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Abstract 

Background:  Osteosarcoma is the most prevalent primary malignant bone tumor 
affecting pediatric and adolescent individuals. However, despite the passage of three 
decades, there has been no notable enhancement in the overall survival rate 
of patients with osteosarcoma. In recent years, CD155 has been reported to exhibit 
abnormal amplification in a range of tumors, yet the precise underlying mechanism 
remains elusive. The objective of this study is to investigate the role of CD155 in osteo-
sarcoma, and to identify drugs that specifically target this molecule, thereby offering 
a novel direction for the treatment of osteosarcoma.

Methods:  The prognosis of patients with osteosarcoma with high and low expression 
of CD155 was verified by immunohistochemistry. CCK-8 and colony formation assays 
were used to detect cell proliferation and drug resistance. Transwell experiments were 
used to detect cell migration and invasion. The sphere formation experiment was used 
to evaluate the stemness of tumor cells. Additionally, in vivo animal models were 
utilized to assess the functional role of CD155 in a biological context.  RNA-seq and co-
immunoprecipitation methods were used to search for downstream target molecules 
and signaling pathways of CD155. Finally, virtual screening was used to find drugs 
targeting CD155.

Results:  In this study, we have established the significant amplification of CD155 
in osteosarcoma. Utilizing a comprehensive array of experimental methods, includ-
ing CCK-8 assay, colony formation assay, Transwell assay, and in vivo animal models, 
we unequivocally demonstrate that CD155 significantly potentiates the malignancy 
of osteosarcoma both in vitro and in vivo. Additionally, our findings reveal that CD155 
promotes osteosarcoma stemness by modulating the Wnt/β-catenin signaling path-
way. Advanced molecular techniques, such as RNA sequencing and co-immunoprecip-
itation, have been instrumental in elucidating the mechanism of CD155 in activating 
the Wnt/β-catenin pathway via the SRC/AKT/GSK3β signaling axis, thereby enhancing 
the stem-cell-like properties of osteosarcoma cells. To explore targeted therapeutic 
options, we conducted virtual screening and identified troxerutin as a promising 
CD155 inhibitor.
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Conclusions:  Our findings reveal that troxerutin effectively inhibits CD155, attenuates 
the SRC/AKT/GSK3β signaling cascade, diminishes the nuclear localization of β-catenin, 
and consequently mitigates osteosarcoma stemness. These discoveries position 
troxerutin as a promising candidate for targeted osteosarcoma therapy.

Highlights 

•	 The overexpression of CD155 is linked to unfavorable prognosis in osteosarcoma.
•	 CD155 facilitates the stemness of osteosarcoma.
•	 CD155 can facilitate the nuclear translocation of β-catenin.
•	 Troxerutin can effectively inhibit CD155 and suppress tumor stemness.

Keywords:  CD155, Osteosarcoma, β-catenin, Stemness, Troxerutin

Introduction
Osteosarcoma (OS) is the most frequent primary malignant bone tumor affecting 
children and adolescents, with a global incidence of approximately 2–3 cases per mil-
lion per year [1–4]. Originating primarily from mesenchymal cells residing in the long 
bones adjacent to the knee joint, OS is distinguished by its significant malignancy and 
propensity for pulmonary metastasis [5]. The current therapeutic regimen, combining 
surgical resection with chemotherapy, has improved the 5-year survival rate for local-
ized cases to 60–70%. However, the stagnation of overall survival rates over the past 
three decades calls for deeper exploration into the pathogenesis of OS to foster novel 
pharmacological treatments and improve clinical outcomes [6–8].

The poliovirus receptor (CD155/PVR), an immunoglobulin superfamily glyco-
protein, was initially identified as a mediator of poliovirus entry [9]. Recent studies 
have expanded its role to include critical functions in cell adhesion, migration, pro-
liferation, contact inhibition, and immune modulation [10, 11]. It is noteworthy that 
CD155 exhibits relatively low expression levels in normal tissues, yet its expression is 
significantly upregulated in a range of cancers, including lung, breast, colorectal, and 
gastric cancers. Moreover, the elevated expression of CD155 is closely associated with 
poor prognosis [12]. CD155 expression has been shown to positively correlate with 
tumor size and staging, with significantly higher levels observed in advanced can-
cers (stages III and IV) compared with early-stage malignancies. In lung cancer, the 
interaction between CD155 and TIGIT has been demonstrated to directly inhibit the 
function of natural killer (NK) cells, thereby facilitating tumor immune escape [13]. 
In breast cancer, CD155 can enhance mitochondrial fatty acid β-oxidation via the 
CD155-CD96-Src-Stat3-Opa1 signaling axis, thereby promoting the chemotherapy 
resistance of breast cancer stem cells [14]. In rectal cancer, PITPNC1 can regulate the 
expression of CD155 via FASN, suppress CD8+ T-cell immune function, and enhance 
radiation resistance in rectal cancer [15]. He et al. discovered that gastric cancer cells 
can inhibit CD8 T-cell metabolism via CD155/TIGIT signaling, thus suppressing the 
effector function of CD8 T cells and resulting in hyporesponsive antitumor immunity 
[16]. In the context of OS, Zhuo et  al. demonstrated that overexpression of CD155 
significantly enhances the lung metastatic potential of OS cells [17]. Despite emerg-
ing insights into CD155’s role in cancer progression, its involvement in OS and the 
underlying mechanisms remain underexplored.
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The Wnt/β-catenin signaling pathway, known for its evolutionary conservation, is 
implicated in a myriad of cellular processes, including proliferation, differentiation, 
migration, invasion, and tissue homeostasis, and plays a critical role in tumorigenesis 
[18, 19]. The interaction between CD155 and the Wnt/β-catenin pathway in the con-
text of malignant progression is not well understood and thus necessitates further 
investigation.

Troxerutin, a derivative of the naturally occurring flavonoid rutin, is renowned for 
its extensive pharmacological attributes including antioxidant and anti-inflammatory 
capabilities. Consequently, it finds widespread clinical application in the management 
of chronic venous insufficiency and various other vascular ailments [20]. Recent studies 
have also highlighted its protective effects in Alzheimer’s disease, colorectal cancer, and 
hepatocellular carcinoma [21]. However, its application and mechanisms in treating OS 
remain largely unexplored.

In this study, we investigated the role of CD155 in OS and identified potential CD155-
targeting drugs through virtual screening. By conducting both in  vitro and in  vivo 
experiments, we demonstrated that CD155 significantly contributes to the malignant 
progression of OS. Through bioinformatics, co-immunoprecipitation (co-IP), and RNA-
seq analysis, we established that CD155 enhances SRC activity, activates the PI3K-AKT 
signaling pathway, and consequently triggers the Wnt/β-catenin pathway. Furthermore, 
our structure-based virtual screening identified troxerutin as an effective inhibitor of 
CD155, capable of suppressing OS stemness. These findings suggest that troxerutin 
holds significant therapeutic promise for targeting CD155 to inhibit OS malignancy, 
offering a new therapeutic approach for patients with OS.

Methods
Human samples

The human OS samples and adjacent normal tissues utilized in this study were approved 
by the Ethics Committee of The First Affiliated Hospital of Sun Yat-sen University, 
Guangzhou (approval no. [2021] 755). Informed consent was obtained from all par-
ticipants. mRNA levels were analyzed in 20 matched tumor and adjacent normal tis-
sues using quantitative real-time polymerase chain reaction (qRT-PCR), while protein 
expression in 12 paired samples was assessed via Western blot. Additionally, immuno-
histochemistry was performed on 53 tumor samples to evaluate protein localization 
and expression levels. This study was conducted in strict adherence to the Declaration 
of Helsinki and has received approval from the Ethical Review Committee of the First 
Affiliated Hospital of Sun Yat-sen University.

Cell culture

OS cell lines SAOS-2, U2OS, MG63, HOS, MNNG/HOS, 143B, SJSA-1, and G292 and 
the osteoblast cell line hFOB1.19 were acquired from the American Type Culture Col-
lection (ATCC). The methotrexate-resistant U2OS/MTX300 cell line was provided by 
Dr. M. Serra, Istituti Ortopedici Rizzoli, Bologna, Italy. The primary and metastatic 
OS cell lines, ZOS and ZOSM, have been previously described [22]. All cell lines were 
authenticated and cultured following ATCC’s protocols.
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Collection of gene expression datasets

The gene expression data for pan-cancer was sourced from The Cancer Genome Atlas 
Program (TCGA, https://​www.​cancer.​gov/​ccg/​resea​rch/​genome-​seque​ncing/​tcga), 
encompassing 11,123 research specimens. Statistical analysis was performed using 
the Wilcoxon rank-sum test, and the results are ultimately presented as mean values 
on the graph.

The survival curve for pan‑cancer

The pan-cancer survival curve was plotted using the Gene Expression Profiling Inter-
active Analysis 2 (GEPIA2, http://​gepia2.​cancer-​pku.​cn/) database. All patients were 
sorted based on their CD155 expression levels, with the median serving as the cutoff. 
Subsequently, the patients were divided into two groups (high-CD155 group and low-
CD155 group).

RNA extraction and qRT‑PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, USA) and converted to 
cDNA using the PrimeScript RT reagent kit (Takara, Japan). qRT-PCR was performed 
using SYBR Green SuperMix (Roche, Switzerland) on an ABI7900HT Fast real-time 
PCR system (Applied Biosystems, USA), with ACTB serving as the internal control. 
Primer sequences are detailed in Supplementary Table S1.

Western blot analysis

Cellular proteins were extracted using radioimmunoprecipitation assay (RIPA) buffer 
with protease and phosphatase inhibitors (Roche, Switzerland). Protein concentra-
tions were quantified using the Pierce™ BCA protein assay kit (Thermo Fisher Sci-
entific, USA). Equal amounts of proteins were separated by sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis (PAGE), transferred to polyvinylidene fluo-
ride (PVDF) membranes (Millipore), and probed with specific antibodies. Detection 
was performed using enhanced chemiluminescence (ECL; MeilunBio, China).

The primary antibody used for western blotting and immunohistochemistry assays 
were as follows: CD155 (CST, 81254), GAPDH (Proteintech, 60004–1-Ig), β-tubulin 
(Proteintech, 10094–1-AP), β-catenin (Proteintech, 51067–2-AP), histone H3 (CST, 
9715), AKT (Proteintech, 60203–2-Ig), p-AKT (Proteintech, 66444–1-Ig), GSK3β 
(Proteintech, 22104–1-AP), p-GSK3β (Proteintech, 67558–1-Ig), SRC (CST, 2108), 
p-SRC Tyr 416 (CST, 6943), p-SRC Tyr 527 (CST, 2105), and Ki-67 (CST, 9449).

Immunohistochemical analysis

Immunostaining was performed on tissue sections, which were scored based on the 
percentage of positive cells and staining intensity. The overall expression score was 
calculated by multiplying these two factors. On the basis of the immune response 
scoring system, the immunohistochemical staining level was quantified. The cutoff for 
defining high or low expression of CD155 in immunohistochemistry was set at the 

https://www.cancer.gov/ccg/research/genome-sequencing/tcga
http://gepia2.cancer-pku.cn/
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median immunohistochemical score (n = 53), which included 31 patients with high 
expression of CD155 and 22 patients with low expression of CD155.

Lentiviral transduction

Lentiviruses packaging CD155 shRNA (targeting sequences: Sh_CD155_a: TTG​CAG​
GTC​ACA​TTC​TTG​CCG, Sh_CD155_c: AAT​TGT​TGT​TGG​CGT​TTC​GGG) were 
obtained from Tsingke Biotech (Beijing, China). OS cells were transduced and selected 
with puromycin (1 μg/ml) for stable knockdown.

Cell proliferation and colony formation assays

Cell proliferation was assessed using the CCK-8 assay (Dojindo, Japan), and colony for-
mation capacity was evaluated by plating cells in six-well plates, followed by staining 
with crystal violet. Both assays were quantified and data are presented as mean ± stand-
ard deviation (SD) from three independent experiments.

Transwell migration and invasion assays

Cell migration and invasion were analyzed using Transwell chambers with or without 
a Matrigel coating (Corning). Cells were seeded in serum-free medium and allowed to 
migrate toward medium supplemented with 10% fetal bovine serum (FBS). Migrated 
cells were stained, imaged, and counted.

Apoptosis and sphere formation assays

Apoptosis was induced with cisplatin and analyzed by annexin V/propidium iodide 
(PI) staining followed by flow cytometry. For sphere formation, a total of 1 × 103 cells 
were cultured in ultralow-adhesion dishes, and following stem-cell-promoting condi-
tions (with SJSA-1 cultured for 14 days and 143B for 7 days), the number of spheres with 
diameter exceeding 50 μm was enumerated.

ALDEFLUOR assay

The ALDEFLUOR assay utilizing the ALDEFLUOR kit (Stem Cell Technologies, Van-
couver, Canada) was applied to measure the aldehyde dehydrogenase (ALDH) activity 
of OS cells through fluorescence-activated cell sorting, following the manufacturer’s 
instructions. The experiment was conducted in triplicate.

Animal studies

The effect of CD155 knockdown on tumor growth was evaluated in nude mice, following 
ethical approvals. Mice were injected with OS cells and monitored for tumor develop-
ment. Tumor volumes were calculated and analyzed statistically. Tumor size was meas-
ured in two perpendicular dimensions (D1 and D2). As previously mentioned, tumor 
volume was calculated using the formula V = 4/3π[1/4 (D1 + D2)]2 [23].

RNA‑seq and co‑immunoprecipitation

For RNA-seq, libraries were prepared and sequenced, followed by data analysis to iden-
tify differentially expressed genes. co-IP was used to study protein interactions, with 
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specific details on antibodies and conditions provided. The primary antibody used for 
co-IP assays were CD155 (Abcam, ab205304) and SRC (CST, 2108).

Virtual screening and molecular dynamics

Structure-based virtual screening was conducted using Autodock Vina, targeting CD155 
with Food and Drug Administration (FDA)-approved drug libraries to identify poten-
tial inhibitors. Pymol/Origin Pro software was used to generate images from molecular 
dynamics simulations. Subsequently, experiments were conducted to verify the changes 
in the binding ability between CD155 and SRC after the addition of troxerutin (Med-
ChemExpress, USA; purity ≥ 98.0%).

Statistical analysis

Data were analyzed using GraphPad Prism 9, with statistical significance set at p < 0.05. 
Results are expressed as mean ± SD from triplicate experiments.

Results
CD155 correlates with poor prognosis in OS

Upon analyzing The Cancer Genome Atlas (TCGA) database, we discovered that the 
expression level of CD155 is notably elevated in the majority of tumors compared with 
their respective normal tissues (Fig. 1A). An initial analysis using the Gene Expression 
Profiling Interactive Analysis 2 (GEPIA2) database indicated that high CD155 expres-
sion correlates with reduced overall and disease-free survival in patients with cancer 
(Fig. 1B). Subsequent qRT-PCR analysis of 20 samples from patients with OS revealed 
significantly higher CD155 mRNA levels in tumor tissues compared with adjacent 
normal tissues (Fig.  1C). Western blot analyses corroborated these findings, showing 
increased CD155 protein levels in tumor tissues (Fig. 1D, E). Elevated levels of CD155 
mRNA and protein were also observed in various OS cell lines compared with the osteo-
blast cell line hFOB1.19 (Fig. 1F, G). Immunohistochemical (IHC) analysis of OS clini-
cal specimens further confirmed higher CD155 expression, which was associated with 
lower overall survival and lung metastasis-free survival rates, as shown by Kaplan–Meier 
analysis (Fig. 1H, I). Collectively, these data suggest a prognostic role for CD155 in OS, 
with its overexpression linked to adverse clinical outcomes.

CD155 enhances malignant phenotypes of OS

To explore CD155’s functional role in OS, we generated stable CD155 knockdown in 
SJSA-1 and 143B cells using two shRNA sequences (Sh_CD155_a and Sh_CD155_c) 
(Fig. 2A). Knockdown of CD155 significantly reduced proliferation (Fig. 2B) and colony 
formation (Fig. 2C, D) in these cell lines. Transwell assays also showed reduced migra-
tion and invasion capabilities following CD155 suppression (Fig.  2E, F). Additionally, 
reduced CD155 expression decreased resistance to cisplatin, a primary chemotherapeu-
tic agent for OS (Fig.  2G–L) [24]. Building on in  vitro results, 143B cells with CD155 
knockdown were implanted into the tibias of nude mice. This led to significantly sup-
pressed OS cell growth in  vivo (Fig.  2M–O). Subsequently, Western blot experiments 
were performed to assess the alterations in the expression level of CD155 following 
tumor nude mice (Fig. 2P). IHC analysis showed a positive correlation between CD155 
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and Ki-67, a proliferation marker, in OS (Fig. 2Q). These findings indicate that CD155 
downregulation hampers OS cell proliferation, metastasis, and chemoresistance.

CD155 facilitates OS cell stemness

Investigations into CD155’s role in cancer stemness showed that CD155 expression and 
ALDH activity were elevated in sarcospheres derived from SJSA-1 and 143B cells, which 
exhibit cancer stem cell (CSC) traits, compared with parental cells (Fig. 3A–F). Knock-
down of CD155 results in a reduction in the size and number of spheroids (Fig. 3G, H), 
decreased ALDH activity (Fig. 3I, J), and reduced expression of cancer stemness mark-
ers (Fig.  3K, L). Examination of CSC pathways revealed significant downregulation of 
Wnt pathway target genes following CD155 knockdown (Fig.  3M, N) [25–28]. Con-
sistent with this finding, β-catenin expression and nuclear localization were reduced 

Fig. 1  CD155 correlates with poor prognosis in OS. A Analysis of the TCGA database reveals that the 
expression level of CD155 is notably elevated in a range of tumors, in stark contrast to its corresponding 
normal tissues. B Data analysis from the GEPIA2 database indicates that patients with a high level of 
CD155 expression have a worse prognosis among cancer patients (the dashed line indicates the 95% 
confidence interval). C qRT-PCR was employed to assess the mRNA expression level of CD155 in both 
human OS tissues and their corresponding normal tissues (n = 20). D Western blot experiments were 
performed to quantitatively evaluate the expression levels of CD155 protein in human OS tissues, as well 
as their corresponding normal tissues, for the purpose of comparative analysis. E A grayscale analysis on 
the outcomes presented in D. F The expression of CD155 between hFOB1.19 and OS cell lines detected 
by qRT-PCR. G Western blot experiment to measure the CD155 protein levels between hFOB1.19 and OS 
cell lines. H Representative IHC images demonstrating the expression of CD155 in the tumor tissues of OS 
patients. I Kaplan–Meier survival analysis of OS patients stratified by CD155 expression levels (n = 53, the 
dashed line indicates the 95% confidence interval). *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 2  CD155 enhances malignant phenotypes of OS. A Western blot is used to assess the levels of CD155 
protein in SJSA-1 and 143B cells following the knockdown of CD155. B–D The CCK-8 assay (B) and colony 
formation assay (C, D) to assess the proliferative capacity of OS cells following CD155 knockdown. E, F 
Utilizing the Transwell assay, the invasion and migration capacities of OS cells were evaluated. G, H The 
CCK-8 assay was employed to assess the resistance of OS cells toward cisplatin. I, J Flow cytometry was 
employed to assess the apoptotic state of OS cells following knockdown of CD155. K, L Flow cytometry was 
utilized to assess the apoptotic status of OS cells following cisplatin treatment (SJSA-1 cells pretreated with 
9 μM cisplatin for 48 h and 143B cells pretreated with 1 μM cisplatin for 48 h). M Knocking down CD155 
can effectively suppress the growth of 143B cells in nude mice. N After a period of 27 days, the tumor were 
extracted and subsequently weighed. O The tumor volume was monitored every 3 days to generate a tumor 
growth curve accordingly. P Western blot experiments were performed to assess the expression level of 
CD155 in 143B cells following tumor formation in nude mice, followed by grayscale analysis. Q IHC staining of 
tumor sections was performed using CD155 and KI-67 antibodies. *p < 0.05; **p < 0.01; ***p < 0.001
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post-CD155 knockdown (Fig. 3O, P), suggesting that CD155 supports OS stemness pri-
marily through the Wnt/β-catenin pathway.

Overexpression of CD155 augments malignant OS phenotypes

To further validate CD155’s role, we overexpressed CD155 in U2OS, SJSA-1, and 143B 
cells, which enhanced proliferation, metastatic potential, and drug resistance (Fig. 4A–
H). In addition, overexpression of CD155 results in an elevation of cancer stemness 

Fig. 3  CD155 facilitates OS cell stemness. A Representative images depicting CSCs isolated from SJSA-1 and 
143B cells. B, C The activity of ALDH in CSCs was measured using fluorescence-activated cell sorting analysis. 
Representative images and quantitative data of ALDH activity results are presented. D, E Utilize the qRT-PCR 
experiment to assess the expression of stemness markers and CD155 in CSCs cells. F Determine the protein 
expression level of CD155 in CSCs by western blotting. G Representative images of in vitro sphere formation 
assay conducted on control cells and CD155-knockdown OS cells. H The quantity of sphere in the in vitro 
sphere formation assay conducted on CD155-knockdown OS cells and their respective control cells. I, J The 
activity of ALDH in CD155-knockdown SJSA-1 and 143B cells was measured using fluorescence-activated 
cell sorting analysis. Representative images and quantitative data of ALDH activity results are presented. K, L 
qRT-PCR was utilized to assess the expression levels of stemness markers in CD155-knockdown SJSA-1 and 
143B cells. M, N Utilize qRT-PCR to assess the mRNA expression levels of target genes involved in the Wnt 
pathway (PPARD, AXIN2, and MMP7), Notch pathway (HES1 and CCND3) and Hedgehog pathway (GLI1 and 
HHIP) in both control cells and CD155 knockdown OS cells. O Detection of alterations in β-catenin protein 
levels in OS cells following CD155 knockdown by western blotting. P Detection of alterations in β-catenin 
nuclear protein levels in OS cells following CD155 knockdown via western blotting. *p < 0.05; **p < 0.01; 
***p < 0.001
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Fig. 4  Overexpression of CD155 augments malignant OS phenotypes. A Western blot analysis was employed 
to assess the levels of CD155 protein in U2OS, SJSA-1, and 143B cells following overexpression of CD155. 
B–D CCK-8 assay (B) and colony formation assay (C, D) were employed to assess the proliferative capacity 
of OS cells following the overexpression of CD155. E, F The Transwell assay was used to assess the invasive 
and migratory capabilities of OS cells. G, H The CCK-8 assay was employed to assess the resistance of OS cells 
toward cisplatin. I qRT-PCR was utilized to assess the expression levels of stemness markers in U2OS, SJSA-1, 
and 143B cells following the overexpression of CD155. J Representative images of in vitro sphere formation 
assays conducted on control cells and CD155-overexpressing OS cells. K The quantity of sphere in the in vitro 
sphere formation assay conducted on CD155-overexpressing OS cells and their respective control cells. 
L, M The activity of ALDH in CD155-overexpressing OS cells was measured using fluorescence-activated 
cell sorting analysis. Representative images and quantitative data of ALDH activity results are presented. N 
Detection of alterations in β-catenin nuclear protein levels in OS cells following the overexpression of CD155 
via western blotting. *p < 0.05; **p < 0.01; ***p < 0.001
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markers, an increase in the number and size of spheroids, as well as an elevation in 
ALDH activity (Fig. 4I–M). Increased β-catenin nuclear localization upon CD155 over-
expression (Fig. 4N) corroborated its role in activating the Wnt/β-catenin pathway, rein-
forcing CD155’s potential to amplify OS malignancy.

β‑Catenin promotes malignant phenotypes in OS in vitro

Building on our understanding that CD155 influences OS progression through the Wnt/
β-catenin pathway, we investigated the pathway’s role by silencing β-catenin (CTNNB1) 
in SJSA-1 and 143B cell lines (Fig.  5A). Post-knockdown, a notable reduction in pro-
liferation, metastasis potential, and chemoresistance was observed (Fig.  5B–H). Fur-
thermore, knockdown of CTNNB1 results in a reduction in the size and number of 
spheroids and decreased ALDH activity (Fig. 5I–L). To gain a deeper understanding of 
the Wnt/β-catenin pathway’s role in OS, we treated OS cells with HLY78, a recognized 
activator of the Wnt/β-catenin pathway. HLY78 specifically targets the DIX domain of 
Axin, strengthening its interaction with LRP6, thereby facilitating LRP6 phosphorylation 
and subsequent Wnt signaling transduction [29–31]. Notably, HLY78 treatment resulted 
in a significant increase in the nuclear localization of β-catenin, effectively enhancing 
cellular proliferation, metastasis, and drug resistance capabilities (Supplementary Fig. 
S1A-H). Furthermore, upon the introduction of HLY78, we observed a remarkable surge 
in both the number and size of spheroids (Supplementary Fig. S1I, J). Finally, we intro-
duced HLY78 into cells with downregulated β-catenin to observe cellular changes, yet 
these alterations appeared to be rather subtle (Supplementary Fig. S2A-F). We hypoth-
esize that HLY78 inhibits the degradation of β-catenin by specifically targeting the DIX 
domain of Axin and enhancing the interaction between Axin and LRP6. Nevertheless, 
in β-catenin knockdown cells, the protein translation of β-catenin is significantly sup-
pressed, thereby limiting observable recovery effects. In conclusion, the Wnt pathway 
plays a pivotal role in the malignancy of OS.

CD155 facilitates OS malignancy via Wnt/β‑catenin activation

To ascertain whether the augmentation of malignancy by CD155 is facilitated through 
the Wnt/β-catenin pathway, we administered HLY78 to OS cells with downregulated 
CD155. The treatment with HLY78 significantly reinstated the nuclear localization of 
β-catenin in CD155-knockdown cells, effectively restoring their proliferative, metastatic, 
and drug-resistant capabilities (Fig. 6A–H). Moreover, upon the addition of HLY78, both 
the number and size of the observed spheres, as well as ALDH activity, were significantly 
restored (Fig. 6I–L). These findings underscore the pivotal role of CD155 in augmenting 
OS malignancy by potentiation of the Wnt/β-catenin pathway.

CD155 activates Wnt/β‑catenin signaling via the PI3K‑AKT pathway

Further exploration using RNA-seq identified significant gene expression changes 
post-CD155 knockdown in 143B cells. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis of differentially expressed genes highlighted the PI3K-AKT 
pathway as significantly enriched (Fig.  7A, B). Concordant with previous studies, 
we observed that activation of this pathway promotes β-catenin’s nuclear translo-
cation by phosphorylating GSK3β [32]. Consequently, reduced phosphorylation 
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levels of AKT and GSK3β were confirmed post-CD155 knockdown, supporting the 
involvement of this pathway in CD155-mediated Wnt/β-catenin activation (Fig. 7C). 
Additionally, using the Search Tool for the Retrieval of Interacting Genes/Proteins 

Fig. 5  β-Catenin promotes malignant phenotypes in OS in vitro. A Western blot is used to assess the 
levels of β-catenin protein in SJSA-1 and 143B cells following the knock-down of CTNNB1. B–D The 
CCK-8 assay (B) and colony formation assay (C, D) were employed to assess the proliferative capacity 
of OS cells following CTNNB1 knockdown. E, F Utilizing the Transwell assay, the invasion and migration 
capacities of OS cells were evaluated. G, H The CCK-8 assay was employed to assess the resistance of OS 
cells towards cisplatin. I Representative images of in vitro sphere formation assay conducted on control 
cells and CTNNB1-knockdown OS cells. J The quantity of spheres in the in vitro sphere formation assay 
conducted on CTNNB1-knockdown OS cells and their respective control cells. K, L The activity of ALDH in 
CTNNB1-knockdown OS cells was measured using fluorescence-activated cell sorting analysis. Representative 
images and quantitative data of ALDH activity results are presented. *p < 0.05; **p < 0.01; ***p < 0.001
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(STRING) database, we identified potential CD155 (PVR) interacting proteins, 
emphasizing SRC owing to its known role in activating the PI3K-AKT pathway 
(Fig. 7D) [33, 34]. Co-IP assays confirmed the interaction between CD155 and SRC, 
and specific alteration in phosphorylation states of SRC at Tyr 416 further deline-
ated this mechanism (Fig. 7E–G).

Troxerutin targets CD155 to mitigate OS stemness

To identify potential CD155-targeting drugs, a structure-based virtual screening was 
performed, ranking drugs on the basis of affinity to CD155 (Fig.  8A, B). Introduction 
of the top candidates into OS cell lines revealed that troxerutin, estradiol benzoate, and 
palonosetron decreased phosphorylated SRC levels, with troxerutin showing distinct 
OS-suppressive properties (Fig.  8C–E). Furthermore, we conducted molecular dock-
ing. Initially, we ascertained the interaction between CD155 and troxerutin (Fig.  8F), 
followed by determining the interaction between CD155 and SRC (Fig. 8G–J; Supple-
mentary Tables S4, 5). Subsequently, we employed molecular dynamics simulation tech-
nology to examine the conformational changes, binding free energy variations, and the 
altered contributions of each residue to the binding free energy between CD155 and 
SRC upon the addition of troxerutin (Supplementary Fig. S3A–M; Supplementary Figs. 
S6–8). We conducted experiments to determine whether troxerutin specifically sup-
pressed the interaction between CD155 and SRC. The experimental findings revealed 
a marked reduction in the binding capacity of CD155 and SRC upon the introduction 
of troxerutin into OS cells (Fig.  8K). Detailed analysis confirmed troxerutin’s efficacy 
in reducing downstream targets of CD155, including phosphorylated SRC, AKT, and 
GSK3β, which correlated with diminished β-catenin nuclear translocation (Fig. 8L, M). 
The sphere formation assay and ALDEFLUOR assay further confirmed that the cancer 
stemness markers, number and size of spheres, and ALDH activity were significantly 
reduced in troxerutin-treated cells, consolidating their targeting of the CD155/SRC/β-
catenin axis to inhibit OS stemness (Fig. 8N–U).

Discussion
OS remains the most common primary bone tumor among children and adolescents 
[35]. Despite advancements in multidrug chemotherapy and surgical interventions over 
the past three decades, which have notably improved the 5-year survival rate for OS 
patients [1], the development of new treatment options has stagnated in recent years 
[36, 37]. This underscores the critical need for more effective therapeutic interventions. 

(See figure on next page.)
Fig. 6  CD155 facilitates OS malignancy via Wnt/β-catenin activation. A The nuclear translocation of 
β-Ccatenin in OS cells with knocked-down CD155 was evaluated using the western blot following the 
addition of HLY78. (B–D) The CCK-8 (B) assay and colony formation assay (C, D) were employed to assess the 
proliferative capacity of OS cells upon the addition of HLY78 to cells with downregulated CD155 expression. 
E, F Utilizing the Transwell assay, the invasion and migration capacities of OS cells were evaluated. G, H The 
CCK-8 assay was employed to assess the resistance of OS cells toward cisplatin. I Representative images of 
the in vitro sphere formation assay. J The quantity of spheres in the in vitro sphere formation assay. K, L The 
activity of ALDH in OS cells was measured using fluorescence-activated cell sorting analysis. Representative 
images and quantitative data of ALDH activity results are presented. *p < 0.05; **p < 0.01; ***p < 0.001
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Our study highlights a significant association between elevated CD155 expression and 
the malignant progression of OS, suggesting that targeting CD155 could be a promising 
therapeutic strategy, given its correlation with poor prognosis in patients with OS.

Fig. 6  (See legend on previous page.)
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Traditionally, CD155 is minimally expressed in endothelial and immune cells [38, 
39] but is abnormally overexpressed in various tumor types [40–42]. Although recog-
nized as an immune regulatory molecule in diverse cancers [43, 44], the specific role 
of CD155 in OS has been less clear. We discovered that cells originating from the same 
source and expressing elevated levels of CD155 tend to possess greater malignant poten-
tial. For instance, when comparing U2OS with its methotrexate-resistant variant, U2OS/

Fig. 7  CD155 activates Wnt/β-catenin signaling via the PI3K-AKT pathway. A The volcano plot illustrates the 
increase and decrease in the number of genes in 143B cells following CD155 knockdown, in comparison with 
control cells. B KEGG enrichment analysis revealed that the PI3K-AKT signaling pathway exhibited the most 
significant alteration. C Western blot was utilized to assess alterations in the protein levels of phosphorylated 
AKT and phosphorylated GSK3β in OS cells with CD155 knockdown. D Proteins potentially interacting with 
CD155 (PVR) predicted by the STRING database. E, F The interaction between CD155 and SRC in SJSA-1 and 
143B cells was examined through a co-IP experiment. G Western blot was utilized to assess alterations in the 
protein levels of phosphorylated SRC in OS cells following the knockdown of CD155

(See figure on next page.)
Fig. 8  Troxerutin targets CD155 to mitigate OS stemness. A Illustrative workflow diagram for the screening 
of potential therapeutics directed against CD155. B The top ten drugs, ranked based on affinity, with lower 
values indicating stronger affinity. C Western blot was utilized to assess the alterations in the phosphorylation 
levels of SRC following the introduction of the top ten drugs, ranked by affinity, into SJSA-1 and 143B cells. 
D, E The CCK-8 assay is utilized to assess the resistance of OS cells to the top ten drugs ranked by affinity. 
F The interaction diagram between CD155 and troxerutin, depicting hydrogen bonding with solid blue 
lines and hydrophobic interaction with dashed gray lines. G Hydrogen bonding diagram of CD155 and SRC 
(overall). H–J Hydrogen bonding diagram of CD155 and SRC (details). K The co-IP experiment was conducted 
to investigate the interaction between CD155 and SRC in SJSA-1 and 143B cells following troxerutin 
treatment. L Western blot analysis was employed to assess alterations in the phosphorylated SRC, AKT, and 
GSK3β protein levels within OS cells following troxerutin treatment. M Western blot is utilized to assess 
the nuclear translocation of β-catenin in OS cells following troxerutin treatment. N qRT-PCR was utilized to 
assess the expression levels of stemness markers in SJSA-1 and 143B cells following troxerutin treatment. 
O Representative images of the in vitro sphere formation assay. P, Q The quantity of spheres in the in vitro 
sphere formation assay. R–T The activity of ALDH in OS cells was measured using fluorescence-activated 
cell sorting analysis. Representative images and quantitative data of ALDH activity results are presented. U A 
refined model demonstrating troxerutin’s suppressive effect on OS stemness via the CD155/SRC/β-catenin 
signaling axis. *p < 0.05; **p < 0.01; ***p < 0.001
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MTX300, the latter exhibited a stronger malignant potential. Similarly, among HOS, 
MNNG/HOS, and 143B cells, MNNG/HOS and 143B demonstrated superior prolifera-
tive and metastatic capabilities [45]. Furthermore, in comparing ZOS and ZOS-M cells, 

Fig. 8  (See legend on previous page.)
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ZOS-M, an OS cell isolated from a metastatic site, exhibited greater malignant potential 
[22]. Moreover, our research findings have clarified the significant role of CD155 in OS 
malignancy, revealing the underlying mechanism by which CD155 enhances SRC phos-
phorylation, subsequently facilitating the phosphorylation of AKT and GSK3β. Prior 
literature has documented that GSK3β functions as a negative regulator of β-catenin, 
and its phosphorylation leads to inactivation [46]. Consequently, in cells with reduced 
CD155 levels, the phosphorylation of GSK3β diminishes, resulting in enhanced degrada-
tion of β-catenin. This, in turn, reduces the nuclear translocation of β-catenin, thereby 
suppressing the stemness and malignant progression of OS cells.

The concept of CSCs—cells within a tumor possessing the capabilities of self-renewal 
and driving malignancy—is increasingly recognized as a fundamental mechanism 
underlying therapeutic resistance and recurrence [47–49]. The presence of such CSCs in 
OS poses significant challenges for effective treatment [50]. Directly targeting CSCs or 
inhibiting their stemness features could thus represent a viable approach to improving 
outcomes for patients with OS. In our study, suppression of CD155 effectively reduced 
the stemness attributes of OS cells, supporting the therapeutic potential of CD155 as a 
target.

Interest has been growing in pathways that maintain tumor stemness, with significant 
focus on the Wnt, Notch, and Hedgehog pathways [26, 27]. Our research unequivocally 
demonstrates that suppressing CD155 can effectively attenuate the Wnt/β-catenin sign-
aling pathway, subsequently mitigating the stem cell properties of OS. This discovery 
concurs with prior research findings, suggesting that inhibiting this pathway can dimin-
ish the malignancy of OS [51]. Furthermore, our experimental validation reveals that, 
upon overexpression of CD155, there is a marked increase in the nuclear translocation 
of β-catenin, which subsequently potentiates the stem cell characteristics in OS. Nota-
bly, this phenomenon appears more pronounced in OS cells (U2OS) with low CD155 
expression.

Further, we demonstrated that β-catenin knockdown reduces OS malignancy, and the 
addition of HLY78, a β-catenin pathway activator, can partially reverse the reduction in 
malignancy in OS cells with suppressed CD155 expression. These results suggest that 
targeting the β-catenin pathway via CD155 manipulation could be an effective strategy.

Our structure-based virtual screening identified several compounds potentially target-
ing CD155, with troxerutin standing out through experimental validation. Known for its 
antioxidant, anti-inflammatory, and other protective properties [52], the role of troxeru-
tin in tumor treatment had been less explored. Our research has confirmed that troxeru-
tin effectively targets the CD155/SRC/β-catenin axis, thereby inhibiting the stemness of 
OS cells. We hope that this finding will pave a novel path for the treatment of OS.

Conclusions
Our research demonstrates that CD155 interacts with and activates SRC, leading to 
downstream activation of AKT and GSK3β, and triggering the Wnt/β-catenin signaling 
pathway. This cascade enhances the stemness of OS cells, contributing to their malig-
nancy and resilience to treatments. Troxerutin emerges as a promising therapeutic can-
didate, offering a new potential avenue for the treatment of OS.
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