhibited broad-spectrum anticancer activity in various tumor types, underscoring its potential as 

a therapeutic candidate. Our in vitro data in osteosarcoma further support this concept, suggesting strong 

translational potential for OS therapy. In summary, YK-4-279 suppressed OS cell growth and viability, induced 

cell cycle arrest, promoted apoptosis, and inhibited tumor progression. These effects are likely mediated through 

MAPK pathway activation, positioning YK-4-279 as a promising candidate for osteosarcoma treatment. 

In addition, in vivo experiments demonstrated that YK-4-279 significantly inhibited tumor growth in an MG63 

osteosarcoma xenograft model. This antitumor activity may be associated with activation of DNA damage 

signaling, as evidenced by elevated γ-H2AX expression, induction of apoptotic pathways indicated by PARP1 

cleavage, and stimulation of the p38 MAPK stress response axis. Importantly, administration at an effective dose 

of 30 mg/kg/day did not produce significant changes in body weight or hepatic and renal biochemical parameters, 

suggesting that YK-4-279 combines strong in vivo antitumor efficacy with a favorable safety profile. 

This work is not without limitations, and further investigations are required to strengthen and extend these findings 

in several directions. First, future studies should incorporate a larger, more diverse set of osteosarcoma cell lines 

to better capture tumor heterogeneity and provide a more comprehensive evaluation of the antitumor mechanisms 

and efficacy of YK-4-279. In parallel, in vivo experimental models should be refined to allow a more detailed and 

reliable assessment of both therapeutic performance and safety outcomes associated with YK-4-279 

administration. 

In addition, pharmacokinetic and pharmacodynamic profiling will be necessary to define optimal dosing schedules 

and to clarify the compound’s systemic stability and distribution characteristics. Chemical optimization of YK-4-

279 may also be explored to improve solubility, reduce off-target toxicity, and preserve or enhance target 

specificity. Furthermore, combination therapy approaches involving standard chemotherapeutic agents or 

immunotherapeutic strategies should be evaluated to determine whether synergistic effects can enhance antitumor 

activity and help overcome potential resistance mechanisms. Together, these future directions aim to advance the 

preclinical development of YK-4-279 and support its translation into clinical use. 

Conclusion 

The present study examined the anticancer effects and underlying molecular mechanisms of YK-4-279 in 

osteosarcoma (OS). In vitro experiments demonstrated that YK-4-279 markedly reduces OS cell viability and 

proliferative capacity, induces G2/M arrest, promotes programmed cell death, and causes DNA damage. 

Mechanistically, these effects were associated with activation of the MAPK signaling cascade, including ERK1/2, 

JNK, and p38 MAPK, with a pronounced increase in phosphorylation of these signaling components following 

treatment. Moreover, pharmacological inhibition of p38 MAPK partially counteracted the effects of YK-4-279, 

highlighting its central role in mediating the observed antitumor responses. 

Overall, YK-4-279 exerts its anti-osteosarcoma activity primarily by activating the MAPK pathway, leading to 

reduced cell survival, cell cycle disruption, DNA damage, and apoptosis. These results support YK-4-279 as a 

promising candidate for future osteosarcoma therapy. 
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