
O R I G I N A L  R E S E A R C H

Upregulated BLM and RECQL4 in Osteosarcoma: 
Association with Poor Prognosis, Immune Cell 
Infiltration, and Inhibitory Effects of Sphingosine 
Kinase 1 Inhibitor II/Pilaralisib
Jv Chen 1,*, Yongli Situ2,*, Jie Cai1, Wenyu Liao1, Dongbo Jiang1, Chengshuo Huang2, 
Jinchang Zheng2, Lijiao Peng3, Hao Lin2

1Department of Pharmacy, Affiliated Hospital of Guangdong Medical University, Zhanjiang, Guangdong, 524002, People’s Republic of China; 
2Orthopedic Center, Affiliated Hospital of Guangdong Medical University, Zhanjiang, Guangdong, 524002, People’s Republic of China; 3Department of 
Digestive System Oncology, Oncology Hospital, Affiliated Hospital of Guangdong Medical University, Zhanjiang, Guangdong, 524002, People’s 
Republic of China

*These authors contributed equally to this work 

Correspondence: Hao Lin, Orthopedic Center, Affiliated Hospital of Guangdong Medical University, No. 57 Renmin Avenue South, Zhanjiang, 
Guangdong, 524002, People’s Republic of China, Email linhao@gdmu.edu.cn; Lijiao Peng, Department of Digestive System Oncology, Oncology 
Hospital, Affiliated Hospital of Guangdong Medical University, No. 57 Renmin Avenue South, Zhanjiang, Guangdong, 524002, People’s Republic of 
China, Email 244348566@qq.com

Purpose: BLM and RECQL4, key RecQ helicases and “genome guardians”, maintain genomic stability. Their abnormal function/ 
dysregulated expression is linked to tumorigenesis, but their roles in osteosarcoma (OS) remain unclear.
Patients and Methods: Comprehensive bioinformatic analyses (multiple public databases) assess OS-related expression, gene 
networks, prognosis, targets, and drugs. Cellular experiments verified the effects of these compounds on 143B cell proliferation, 
migration, and invasion.
Results: BLM and RECQL4 were significantly upregulated in OS tissues compared to normal tissues, correlating with a poor 
prognosis. Among the 153 patients with OS, 9% and 7% had altered BLM and RECQL4 expression, respectively. Abnormal 
methylation of BLM and RECQL4 may affect OS. BLM, RECQL4, and their altered neighboring genes (ANGs) form interaction 
networks that regulate tumor metabolism, proliferation, migration, and apoptosis. Their miRNA and kinase targets in OS were also 
identified. BLM and RECQL4 expression was negatively correlated with OS immune cell infiltration. In addition, anti–PD-1/CTLA-4/ 
PD-L1 therapy, Sphingosine kinase 1 inhibitor II, and pilaralisib inhibited OS cell viability (by downregulating BLM or RECQL4) and 
the proliferation, migration, and invasion of 143B cells. Knockdown of BLM or RECQL4 suppressed the migration and invasion of 
143B cells.
Conclusion: BLM and RECQL4 are promising prognostic biomarkers and therapeutic targets for OS.
Keywords: BLM, RECQL4, osteosarcoma, gene regulatory network, immunotherapy, prognosis, biomarker, bioinformatics

Introduction
Osteosarcoma (OS) is the most common primary malignant bone tumor, accounting for approximately 56% of all 
malignant bone tumors, and predominantly affects children and adolescents.1,2 Currently, the standard treatment regimen 
of neoadjuvant chemotherapy–consolidation chemotherapy has achieved remarkable outcomes in patients with localized 
OS,3 and the annual survival rate has stabilized at 60%–70%.4 However, OS exhibits a strong tendency for local 
infiltration and early metastasis, particularly when metastasis to the pulmonary parenchyma is preferred. According to 
statistics, 30–50% of patients will experience recurrence,5 and 15–20% of newly diagnosed patients with OS will develop 
metastasis,6 with a 5-year survival rate of only 20–30%.7 The problems associated with high disability and mortality rates 
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in OS remain unresolved. Traditional treatment methods, such as surgery, chemotherapy, and radiotherapy, face 
numerous challenges when dealing with metastatic and recurrent OS.8 Targeted therapy for OS mainly focuses on anti- 
angiogenic small-molecule inhibitors (such as regorafenib and sorafenib).9 Although these drugs have a certain ther
apeutic effect on metastatic OS, the progression-free survival of patients is short, and the objective response rate is low.10 

Phenomena such as chemoresistance and tumor immune escape often occur during treatment and are largely driven by 
cancer stem cells and the tumor microenvironment.11,12 The pathogenesis of OS is multifactorial, involving 
a convergence of genetic, immune, and environmental factors.13–15 Therefore, innovative treatment strategies are 
urgently needed to improve the overall survival rates of patients with OS. Of note, aberrant alterations in the OS 
expression profile are expected to offer promising avenues for identifying anti-OS biomarkers and developing novel 
therapeutic strategies.16–19

The RecQ helicase family comprises highly conserved helicases that have evolved and are crucial for maintaining 
genomic stability.20 The human RecQ family comprises five proteins: RECQL, BLM, WRN, RECQL4, and RECQL5.20 

RecQ helicases use energy from ATP hydrolysis to unwind double-stranded DNA and are involved in metabolic 
processes such as DNA recombination, replication, and repair.21 BLM and RECQL4 are associated with the occurrence, 
development, and prognosis of various tumors. BLM is located at 15q26.1 on the chromosome, and its mutation is 
associated with human cancers.22 BLM plays a key role in the development of various cancers. In breast cancer, the 
overexpression of BLM mRNA and protein has significant prognostic value, and an increase in its expression is 
associated with reduced distant metastasis-free survival in patients.23 In lung adenocarcinoma, patients with low BLM 
expression have a higher overall survival rate, and the frequency of BLM mutations is higher in male than in female 
patients.24 BLM expression is upregulated in prostate cancer cells, and BLM inhibition reduces cell proliferation and 
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promotes apoptosis.25 RECQL4 is located on chromosome 8q24.3, and patients carrying pathogenic variants are more 
prone to developing OS.26 Abnormal RECQL4 expression affects the prognosis of various cancers. In hematological 
malignancies, such as acute myeloid leukemia in patients with abnormal karyotypes, low expression of RECQL4 and 
BLM is associated with poor outcomes, whereas overexpression of RECQL4 indicates a better prognosis.27 However, 
significant knowledge gaps remain regarding the roles of BLM and RECQL4 in OS pathogenesis.

In this study, we comprehensively analyzed the expression patterns, gene regulatory networks, and prognostic 
prediction values of BLM and RECQL4 in patients with OS using systematic bioinformatics analysis and in-depth 
cellular experiments. Additionally, we explored potential target sites and possible therapeutic drugs. This study revealed 
the intrinsic connections between OS, BLM, and RECQL4 and successfully screened novel potential targets and candidate 
drugs for OS treatment. This study provides an important theoretical basis and data support for further exploration of the 
pathogenesis of OS and the development of innovative treatment strategies, and is expected to bring new breakthroughs 
in improving the clinical prognosis of patients with OS.

Materials and Methods
GEPIA
We used GEPIA (http://gepia.cancer-pku.cn/index.html) to analyze the relationship between BLM and RECQL4 expres
sion and OS. The screening criteria were as follows: (1) genes: BLM and RECQL4; (2) dataset: OS; and (3) 262 patients; 
threshold-setting conditions: P-value cutoff = 0.05. We used the Student’s t-test to analyze the expression of BLM and 
RECQL4 in OS. The Kaplan–Meier curve was used to analyze the prognosis of patients with OS.28 The data used for 
analysis were acquired between March 2025 and May 2025.

Biomarker Exploration of Solid Tumors (BEST)
We used BEST (https://rookieutopia.com/app_direct/BEST/) to analyze protein expression, immune cell infiltration, 
candidate agents, and immunotherapy targeting BLM and RECQL4 in OS. The “Cell infiltration”, “Immunotherapy”, and 
“Candidate agents” modules of the BEST database were used to analyze the Gene Expression Omnibus and TCGA gene 
expression data using the following screening criteria: (1) genes: BLM and RECQL4; (2) dataset: OS (15 datasets and 
1714 patients).28

MethSurv
We used MethSurv (https://biit.cs.ut.ee/methsurv/), a specialized bioinformatics tool, to comprehensively analyze DNA 
methylation profiles and their associations with prognosis at the genomic loci of BLM and RECQL4 in patients with OS.29

ScRNA-Seq Data Analysis
The scRNA-seq data of OS tissues were obtained from the GEO scRNA-seq dataset (GSE162454) deposited in the public 
Tumor Immune Single-cell Hub (TISCH) database (http://tisch.compgenomics.org/home/).30 The values in the single-cell 
-level expression matrix were normalized using the NormalizeData method in “Seurat” to scale the raw counts (UMI) in 
each cell to 10,000. A uniform analysis algorithm (MAESTRO) was used for quality control, clustering, and cell-type 
annotation across datasets. The GSE162454 dataset contains 46,544 cells from six OS tissue samples. scRNA-seq was 
performed using the 10× Genomics platform.

cBioPortal
We used cBioPortal (http://cbioportal.org) to analyze alterations in BLM and RECQL4 expression. A total of 153 OS 
samples were analyzed, and z-scores for mRNA expression relative to all samples (log RNA Seq V2 RSEM) were 
obtained using a z-score threshold of ±2.0.28
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STRING and GeneMANIA
STRING (https://string-db.org/cgi/input.pl) was used to build a low-confidence (0.150) PPI network and screen for the 
human species. GeneMANIA (http://www.genemania.org) was used to explore the functions of BLM, RECQL4, and the 
top 50 ANGs.28

Metascape
Metascape (https://metascape.org) was used to analyze the functions and signaling pathways of BLM, RECQL4, and the 
top 50 ANGs.28 The following were the threshold-setting conditions: P-value cutoff = 0.05, minimum enrichment score = 
1.5, and minimum overlap = 3.

LinkedOmics
LinkedOmics (http://www.linkedomics.org/) was used to identify kinase targets, miRNA targets, and differentially 
expressed genes related to BLM and RECQL4.28 The screening criteria were as follows: (1) genes: BLM and 
RECQL4; (2) dataset: RNASeq (OS); and (3) 259 patients; the statistical test was selected as the Pearson correlation test.

Timer
TIMER (https://cistome.shinyapps.io/timer/) was used to analyze the correlation between BLM and RECQL4 expression 
and immune cell infiltration.28 The screening criteria were as follows: (1) genes: BLM and RECQL4, and (2) dataset: OS.

Genomics of Drug Sensitivity in Cancer Analysis
The Genomics of Drug Sensitivity in Cancer database (http://www.cancerRxgene.org) was used to identify drugs 
targeting BLM and RECQL4 and to predict their anti-OS activity.28 The screening criteria were as follows: (1) drugs: 
sphingosine kinase 1 inhibitor II and pilaralisib; (2) dataset: GDSC1; and (3) Tissue-specific analysis parameter: Pan- 
Cancer and OS.

Cell Culture
143B cells, supplied by the National Collection of Authenticated and GEM Cell Cultures (China), were grown in 
Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, USA) containing 10% fetal bovine serum (Gibco) and 1% 
antibiotics (Gibco) at 37 °C with 5% CO2.

Cell Viability Assay
The viability of 143B cells was evaluated using the Cell Counting Kit-8 (Biosharp, China), according to the manufac
turer’s instructions. Cells were seeded in 96-well plates and treated with sphingosine kinase 1 inhibitor II 
(MedChemExpress, USA) (5, 10, 20, 40, 80, 160, and 320 μM) and pilaralisib (MedChemExpress) (6.25, 12.5, 25, 
50, 100, 200, and 400 μM) for 24 h. The absorbance of each well was measured at 450 nm using a microplate reader.

Wound-Healing Scratch Assay (Cell Migration)
To evaluate the effects of sphingosine kinase 1 inhibitor II and pilaralisib on the adhesion and motility of 143B cells, 2.5 
× 105 cells were seeded in 6-well plates. When the cells reached confluence, a 100 μL pipette tip was used to gently 
scratch the cell monolayer to create four scratch areas. Subsequently, the cells were washed twice with PBS to remove 
non-adherent cells. The control, sphingosine kinase 1 inhibitor II (40 μM), and pilaralisib (50 μM) groups were 
established. Phase-contrast micrographs were captured immediately after scratching (0 h) and again at 24 h. Each 
group was assessed in at least three experiments.

Transwell Assay (Invasion Assays)
For the Transwell assay, 143B cells (2 × 104) were resuspended in 200 μL DMEM and seeded into the upper well of 
8-μm-pore chambers (Corning, USA) that had been coated with Matrigel (Corning). The control, sphingosine kinase 1 
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inhibitor II (40 μM), and pilaralisib (50 μM) groups were established. After incubation at 37 °C in 5% CO2 for 36 h, the 
upper chamber was cleaned with a cotton swab, and the cells in the lower chamber were fixed with 4% paraformalde
hyde, stained with 0.1% crystal violet, and washed three times with water. The number of cells per field was determined 
using a microscope (Nikon, Tokyo, Japan). Each group was assessed in at least three experiments.

Immunofluorescence Microscopy
143B cells cultured in vitro and treated with sphingosine kinase 1 inhibitor II (40 μM) and pilaralisib (50 μM) were 
washed twice with PBS, fixed with 4% paraformaldehyde for 10 min at 26 °C, and washed twice with PBS for 5 min 
each. The membrane was permeabilized with 0.5% Triton X-100 for 10 min at 26 °C, then washed twice with PBS for 
5 min each. This step was omitted if the protein was a membrane protein. After washing with PBS three times for 5 min 
each, the cells were blocked with 2% bovine serum albumin for 30 min at 26 °C and then incubated with BLM (1:100 
dilution; Abcam, UK) and RECQL4 (1:100 dilution; Abcam) overnight at 4 °C. After three washes with PBS, the cells 
were incubated with the appropriate secondary antibody (Alexa Fluor 488; Beijing Solarbio Science & Technology Co., 
Ltd., China) for 30 min at 26 °C. After the slides were washed with PBS, 1 μg/mL of nucleic acid dye DAPI (Beijing 
Solarbio Science & Technology Co., Ltd.) was added. Images were captured using an inverted fluorescence microscope 
(Nikon).

Cell Transfection
To transiently suppress BLM and RECQL4 expression, siRNAs (Ribo-Bio, China) were transfected into 143B cells using 
Lipofectamine 3000 (Shanghai Dafei Biotechnology Co., Ltd., China). All transfection procedures were performed 
according to the manufacturer’s instructions. After transfecting the cells for 48 h, the transfection efficiency was tested 
using Western blotting analysis. Subsequently, we compared the migration and invasion of 143B cells before and after 
transfection, as described above.

Western Blotting
Cellular proteins were extracted using radioimmunoprecipitation assay buffer (Beyotime). Next, 50 μg of protein was 
subjected to a 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Polyvinylidene fluoride membranes were 
probed with antibodies against BLM (1:1000 dilution; Abcam, UK), RECQL4 (1:1000 dilution; Abcam, UK), and β-actin 
(1:1000 dilution; Abcam, UK). After developing the membrane with electrochemiluminescence reagent, the bands were 
imaged using a gel imaging system (Tanon, China).

Statistical Analysis
Data from in vitro experiments are presented as mean ± SD. An unpaired t-test or one-way analysis of variance was used 
accordingly. Statistical analyses were performed using GraphPad Prism 8. Statistical significance was set at P < 0.05.

Results
Expression and Prognosis of BLM and RECQL4 in OS
The transcript levels of BLM and RECQL4 were significantly upregulated (P < 0.05; Figure 1A and B) in patients with 
OS. BLM transcript levels were significantly lower in males than in females (P = 0.0017; Figure 1C). However, RECQL4 
transcript levels were significantly higher in males than in females (P = 0.033; Figure 1D). Furthermore, overall survival 
was longer in patients with OS who exhibited low BLM expression than in those with high BLM expression (P = 0.031; 
Figure 1E). Disease-free survival was longer in patients with OS who had low RECQL4 expression than in those with 
high RECQL4 expression (P = 0.014; Figure 1F).

Genetic Alteration and DNA Methylation of BLM and RECQL4 in OS
We further assessed the genetic alterations in BLM and RECQL4 in 153 patients with OS using data from the TCGA 
database. We found that BLM and RECQL4 were altered by 9% and 7%, respectively, in patients with OS, with genetic 
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Figure 1 Transcription levels and prognostic value of BLM and RECQL4 in OS. (A and B) Transcription levels of BLM and RECQL4 in patients with OS, respectively (GEPIA); 
(C and D) Transcription levels of BLM and RECQL4 in patients with OS based on sex, respectively (BEST); (E) Overall survival curve of BLM in patients with OS (GEPIA); (F) 
Disease-free survival curve of RECQL4 in patients with OS (GEPIA); *P < 0.05.
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alterations primarily including amplification, high RNA levels, and low RNA levels (Supplementary Figure 1A and B). Next, 
we assessed the DNA methylation levels of BLM and RECQL4 in patients with OS using the MethSurv tool. The DNA 
methylation levels of BLM significantly decreased at some CpG sites (cg06034771, cg19562400, cg08367959, cg11429664, 
cg19818642, cg02984193, cg25857018, cg02756768, cg25653141, cg01994513, and cg22690576; P < 0.05; Supplementary 
Figure 1C) and significantly increased at others (cg13108397, cg26844732, cg01321816, and cg13410000) (P < 0.05; 
Supplementary Figure 1C). Among the 15 predicted CpG sites of BLM, cg06034771, cg02756768, cg19818642, 
cg13108397, and cg02984193 were significantly correlated with OS (Supplementary Figure 1D–H and Supplementary 
Table 1). Patients with high BLM methylation at these CpG sites (cg06034771, cg02756768, cg19818642, and cg02984193) 
had better overall survival than those with low BLM methylation (Supplementary Figure 1D–G). However, patients with low 
BLM methylation at the CpG site (cg13108397) had better overall survival than those with high BLM methylation levels 
(Supplementary Figure 1H). Furthermore, RECQL4 showed significantly increased DNA methylation levels at the CpG sites 
cg05909553, cg19996418, cg17926016, cg18822414, cg08468965, cg01081091, and cg10248148 (P < 0.05; Supplementary 
Figure 1I). Among the seven predicted CpG sites of RECQL4, cg19996418 was significantly correlated with LGG prognosis 
(Supplementary Figure 1J and Supplementary Table 1). Patients with low RECQL4 methylation at the CpG site 
(cg19996418) had better overall survival than those with high RECQL4 methylation levels (Supplementary Figure 1J).

Interaction Network and Function of BLM, RECQL4, and Their ANGs in OS
The alteration frequencies for BLM and RECQL4 ANGs were ≥57.14% and ≥54.55%, respectively, among the 50 most 
frequent ANGs in patients with OS (Supplementary Tables 2 and 3). CRTC3 (71.43%), CRTC3-AS1 (71.43%), and 
HSPE1P3 (71.43%) were the most frequent ANGs of BLM in patients with OS (Supplementary Table 2). The most frequent 
ANGs for RECQL4 in patients with OS were ADCK5 (54.55%), ARHGAP39 (54.55%), and C8ORF82 (54.55%) 
(Supplementary Table 3). Twenty nodes and thirty-eight edges were identified in the PPI networks of BLM and its ANGs 
(Figure 2A). A complex interaction network was discovered between BLM and ANGs based on co-expression, physical 
interactions, shared protein domains, and colocalization (Figure 2B). Among BLM and its ANGs, ARPIN-AP3S2, ARPIN, 
AP3S2, SLCO3A1, and RGMA were identified as core genes (Figure 2C). Moreover, we obtained 42 nodes and 790 edges in 
the PPI networks of RECQL4 and its ANGs (Figure 2D) and an intricate network of interactions between RECQL4 and its 
ANGs, including co-expression, physical interactions, and colocalization (Figure 2E). Among RECQL4 and its associated 
ANGs, ADCK5, GPAA1, CPSF1, LRRC14, and EXOSC4 were identified as core genes (Figure 2F). Next, we analyzed the 
functions of BLM, RECQL4, and their ANGs in OS. The molecular functions of BLM and ANGs were mainly associated 
with enzyme inhibitor activity and phospholipid binding (Figure 2G). Furthermore, the regulation of protein phosphorylation, 
negative regulation of cell projection organization, cellular response to growth factor stimuli, cellular response to organic 
cyclic compounds, and endomembrane system organization were the main biological processes associated with BLM and its 
ANGs (Figure 2H). The cellular components of BLM and ANGs included the apical plasma membrane and microtubules 
(Figure 2I). Axonal guidance was the primary KEGG pathway associated with BLM and its ANGs (Figure 2J). The 
molecular functions of RECQL4 and its ANGs were primarily associated with serine/threonine kinase activity and DNA- 
binding transcription factor-binding activity (Figure 2K). The regulation of DNA-binding transcription factor activity, 
response to peptide hormones, protein localization to organelles, and positive regulation of cellular component biogenesis 
were the main biological processes associated with RECQL4 and its ANGs (Figure 2L).

MiRNA and Kinase Targets of BLM and RECQL4 in OS
The miRNA targets of BLM and RECQL4 were identified using LinkedOmics software (Supplementary Table 4). miR-127, miR- 
516-5p, miR-141, and miR-200A were the miRNA targets of BLM in OS (P < 0.001) (Supplementary Table 4). However, the 
miRNA targets of RECQL4 in OS were miR-19B, miR-381, and miR-142-5p (P < 0.001) (Supplementary Table 4). We 
identified the kinase targets of BLM and RECQL4 in OS using LinkedOmics (Supplementary Table 5). Polo-like kinase 1 
(PLK1), cyclin-dependent kinase 1 (CDK1), and Aurora kinase B (AURKB) were the kinase targets of BLM in patients with OS 
(P < 0.001) (Supplementary Table 5). However, the kinase targets of RECQL4 in OS were CDK1, PLK1, and cyclin-dependent 
kinase 2 (CDK2) (P < 0.001) (Supplementary Table 5).
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Correlation of Differentially Expressed Genes and BLM and RECQL4 Expression in 
Patients with OS
A total of 8108 and 8740 genes were closely related to BLM and RECQL4, respectively, in patients with OS 
(Supplementary Figure 2A and B) (Supplementary Tables 6 and 7). Among them, 4628 and 4471 genes showed positive 
correlations and 3480 and 4269 genes showed negative correlations with BLM and RECQL4 expression, respectively 
(Supplementary Figure 2A and B). Fifty genes showed significant positive or negative correlations with BLM and 

Figure 2 Interaction and functional analyses of BLM, RECQL4, and their ANGs in OS. (A and D) PPI network of BLM, RECQL4, and their ANGs in OS, respectively 
(STRING); (B and E) Network analyses of BLM, RECQL4, and their ANGs in OS, respectively (GeneMANIA); (C and F) Core genes of BLM, RECQL4, and their ANGs in OS, 
respectively (Cytoscape); (G and K) Molecular functions of BLM, RECQL4, and their ANGs in OS, respectively (Metascape); (H and L) Biological processes of BLM, RECQL4, 
and their ANGs in OS, respectively (Metascape); (I) Cellular components of BLM and its ANGs in OS (Metascape); (J) KEGG of BLM and its ANGs in OS (Metascape).

https://doi.org/10.2147/ITT.S569823                                                                                                                                                                                                                                                                                                                                                                                                                                                                    ImmunoTargets and Therapy 2026:15 8

Chen et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/569823/569823%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/569823/569823%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/569823/569823%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/569823/569823%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/569823/569823%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/569823/569823%20Supplementary%20Material.docx


RECQL4 expression in patients with OS (Supplementary Figure 2C–F). BLM expression was strongly and positively 
correlated with NCAPH (Pearson’s correlation coefficient [PCC] = 0.8248, P = 1.424e-65; Supplementary Figure 2G), 
C15orf42 (PCC = 0.8095, P = 2.291e-61; Supplementary Figure 2H), and CCNB2 (PCC = 0.8024, P = 1.537e-59; 
Supplementary Figure 2I). The expression of RECQL4 was positively correlated with NFKBIL2 (PCC = 0.8162, P = 
3.678e-63; Supplementary Figure 2J), TRAIP (PCC = 0.7505, P = 3.941e-48; Supplementary Figure 2K), and C16orf59 
(PCC = 0.7301, P = 2.188e-44; Supplementary Figure 2L).

Correlation of Immune Cell Infiltration and BLM and RECQL4 Expression and Anti– 
PD-1/CTLA-4/PD-L1 Immunotherapy in OS
BLM expression levels in patients with OS were negatively associated with immune cell infiltration (B cells, macro
phages, and dendritic cells) (P < 0.05; Figure 3A). Similarly, the expression levels of RECQL4 in patients with OS were 
negatively associated with immune cell infiltration (CD8+ T-cells, macrophages, and dendritic cells) (P < 0.05; 
Figure 3B). Moreover, BLM and RECQL4 expression in patients with OS was negatively correlated with the immune 
score (P < 0.05; Figure 3C–M). BLM expression was significantly downregulated in patients with OS treated with anti– 
PD-1/PD-L1 (P = 0.05) (Figure 3N). Similarly, RECQL4 expression in patients with OS treated with anti–PD-1/CTLA-4, 
anti–PD-1/PD-L1, and anti–PD-1 antibodies were significantly downregulated (P = 0.05) (Figure 3O–Q).

Identify BLM+ and RECQL4+ Cells in OS Tissues
Given the prognostic value and unusual distribution of BLM and RECQL4 in OS tissues, we aimed to explore the cell 
types in which they were enriched based on scRNA-seq data (Supplementary Tables 8). Analysis of the scRNA-seq data 
in the OS_GSE162454 dataset identified 28 cell clusters and 8 cell types in OS tissues (Figure 4A–C). Monocytes/ 
macrophage (n = 16682) and malignant OS cells (n = 9443) exhibited the highest cell counts (Figure 4B and C). BLM 
and RECQL4 were significantly enriched in malignancies, particularly in the C13 cluster (Figure 4D–G). Cell–cell 
interaction (CCI) analysis revealed that BLM+ and RECQL4+ malignant OS cells mainly interacted with mono/macro
phages and CD8Tex cells (Figure 4H).

Therapeutic Drugs of BLM and RECQL4 in OS
We used the BEST database to evaluate BLM and RECQL4 low expression, which indicated drug resistance, and found 
that sphingosine kinase 1 inhibitor II and pilaralisib were the best drugs (Figure 5A and B). The Genomics of Drug 
Sensitivity in Cancer database was used to evaluate the inhibitory effects of BLM and RECQL4 expression in OS cell 
lines. Sphingosine kinase 1 inhibitor II inhibited 919 cell lines with area under the curve (AUC) values > 0.928 
(Figure 5C). It exhibited good inhibitory effects on these cell lines (3.29 ≤ IC50 (μM) ≤ 187) (Figure 5D). 
Furthermore, sphingosine kinase 1 inhibitor II had a high inhibitory effect on the 10 OS cell lines (0.9520 ≤ AUC ≤ 
0.9782, 12.4443 ≤ IC50 (μM) ≤ 68.9717) (Figure 5E and F). However, pilaralisib inhibited 919 cell lines with AUC 
values > 0.374 (Figure 5G). It exhibited good inhibitory effects on these cell lines (0.573 ≤ IC50 (μM) ≤ 740) 
(Figure 5H). Moreover, pilaralisib had a good inhibitory effect on the 10 OS cell lines (0.6988 ≤ AUC ≤ 0.9447, 
5.3402 ≤ IC50 (μM) ≤ 138.5904) (Figure 5I and J).

Sphingosine Kinase 1 Inhibitor II and Pilaralisib Inhibit the Proliferation, Migration, and 
Invasion of 143B
As shown in Figure 6A and B, the Cell Counting Kit-8 assay demonstrated that sphingosine kinase 1 inhibitor II (5, 10, 20, 
40, 80, 160, and 320 μM) and pilaralisib significantly inhibited the proliferation of 143B cells (P < 0.01). Furthermore, the 
wound-healing assay illustrated that 143B cells treated with sphingosine kinase 1 inhibitor II (40 μM) and pilaralisib (50 μM) 
displayed decreased migration capacity compared to the control cells (Figure 6C and D; P < 0.01). The results of the invasion 
assays showed that the number of migrating and invading cells decreased in 143B cells treated with sphingosine kinase 1 
inhibitor II at a concentration of 40 μM and pilaralisib at 50 μM (Figure 6E and F) (P < 0.01).
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Figure 3 Correlation between BLM and RECQL4 expression, immune cell infiltration, and anti–PD-1/CTLA-4/PD-L1 immunotherapy in OS. (A and B) Correlation between 
BLM and RECQL4 expression and immune cell infiltration levels in OS, respectively (TIMER). (C and D) Heat maps showing the correlation between BLM and RECQL4 and 
immune cell infiltration in OS, respectively (BEST). (E and F) Correlation between BLM expression and immune score in OS (BEST). (G–M) Correlation between RECQL4 
expression and immune score in OS (BEST). (N) Correlation between BLM expression and anti–PD-1/PD-L1 immunotherapy in OS (BEST). (O–Q) Correlation between 
RECQL4 expression and anti–PD-1/CTLA-4/PD-L1 immunotherapy in OS (BEST).
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Sphingosine Kinase 1 Inhibitor II and Pilaralisib Downregulate the Expression of BLM 
and RECQL4 in 143B
Quantitative immunofluorescence was performed to determine differences in the expression of BLM and RECQL4 in 
143B cells treated with sphingosine kinase 1 inhibitor II and pilaralisib. Our results showed that both sphingosine kinase 
1 inhibitor II and pilaralisib significantly inhibited the expression of BLM and RECQL4 in 143B cells (Figure 7A–F) 
(P < 0.01).

BLM and RECQL4 Silencing by siRNA Inhibits the Migration and Invasion of 143B
Western blotting showed that BLM and RECQL4 protein expression levels in the BLM siRNA and RECQL4 siRNA 
groups were significantly lower than those in the control siRNA group after transfection (Figure 8A–C) (P < 0.01). 
Furthermore, wound-healing assays revealed that siRNA-mediated silencing of BLM and RECQL4 significantly 
impaired the migratory capacity of 143B cells (Figure 8D and E) (P < 0.01). Similarly, Transwell invasion assays 
showed a marked reduction in the number of invading 143B cells following BLM/RECQL4 knockdown (Figure 8F and 
G) (P < 0.01).

Figure 4 BLM and RECQL4 related cell-type distribution using the scRNA-seq database. (A and B) Identified BLM and RECQL4 related cell clusters in OS tissues based on the 
GSE162454 dataset, respectively; (C–G) Distribution of BLM and RECQL4 in different cells in GSE162454 dataset, respectively; (H) Interactions between BLM+ and RECQL4+ 

malignant C13 and other cells based on the GSE162454 dataset.
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Figure 5 IC50 and AUC evaluation of sphingosine kinase 1 inhibitor II and pilaralisib in different cancer tissue types. (A and B) Heat maps showing BLM and RECQL4 low 
expression indicate resistance drugs ranking, respectively (BEST); (C and G) AUC values of sphingosine kinase 1 inhibitor II and pilaralisib for the different cell lines, 
respectively (Genomics of drug sensitivity in cancer); (D and H) IC50 values of sphingosine kinase 1 inhibitor II and pilaralisib for the different cell lines, respectively 
(Genomics of drug sensitivity in cancer); (E and I) AUC values of sphingosine kinase 1 inhibitor II and pilaralisib for OS cell line, respectively (Genomics of drug sensitivity in 
cancer); (F and J) IC50 values of sphingosine kinase 1 inhibitor II and pilaralisib for OS cell line, respectively (Genomics of drug sensitivity in cancer).
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Discussion
BLM and RECQL4 mutations are associated with Bloom and Rothmund-Thomson syndromes, respectively. These 
syndromes not only exhibit overlapping clinical features but are also associated with an increased risk of cancer. 
Among these, patients with Rothmund-Thomson syndrome have the highest specific risk of OS.26 This underscores 
the significant genetic influence on OS onset.31 Although mutations in BLM and RECQL4 have been confirmed to be 
associated with susceptibility to OS,32 the expression patterns of these two genes in OS and their impact on the prognosis 
of patients with OS remain unknown. In this study, the transcriptional levels of BLM and RECQL4 were significantly 
upregulated in patients with OS, suggesting their potential roles in promoting the occurrence and development of OS. 
Significant sex-related differences were observed in the transcription levels of BLM and RECQL4. Specifically, male 
patients exhibited significantly lower BLM transcriptional levels than female patients, whereas the opposite pattern was 
observed for RECQL4, with male patients exhibiting higher transcriptional levels. These sex disparities may be 
associated with sex hormone levels, genetic factors, or other unknown biological mechanisms, highlighting the 

Figure 6 Effects of sphingosine kinase 1 inhibitor II and pilaralisib on proliferation, migration, and invasion of 143B cells. Effect of sphingosine kinase 1 inhibitor II (A) and 
pilaralisib (B) at different concentrations on the proliferation of 143B cells; (C and D) Migration and repair abilities of 143B cells were compared using the wound-healing 
assay. The red dashed lines indicate the boundaries of the cell-free scratch wound; (E and F) Invasion abilities of 143B cells were compared using Transwell assays; Data are 
expressed as mean ± SD of three replicates. ** P < 0.01, vs Control.
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importance of considering sex factors in future studies on OS pathogenesis. In addition, the expression levels of BLM and 
RECQL4 were closely correlated with the prognosis of patients with OS. Patients with low expression of BLM or 
RECQL4 had longer overall and disease-free survival, indicating these two genes could serve as potential prognostic 
biomarkers to assist clinicians in evaluating patient prognosis and formulating personalized treatment plans.

To analyze the potential mechanisms underlying the abnormal expression of BLM and RECQL4 in patients with OS, 
we systematically examined the mutation characteristics and methylation patterns of these two genes using the cBioPortal 
and MethSurv databases. Cancer progression is believed to be driven by the accumulation of genetic alterations and 
changes in gene expression patterns.33 Genetic alterations occurred in 9% of BLM and 7% of RECQL4 in patients with 
OS, primarily involving gene amplification and increased or decreased RNA levels. DNA methylation, a key chemical 
modification mechanism, plays an important role in determining cell type and lineage differentiation by regulating gene 
expression and genomic stability. Disruption of this regulatory network can induce various diseases, including cancer. 
A typical feature of cancer cells is an abnormal DNA methylation pattern, with targets mainly concentrated in the CpG 
island regions within the gene expression regulatory elements.34 DNA methylation analysis showed that the methylation 
levels of multiple CpG sites in BLM and RECQL4 changed significantly, and the methylation levels of some sites were 
significantly correlated with the prognosis of patients with OS. This indicates that DNA methylation may affect the 

Figure 7 Effects of sphingosine kinase 1 inhibitor II and pilaralisib on BLM and RECQL4 expression in 143B cells. (A and B) Immunofluorescence analysis of the effects of 
sphingosine kinase 1 inhibitor II and pilaralisib on BLM and RECQL4 expression in 143B cells. (C–F) Bar charts representing the effects of sphingosine kinase 1 inhibitor II and 
pilaralisib on BLM and RECQL4 expression in 143B cells. Data are expressed as mean ± SD of three replicates. ** P < 0.01, vs Control.
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occurrence and development of OS, as well as the prognosis of patients, by regulating BLM and RECQL4 expression. As 
an important epigenetic regulatory mechanism, DNA methylation provides new targets and directions for epigenetic 
treatment of OS.

The occurrence and progression of cancer are often the result of the synergistic action of multiple gene abnormalities 
involving the accumulation of complex genetic alterations.35 By constructing the interaction networks of BLM, RECQL4, 
and their ANGs, we identified multiple key interacting and core genes (including ARPIN-AP3S2, ARPIN, ADCK5, 
GPAA1) involved in various important molecular functions and biological processes. For example, BLM and its ANGs 
are primarily involved in enzyme inhibitor activity, phospholipid binding, and cellular responses to growth factor 
stimulation, whereas RECQL4 and its ANGs are linked to protein serine/threonine kinase activity, DNA-binding 
transcription factor binding, and regulation of DNA-binding transcription factor activity. These functions predominantly 
influence tumor-related processes such as metabolism, proliferation, migration, and apoptosis.36,37 These findings reveal 
the complex regulatory networks of BLM and RECQL4 in OS, suggesting that these two genes may synergistically 
promote tumorigenesis and development by regulating several biological processes.

Figure 8 BLM and RECQL4 silencing by siRNA inhibited the migration and invasion of 143B cells; (A–C) Western blotting of BLM and RECQL4 expression in 143B cells after 
siRNA silencing; (D and E) Migration and repair abilities of 143B cells after siRNA silencing were compared using a wound-healing assay. The red dashed lines indicate the 
boundaries of the cell-free scratch wound. (F and G) Invasion abilities of 143B cells after siRNA silencing were compared using Transwell assays. Data are expressed as mean 
± SD of three replicates. ** P < 0.01, vs Control.
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MicroRNAs (miRNAs) are a class of evolutionarily highly conserved small non-coding RNA molecules, approxi
mately 22 nucleotides in length, which occupy a core position in the gene expression regulatory network.38 Numerous 
studies have confirmed that dysregulation of miRNA expression is associated with abnormal alterations in genes related 
to cancer progression.39 Kinases are a key class of enzymes that regulate cellular signaling pathways by catalyzing 
substrate protein phosphorylation. They are directly involved in the initiation, progression, and metastasis of cancer 
through functional abnormalities.40 This study further identified the miRNA and kinase targets of BLM and RECQL4 and 
found that these molecules (including miR-127, miR-19B, CDK1, and PLK1) can influence the malignant phenotypes of 
tumors, such as proliferation, migration, and invasion.41–44 This suggests that they may inhibit the proliferation, 
migration, and invasion of OS cells by regulating BLM and RECQL4 expression in patients with OS. These molecules 
are important therapeutic targets for regulating OS progression. In addition, we analyzed the correlation between the 
differentially expressed genes and BLM and RECQL4 expression in patients with OS. The genes NCAPH, C15orf42, 
CCNB2, NFKBIL2, TRAIP, and C16orf59 were significantly positively correlated with BLM and RECQL4 expression. 
These genes are associated with tumor progression,45,46 suggesting that they may act as key regulatory genes in OS.

Immunotherapy has broad prospects for treating advanced cancers.47 Several clinical trials have been conducted 
recently. Immunotherapy has received considerable attention because of its effectiveness in treating various tumors, and 
numerous preclinical experiments have supported its application in OS.48–50 We found that the expression levels of BLM 
and RECQL4 were negatively correlated with immune cell infiltration and immune scores. This indicates that these two 
genes may promote tumor immune escape by inhibiting the infiltration and function of immune cells, thereby creating an 
immunosuppressive tumor microenvironment. In addition, in patients who received anti–PD-1/CTLA-4/PD-L1 immu
notherapy, the expression levels of BLM and RECQL4 were significantly downregulated, suggesting that these genes may 
be associated with the immunotherapeutic response in OS. This discovery provides new ideas for using BLM and 
RECQL4 as predictive markers of immunotherapy sensitivity and for exploring combination treatment strategies. Single- 
cell RNA sequencing revealed the cellular localization of BLM and RECQL4 in OS tissues, showing their significant 
enrichment in malignant OS cells, particularly in the C13 cell cluster. Cell–cell interaction analysis revealed that BLM+ 

and RECQL4+ malignant OS cells primarily interacted with monocytes/macrophages and exhausted CD8+ T-cells. This 
indicates that BLM and RECQL4 may influence the immune status of the tumor microenvironment by regulating the 
interactions between tumor and immune cells, promoting tumor progression.

Sphingosine kinase 1 inhibitor II exerts multiple effects by inhibiting tumor proliferation and invasion and reversing 
the immunosuppressive microenvironment by targeting the abnormally activated SphK1/S1P pathway in tumor cells, 
demonstrating its potential as an antitumor drug.51 As a phosphatidylinositol 3-kinase (PI3K) inhibitor, pilaralisib 
primarily exerts antitumor effects by inhibiting the PI3K pathway.52 However, there have been no relevant reports on 
the roles of these two drugs in OS. Drug screening and functional experiments showed that sphingosine kinase 1 inhibitor 
II and pilaralisib had significant inhibitory effects on OS cells, suppressing the proliferation, migration, and invasion 
capabilities of 143B cells, while downregulating the expression levels of BLM and RECQL4. Further studies revealed 
that silencing BLM and RECQL4 using siRNA significantly impaired the migration and invasion capabilities of the 143B 
cells. These results confirmed the key regulatory roles of BLM and RECQL4 in the malignant biological behaviors of OS 
cells and revealed that sphingosine kinase 1 inhibitor II and pilaralisib may exert antitumor effects by targeting BLM and 
RECQL4, providing potential novel drugs and intervention targets for clinical OS treatment.

Conclusion
In conclusion, this study systematically revealed the multiple mechanisms of action of BLM and RECQL4 in OS, 
providing a new perspective for deepening our understanding of OS pathogenesis and laying the foundation for the 
development of BLM and RECQL4-based biomarkers and therapeutic strategies. However, this study had some limita
tions. For example, the relevant conclusions have not been validated in other OS cell lines and clinical samples, and the 
specific molecular mechanisms by which BLM and RECQL4 regulate OS development have not been thoroughly 
explored. Further in-depth research is needed to promote the translation of these findings into clinical applications and 
to provide new therapeutic options for patients with OS.
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