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TYROBP-positive endothelial
cell-derived TWEAK as a
promoter of osteosarcoma
progression: insights from
single-cell omics

Zhi-qiang Wei*, Sheng Ding and Yan-cai Yang*

The Department of Pediatric Surgery, The Ningbo Women and Children’s Hospital, Ningbo, China
Background: Endothelial cells (ECs) play a vital role in promoting the progression

of malignant cells, and they exhibit heterogeneity in their phenotypic

characteristics. We aimed to explore the initiating cells of ECs in osteosarcoma

(OS) and investigate their potential interaction with malignant cells.

Method: We obtained scRNA-seq data from 6 OS patients, and datasets were

batch-corrected to minimize variations among samples. Pseudotime analysis

was performed to investigate the origin of differentiation of ECs. CellChat was

employed to examine the potential communication between endothelial cells

and malignant cells, and gene regulatory network analysis was performed to

identify transcription factor activity changes during the conversion process.

Importantly, we generated TYROBP-positive ECs in vitro and investigated its

role in OS cell lines. Finally, we explored the prognosis of specific ECs cluster

and their impact on the tumor microenvironment (TME) at the bulk

transcriptome level.

Results: The results showed that TYROBP-positive ECs may play a crucial role in

initiating the differentiation of ECs. TYROBOP-positive endothelial cells (ECs)

exhibited the strongest crosstalk with malignant cells, likely mediated by TWEAK,

a multifunctional cytokine. TYROBP-positive ECs exhibited significant expression

of TME-related genes, unique metabolic and immunological profiles.

Importantly, OS patients with low enrichment of TYROBP-positive ECs had

better prognoses and a lower risk of metastasis. Finally, vitro assays confirmed

that TWEAK was significantly increased in ECs-conditioned medium (ECs-CM)

when TYROBP was over-expressed in EC cells, and could promote the

proliferation and migration of OS cells.

Conclusion: We concluded that TYROBP-positive ECs may be the initiating cells

and play a crucial role in the promotion of malignant cell progression. TYROBP-

positive ECs have a unique metabolic and immunological profile and may

interact with malignant cells through the secretion of TWEAK.
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Introduction

Osteosarcoma (OS) is a highly malignant bone tumor, mainly

affecting children and adolescents (1). With the development of

multimodal therapy, including surgery, chemotherapy, and

radiation therapy, the survival rate of OS patients has improved

significantly over the past few decades (2). Current research efforts

on OS treatment are mainly focused on two aspects: identifying

novel therapeutic targets and improving the effectiveness of existing

therapies (3). Several potential therapeutic targets for OS have been

identified, including receptor tyrosine kinases, immune

checkpoints, and metabolic pathways (4, 5). Moreover, advances

in genomics and transcriptomics have led to the identification of

several molecular subtypes of OS, which may have different

treatment responses and prognoses (6). Understanding the

molecular characteristics of OS can help to develop personalized

treatment strategies and improve patient outcomes.

The tumor microenvironment (TME) plays a crucial role in the

progression of OS (7). For example, studies have shown that the TME

can affect the behavior of OS cells by promoting angiogenesis,

remodeling of the extracellular matrix, and immune evasion (8).

Additionally, studies have shown that the TME can influence the

response of OS to chemotherapy and radiation therapy (9).

Endothelial cells (ECs), the major component of vascular

endothelium, have important impacts on tumor growth and

metastasis in cancer (10). In cancer, ECs can be classified into

multiple subtypes with different transcriptional profiles, phenotypes,

and functions (7). The expression profiles and distribution of

endothelial cell subtypes are closely associated with different tumor

types and microenvironments. Specific proteins expressed by ECs in

tumor vasculature can be used for screening potential therapeutic

targets, and different subtypes of ECs may respond differently to

therapeutic drugs (7). In some cases, ECs can suppress tumor immune

responses by expressing immune checkpoint molecules such as PD-L1

(11), and some studies have suggested that tumor vasculature ECs can

promote tumor immune evasion and metastasis (12). Therefore, a

deeper understanding of endothelial cell heterogeneity in cancer can

not only promote the understanding of the tumor microenvironment

but also provide valuable insights for the development of novel cancer

therapeutic strategies.

The impact of single-cell omics methods on OS and other

tumors in the introduction. Indeed, single-cell omics methods have

revolutionized our ability to study tumors at the single-cell level,

providing unprecedented insights into tumor heterogeneity, cell-to-

cell communication, and cellular plasticity (13). Single-cell RNA

sequencing (scRNA-seq) is particularly powerful, allowing us to

identify rare cell populations and study their transcriptional profiles

in depth. In this study, we analyzed scRNA-seq data from OS

patients and identified heterogeneity of ECs across different

patients. Specifically, we observed that TYROBP-positive ECs

showed the strongest interaction with malignant cells and may

serve as initiating cells by secreting TWEAK and other proteins that

influence tumor progression. We also found that patients with low

enrichment of TYROBP-positive ECs had better prognoses and a

lower risk of metastasis.
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Materials and methods

Pre-processing of the scRNA-seq datasets

We obtained the scRNA-seq dataset for osteosarcoma

comprising of 6 samples (GSE162454) and the corresponding

meta information from the Tumor Immune Single-cell Hub

(TISCH) database (14). To ensure the quality of the data, we

conducted quality control (QC), normalization, scaling, and

principal component analysis (PCA) using the Seurat package

(v4.0.5). We then performed clustering using the “Find

Neighbors” and “Find Clusters” functions at a resolution of 0.7.

The resulting clusters were visualized by t-distributed stochastic

neighbor embedding (tSNE) and identified using the meta

information files from TISCH database. Subsequently, we

extracted the data for ECs from the Seurat object and repeated

the aforementioned process with LogFC = 0.5 and min.pct = 0.35 to

identify markers for different clusters.
Cell culture and conditioned
medium collection

As EC cells are difficult to extract from OS tissues, we selected

the Human umbilical vein endothelial cells (HUVECs) as an in vitro

model, based on previous references. The HUVECs were cultured in

an endothelial growth medium supplemented with 10% fetal bovine

serum and penicillin-streptomycin, as well as all the supplied

endothelial growth medium supplements (Procel, Wuhan, China).

For the preparation of endothelial cell-conditioned medium (ECs-

CM), 1 × 106 cells were seeded onto T25 culture flasks and

incubated for 48 hours. The medium was then replaced with 5mL

of serum-free DMEM/F12 (keyGEN, China) and further incubated

for 24 h. The resulting CM was collected, filtered, and stored at −80°

C. The human OS cell lines U2-OS and 143B (Procel, Wuhan,

China) were cultured in DMEM/F12 supplemented with 10% FBS.

All cells were cultured at 37°C in a humidified atmosphere of 95%

air/5% CO2.
Lentiviral transfection

LV-TYROBP and LV-NC were purchased from Sangon Biotech

(Shanghai, China). HUVECs cells stably expressing TYROBP were

established by transfecting the lentivirus.
Enzyme-linked immunosorbent assay

Cell culture supernatants from normal HUVECs and TYROBP-

positive HUVECs were collected to assess TWEAK secretion levels

using a specific TWEAK ELISA kit (R&D Systems Inc.,

Minneapolis, MN). The color intensity of the wells was measured

using a microplate reader (BioTek, Winooski, VT) at 450 nm after

color development was stopped.
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Migration assay and Cell Counting Kit-8

We utilized Transwell chambers (8-µm pores) in a 24-well plate

(Corning, MA, USA) to evaluate the migration of U2-OS and 143B.

In the upper chamber, serum-free F12/DMEM containing tumor

cells was added, while the lower chamber contained ECs-CM

supplemented with 20% FBS. After culturing for 24 h, the

migrated cells were fixed with 4% paraformaldehyde, stained with

crystal violet, and enumerated using bright-field microscopy. The

proliferation of U2-OS and 143B was assessed using a 96-well plate,

with 2000 cells per well, and various concentrations of ECs-CM

derived from normal HUVECs and TYROBP-positive HUVECs.

The plate was incubated for two hours at 37°C, and the Cell

Counting Kit-8 (CCK-8) reagent (Dojindo, Japan) was added

before measuring absorbance at 450 nm. Assays were performed

every 24 h.
RNA extraction and real-time polymerase
chain reaction (PCR) assay

RNA isolation was performed using the FastPure Cell/Tissue

Total RNA Isolation Kit V2 (Vazyme, Nanjing, China) according to

the manufacturer’s protocol. Complementary DNA (cDNA) was

synthesized from the isolated RNA using the HiScript III All-in-one

RT SuperMix Perfect for qPCR Kit (Vazyme, Nanjing, China). Real-

time PCR was carried out on the synthesized cDNA using the Taq

Pro Universal SYBR qPCR Master Mix Kit (Vazyme, Nanjing,

China) in an ABI7500 real-time PCR system (Applied

Biosystems). The primer sequence was from the previous

references (15).
Gene regulatory network analysis and
pseudotime analysis

In order to identify the gene regulatory network of each cluster

of ECs, we employed the single-cell regulatory network inference

and clustering (SCENIC) approach using the SCENIC package

(v1.3.1). The method infers potential transcription factor targets

based on the expression data and evaluates the activity of regulons

in individual cells. The differentially activated regulons of each

cluster of ECs were identified by constructing a heatmap.

Pseudotime analysis was conducted using the Monocle package

(v2.22.0). Single-cell trajectories were calculated using the functions

“order_cells” based on ECs cluster from Seurat.
Cell–cell communication analysis

Cell-Cell Communication (CCC) Analysis serves as an essential

reference database for establishing ligand-receptor pairs and

secretory signaling pathways via the CellChat package (v1.1.3).

The principal focus of CCC is to explore the relationship between

malignant cells and ECs. To this end, the analytical suite, including

“netAnalysis signalingRole scatter,” “netAnalysis signalingRole
Frontiers in Oncology 03
heatmap,” and “netVisual circle,” was utilized to gain valuable

insight into the complex interplay between these cells.
Gene set variation analysis and
metabolic analysis

Gene set variation analysis (GSVA) (16) was executed utilizing

the GSVA package (v1.40.1). Specifically, in the single-cell RNA

sequencing dataset, the pathway activation was calculated for each

cluster using “hallmark” gene sets. In addition, in the bulk RNA

data, the score for each sample was evaluated using “KEGG.v7.4”

gene sets, and a list of 29 immune cell-associated genes previously

reported in the references was also considered. Metabolic analysis

was executed utilizing the scMetabolism package (v0.2.1). The

package was pre-populated with a human metabolic gene set,

including 85 KEGG pathways and 82 REACTOME entries, based

on the mean of the above gene sets values for metabolic activity

analysis. These approaches provide a comprehensive and in-depth

understanding of the gene expression pattern in these datasets.
Pre-processing of the bulk
transcriptome datasets

We utilized RNA-seq data from the TARGET database,

including 88 OS samples, with non-coding RNAs excluded for

downstream analysis. To ensure robustness of our modeling, we

finally included 84 osteosarcoma samples without duplicate

sequencing. To complement our findings, we also obtained the

GSE21257 dataset from the GEO database, with samples screened

using the same inclusion and exclusion criteria. An external

validation cohort of 53 OS patients was included in our study.

Finally, the specific endothelial cell cluster’s score of the bulk

transcriptome sample was calculated using ssGSEA algorithm

based on the marker genes derived from the scRNA-seq data.

Overall patients were divided into high-score and low-score

groups based on the cut-off of endothelial cell scores in

survival analysis.
ESTIMATE algorithm

We employed the ESTIMATE package (v1.0.13) to estimate

stromal score and immune score of tumor samples based on their

expression data. Furthermore, differential comparisons were

conducted based on specific epithelial cells score.
Construction and validation of the ECs-
derived risk score

We used the limma package (v3.50.3) to calculate the

differentially expressed genes (DEGs) between different epithelial

cell score in the TARGET cohort. An adjusted p-value <0.05, and an

absolute value of logFC greater than 1 were used as thresholds for
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selecting DEGs. We conducted a series of analyses to identify genes

with prognostic value for our study. Initially, we performed

univariate Cox regression analysis on the previously identified

genes (p-value <0.05). Next, we applied a least absolute shrinkage

and selection operator (LASSO) model to eliminate genes that were

not useful for prognosis. We then constructed risk score formulas

by integrating gene expression values weighted by their LASSO-Cox

coefficients, as recommended in previous references’s pipline (17,

18). Finally, we assessed the independent prognostic value of the

risk score in our dataset using multivariate Cox regression analysis.

Additionally, we employed time-dependent subject operating

characteristic (ROC) curves to compare the predictive accuracy of

the risk score in different survival time. Finally, all patients were

divided into high and low risk groups according to the cut-off value

of risk score. For nomogram, based on our previous references, we

utilized the regplot package (v1.1) to develop a nomogram that

combined risk scores with significant clinical indicators identified

by multivariate Cox regression analysis (19). To validate the

prognostic predictive ability of the newly generated scores, we

employed several packages, including survminer (v3.3-1),

timeROC (v0.4), rms (v6.3-0), and rmda (v1.6). These packages

were instrumental in assessing the performance of the scores and

determining their usefulness in predicting outcomes.
Drug sensitivity

The compDrugsen function of MOVICS package (v0.99.17) was

used to compare the IC50 of drug of different groups by

constructing ridge regression model.
Statistical analysis

We conducted statistical analysis using R software (v4.1.2). For

most cases, the significance of differences was tested using the

Wilcoxon rank-sum test. The level of statistical significance was set

at a p-value < 0.05, denoted by *p < 0.05, **p < 0.01, or ***p <0.001,

while results without significant differences were marked as ns (not

significant). We also performed overall survival analysis using the

log-rank test.Results
TYROBP-positive endothelial cells may be
the initiating cells

We obtained the GSE162454 dataset from the TISCH database,

which had been batch-corrected to minimize variations among

samples. The dataset comprised of scRNA data from 6 OS patients,

and these cells were clustered to yield 29 subgroups (Figure 1A). Using

the annotation information provided in the TISCH database, the cells

were classified into eight different cell types, namely, plasma cells,

conventional CD4+ T cells (CD4Tconv), exhausted CD8+ T cells

(CD8Tex), ECs, epithelial cells, fibroblasts, monocytes/macrophages

(mono/macro), and osteoblasts (Figure 1B). As ECs are known to

promote the progression of malignant cells (10), the original data was
Frontiers in Oncology 04
extracted from the endothelial cell clusters and re-clustered to construct

an endothelial cell atlas, and the final ECs were divided into four

clusters. The highly expressed genes in each cluster were identified as

EDNBR (endothelial_0), FABP4 (endothelial_1), MKI67

(endothelial_2), and TYROBP (endothelial_3), as depicted in

Figure 1C. To explore the specificity of different ECs, we determined

the percentage of different ECs in six patients. For instance,

endothelial_0 accounted for 62.2% in GSM4952363, endothelial_0

accounted for 66.2% in GSM4952364, endothelial_1 accounted for

63.6% in patient GSM4952365, endothelial_0 accounted for 77.3% in

patient GSM5155198, endothelial_0 accounted for 60.1% in patient

GSM5155199, and endothelial_1 accounted for 78.9% in patient

GSM5155200 (Figure 1D). These results indicated that endothelial_0

and endothelial_1 was predominant in different patients, and there was

heterogeneity in the distribution of other ECs among patients. To

investigate the origin of differentiation of ECs, pseudotime analysis was

performed, and interestingly, four nodes were identified in the

trajectory in two-dimensional space after sorting the cells, with

endothelial_3 being the initiating cells at the beginning (Figure 1E).

Therefore, we speculate that TYROBP-positive ECs (endothelial_3)

may play a crucial role in initiating the differentiation of ECs.
TYROBP-positive endothelial cells generate
the strongest crosstalk with malignant cells

We have re-annotated and visualized ECs using highly

expressed markers of different subsets of ECs. Our analysis

identified four renamed subclusters of endothelial cells, namely

TYROBP-positive ECs, EDNRB-positive ECs, FABP4-positive ECs,

and MKI67-positive ECs, as shown in the t-sne plot in Figure 2A.

Interestingly, TYROBP-positive ECs displayed the highest

incoming and outgoing signal strength, indicating that they may

play a critical role in the communication between endothelial cell

clusters and malignant cells (Figure 2B). We further examined the

strength of secretory signals in different cell types using heatmaps,

and our results demonstrated significant activation of key efferent

signals such as VEGF and CCL (Figure 2C). Moreover, we used a

network to calculate the weight and strength ratio of the

interactions, and our findings revealed major interactions between

malignant cells and TYROBP-positive ECs, MKI67-positive ECs,

and EDNRB-positive ECs, as well as interconnections between

different ECs (Figure 2D).
Overexpression of TYROBP results in
increased TWEAK production by
endothelial cells

We investigated the potential mechanism by which TYROBP-

positive ECs may interact with malignant cells through the secretion

of chemokines, such as TNFSF12, TNF, RETN, and PDGFB, among

others (Figure 3A). It is worth noting that TNSF12 showed the

strongest communication scores. TNFSF12, also known as TNF-

related weak inducer of apoptosis (TWEAK), is a cytokine that has

been implicated in a variety of physiological and pathological
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processes. TNFSF12 is expressed by a range of cell types, including

endothelial cells, and has been shown to interact with its receptor,

fibroblast growth factor-inducible 14 (Fn14), to activate

downstream signaling pathways. To investigate the impact of

TYROBP overexpression in endothelial cells, we attempted to

transfect TYROBP into HUVECs cell lines. However, due to the

inherent characteristics of HUVECs, we encountered suboptimal

transfection efficiency (Figure 3B). Nevertheless, we successfully
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confirmed the presence of TYROBP-positive endothelial cells

through the detection of TYROBP mRNA (Figure 3C), which was

further validated by ELISA data showing a significant increase in

TWEAK production in the conditioned medium (Figure 3D).

Notably, the conditioned medium from TYROBP-positive

endothelial cells induced significant changes in the proliferation

and migration of osteosarcoma cell lines (Figures 3E–G).

Mechanistically, our data suggest that the elevated expression of
A B

D

E

C

FIGURE 1

Endothelial cell atlas of osteosarcoma. (A) Clustering analysis of scRNA data from 6 osteosarcoma patients, which generated 29 subgroups.
(B) Classification of cells into eight different cell types: plasma cells, conventional CD4+ T cells (CD4Tconv), exhausted CD8+ T cells (CD8Tex),
endothelial cells, epithelial cells, fibroblasts, monocytes/macrophages (mono/macro), and osteoblasts. (C) Expression of highly expressed genes in
four endothelial cell clusters: EDNBR (endothelial_0), FABP4 (endothelial_1), MKI67 (endothelial_2), and TYROBP (endothelial_3). (D) Percentage of
different endothelial cells in six patients, with endothelial_0 and endothelial_1 being predominant in different patients. (E) Pseudotime analysis of
endothelial cells, showing four nodes in the trajectory in two-dimensional space, with TYROBP-positive endothelial cells (endothelial_3) being the
initiating cells.
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TWEAK and other proteins in the TYROBP-positive endothelial

cell-conditioned medium promoted the malignant phenotype of

OS cells.
TYROBP-positive endothelial cells
have a unique metabolic and
immunological profile

Notably, TYROBP-positive ECs exhibited significant expression

of TME-related genes, including those regulating chemokine
Frontiers in Oncology 06
expression, such as CXCL12 and CXCL3, as demonstrated in

Figure 4A. Additionally, differential expression of immune

checkpoints (ICI) on ECs clusters was observed, with LAG3,

CD48, PDCD1LG2, CD244, SLAMF7, and HAVCR2 being highly

expressed in TYROBP-positive ECs, while IDO1, TIGIT, CD95,

CD160, and CTLA4 were highly expressed in FABP4-positive ECs,

as depicted in Figure 4B. Subsequently, we examined the gene

regulatory network to elucidate the transcription factors (TFs)

activity changes during the conversion process. Our findings

revealed that TYROBP-positive ECs exhibited high activity of

FOS, FOSB, HES1, and JUNB, indicating that these TFs may
A B

D

C

FIGURE 2

Analysis of endothelial cell subsets and interactions with malignant cells. (A) Tsne plot showing the four renamed subclusters of endothelial cells
based on highly expressed markers. (B) TYROBP-positive ECs exhibit the highest incoming and outgoing signal strength, suggesting a critical role in
communication between endothelial cell clusters and malignant cells. (C) Heatmap analysis demonstrates significant activation of key efferent
signals, such as VEGF and CCL, in different cell types. (D) Network analysis reveals major interactions between malignant cells and TYROBP-positive
ECs, MKI67-positive ECs, and EDNRB-positive ECs, as well as interconnections between different ECs.
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promote the differentiation of initiating cells (TYROBP-positive

ECs) to other isoforms, as illustrated in Figure 4C. Pathway analysis

demonstrated that TYROBP-positive ECs were highly activated in

fatty acid metabolic signaling pathways, inflammatory responses,

and pro-oncogenic pathways, such as p53 and KRAS, as presented

in Figure 4D. Therefore, we further investigated the differences in

metabolic pathways between ECs clusters and found that they were

distinct. The heat map of the top 10 activated metabolism-related

pathways showed that FABP4-positive ECs were in a metabolic

silent state, while MKI67-positive ECs were dominated by pyruvate
Frontiers in Oncology 07
metabolism, and TYROBP-positive ECs were primarily engaged in

starch and sucrose metabolism (Figure 4E).
High enrichment of TYROBP-
positive endothelial cells indicates
a better prognosis

We utilized the ssGSEA algorithm to assess different ECs scores

per patient from bulk transcriptome data. Remarkably, only
A B

D
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C

FIGURE 3

TYROBP-positive endothelial cells-derived TWEAK promote proliferation and migration of osteosarcoma. (A) Potential mechanism of interaction
between TYROBP-positive ECs and malignant cells through the secretion of chemokines, including TNFSF12, TNF, RETN, and PDGFB, among
others. (B) Fluorescence image 48h after transfection. (C) Relative mRNA expression of TYROBP in HUVECs cell lines after TYROBP
overexpression. (D) TWEAK concentration in different conditioned medium. (E) Migration images of OS cell lines (U2-OS and 143B) treated with
different conditioned medium. (F) The change of proliferative ability of U2-OS cell line under different conditioned medium. (G) The change of
proliferative ability of 143B cell line under different conditioned medium. **P < 0.01; ***P < 0.001.
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FIGURE 4

Molecular characteristics of TYROBP-positive endothelial cells in the tumor microenvironment. (A) TYROBP-positive endothelial cells showed
significant expression of tumor microenvironment-related genes, including those involved in chemokine regulation such as CXCL12 and CXCL3.
(B) Endothelial cell clusters exhibited differential expression of immune checkpoints, with TYROBP-positive endothelial cells expressing high levels of
LAG3, CD48, PDCD1LG2, CD244, SLAMF7, and HAVCR2, while IDO1, TIGIT, CD95, CD160, and CTLA4 were highly expressed in FABP4-positive
endothelial cells. (C) Analysis of gene regulatory networks revealed high activity of FOS, FOSB, HES1, and JUNB in TYROBP-positive endothelial cells,
suggesting that these transcription factors may promote the differentiation of initiating cells to other isoforms. (D) Pathway analysis showed that
TYROBP-positive endothelial cells were highly activated in fatty acid metabolic signaling pathways, inflammatory responses, and pro-oncogenic
pathways, such as p53 and KRAS. (E) A heatmap of the top 10 activated metabolism-related pathways showed that FABP4-positive endothelial cells
were in a metabolic silent state, while MKI67-positive endothelial cells were dominated by pyruvate metabolism. In contrast, TYROBP-positive
endothelial cells were primarily engaged in starch and sucrose metabolism, highlighting distinct metabolic pathway utilization between different
endothelial cell clusters in the tumor microenvironment.
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TYROBP-positive ECs were found to be downregulated in metastatic

samples in the TARGET-OS cohort, indicating its potential role in

inhibiting tumor metastasis (Figures 5A–D). Additionally, we

evaluated the prognostic impact of different ECs on patient

outcomes in the TARGET-OS cohort, and only TYROBP-positive

ECs exhibited significant prognostic implications. Specifically,

patients with low levels of enriched TYROBP-positive ECs had a

poorer prognosis (Figures 5E–H). Notably, the prognostic power of

TYROBP-positive ECs was consistently observed in the validation

cohort GSE21257 (Figure 5I).
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High enrichment of TYROBP-positive
endothelial cells represents the “hot”
tumor state

Using the GSVA algorithm, we observed differences in the

immune microenvironment among patients with varying

enrichment levels of TYROBP-positive ECs. Interestingly,

patients with high enrichment of TYROBP-positive ECs had

greater numbers of activated CD4+ T cells, CD8+ T cells, and

natural killer cells (Figure 6A). To ensure the robustness of our
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FIGURE 5

TYROBP-positive endothelial cells as potential suppressors of tumor metastasis and prognostic indicators in osteosarcoma. (A) The scores of
EDNRB-positive ECs in metastatic samples and no-metastatic samples. (B) The scores of FABP4-positive ECs in metastatic samples and no-
metastatic samples. (C) The scores of MKI67-positive ECs in metastatic samples and no-metastatic samples. (D) The scores of TYROBP-positive ECs
in metastatic samples and no-metastatic samples. TYROBP-positive endothelial cells were found to be downregulated in metastatic samples in the
TARGET-OS cohort. Kaplan-Meier plots of the prognostic impact of different endothelial cell types on patient outcomes in the TARGET-OS cohort,
including EDNRB-positive ECs (E), FABP4-positive ECs (F), and MKI67-positive ECs (G) and TYROBP-positive ECs (H). (I) Kaplan-Meier plots of the
prognostic impact of different endothelial cell types on patient outcomes in the GSE21257 cohort. **p < 0.01, ns (not significant).
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findings, we further used the ESTIMATE algorithm to determine

that patients with highly enriched TYROBP-positive ECs also

exhibited higher immune scores, indicative of a “hot” tumor state

(Figure 6B). Additionally, we compared the mRNA expression

levels of immune checkpoint inhibitors (ICIs) in patients with

different EC enrichments and found that those with highly

enriched ECs had higher expression of classical ICIs, such as
Frontiers in Oncology 10
CD276 and CD274 (Figure 6C). Finally, we evaluated the

activation of KEGG pathways among different patients and

found that high enrichment of TYROBP-positive ECs was

associated with significantly activated chemokine, T cell

receptor, B cell receptor, and Nod-like receptor signaling

pathways, further supporting our conclusion that it corresponds

to a “hot” tumor state. (Figure 6D).
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FIGURE 6

Immune microenvironment differences in patients with varying TYROBP-positive EC enrichment levels. (A) Patients with high enrichment of
TYROBP-positive ECs had increased numbers of activated CD4+ T cells, CD8+ T cells, and natural killer cells. (B) Patients with highly enriched
TYROBP-positive ECs also exhibited higher immune scores, indicative of a “hot” tumor state, as determined by the ESTIMATE algorithm. (C) Patients
with highly enriched ECs had higher expression of classical immune checkpoint inhibitors (ICIs). (D) High enrichment of TYROBP-positive ECs was
associated with significantly activated chemokine, T cell receptor, B cell receptor, and Nod-like receptor signaling pathways, indicating a “hot” tumor
state. *P < 0.05; **P < 0.01; ***P < 0.001; ns represents no statistical significance.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1200203
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Wei et al. 10.3389/fonc.2023.1200203
TYROBP-positive endothelial cell-derived
risk signature can be used for prognostic
prediction and medication guidance

We identified 213 differential expression genes (DEGs) between

patients with varying levels of TYROBP-positive EC enrichment

(Figure 7A). Further KEGG enrichment analysis revealed a
Frontiers in Oncology 11
significant association between TYROBP-positive ECs and immunity,

with cytokine-cytokine receptor interaction being the most enriched

pathway (Figure 7B). Using LASSO-Cox model, we identified 35

overlapping prognostic genes from the validation cohort, and

subsequently selected 6 TYROBP-positive endothelial cell-derived

genes for risk score construction (Figure 7C). We divided patients

into high-risk and low-risk groups using a cut-off value, and found that
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FIGURE 7

TYROBP-positive endothelial cell enrichment is associated with immunity and is an independent prognostic factor. (A) Volcano plot depicting the
213 differentially expressed genes (DEGs) identified between patients with varying levels of TYROBP-positive ECs enrichment. (B) KEGG enrichment
analysis demonstrating that cytokine-cytokine receptor interaction is the most enriched pathway associated with TYROBP-positive ECs. (C) LASSO
regression model selecting 6 TYROBP-positive endothelial cell-derived genes for risk score construction. (D) Multifactorial Cox regression analysis
showing that risk grouping based on the constructed risk score is an independent prognostic factor, even after adjusting for clinicopathological
variables. Kaplan-Meier curves depicting the survival of patients in different cohorts, such as TARGERT-OS cohort (E) and GSE21257 (F), divided into
high-risk and low-risk groups based on the constructed risk score.
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risk grouping was an independent prognostic factor, even after

adjusting for clinicopathological variables (Figure 7D). The high-risk

group had a better prognosis in different cohorts (Figures 7E, F). To aid

clinical use, we developed nomograms based on meaningful clinical

variables and risk scores, which demonstrated clinical benefit in ROC

curve, calibration curve, and clinical impact curve analyses

(Figures 8A–E). Additionally, we performed drug sensitivity analysis

using three targeted drugs with therapeutic OS potential, including
Frontiers in Oncology 12
BMS-536924, KIN001, and PHA-665752. Our findings showed that

the IC50 of the high-risk array was significantly lower than that of the

low-risk array, indicating greater sensitivity to these drugs in the high-

risk group (Figures 8F–H).

In summary, our findings suggest that TYROBP-positive EC

enrichment plays a critical role in promoting immunity and can be

used as an independent prognostic feature to predict patient

outcomes. The development of visualized nomograms and drug
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FIGURE 8

Nomograms and drug sensitivity analysis. (A) Nomograms based on clinical variables and risk scores demonstrate clinical benefit. (B) Kaplan-Meier
curves depicting the survival of patients with different nomogram’s points. (C) The calibration curve shows the agreement between predicted and
actual outcomes, further validating the clinical benefit of using the points-based classification scheme. (D) The clinical impact curve demonstrates
the clinical benefit of using the points-based classification scheme. (E) The clinical impact curve demonstrates the clinical benefit of using the
points-based classification scheme. Drug sensitivity analysis using BMS-536924 (F), KIN001 (G), and PHA-665752 (H) reveals greater sensitivity to
these drugs in the high-risk group.
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sensitivity analysis further demonstrate the clinical benefit of using

this classification scheme.
Discussion

ECs play a critical role in the TME and have been shown to

promote tumor progression by providing oxygen and nutrients to

tumor cells, regulating immune cell infiltration, and mediating

tumor cell intravasation and extravasation during metastasis (20).

In this study, we utilized scRNA-seq and bulk transcriptome to

investigate the heterogeneity of ECs in OS and identify potential

initiating cells and their role in tumor progression.

TYROBP, also known as DAP12, is a human gene located on

chromosome 19q13.1. It encodes a transmembrane adaptor protein

that is mainly expressed in cells, and the protein product of

TYROBP is involved in a variety of immune responses, including

regulating the activation and function of natural killer cells and

dendritic cells (21). It forms complexes with cell surface receptors,

such as triggering receptor expressed on myeloid cells 1 (TREM1),

which activate downstream signaling pathways (22). Mutations in

TYROBP have been associated with various diseases, including

Nasu-Hakola disease, which is a rare neurodegenerative disorder

that affects the brain and bones (23). Additionally, TYROBP has

been implicated in the pathogenesis of Alzheimer’s disease and

other neurodegenerative diseases (24, 25). Overall, TYROBP plays a

crucial role in immune system function and has implications for

various diseases, particularly those affecting the brain and immune

system. Our results revealed that TYROBP-positive ECs displayed

the highest incoming and outgoing signal strength when

communicating with malignant cells. We also found that

TYROBP-positive ECs exhibited significant expression of TME-

related genes, including those regulating chemokine expression, and

had high activity of transcription factors FOS, FOSB, HES1, and

JUNB. These findings suggest that TYROBP-positive ECs may play

a crucial role in regulating immune cell infiltration and promoting

tumor progression through their interactions with malignant cells.

Moreover, our analysis identified differential expression of immune

checkpoints (ICI) on ECs clusters. LAG3, CD48, PDCD1LG2,

CD244, SLAMF7, and HAVCR2 were highly expressed in

TYROBP-positive ECs, while IDO1, TIGIT, CD95, CD160, and

CTLA4 were highly expressed in FABP4-positive ECs. This

differential expression of ICIs suggests that TYROBP-positive ECs

may play a unique role in immune evasion in the TME.

There have been successful precedents for converting “cold”

tumors to “hot” tumors and improving the efficacy of

immunotherapy. “Cold” tumors are characterized by a lack of T

cell infiltration, whereas “hot” tumors are characterized by high

levels of T cell infiltration and activity (26). Immunotherapy, such

as immune checkpoint inhibitors, can be highly effective in treating

“hot” tumors, but has limited efficacy in “cold” tumors. We

evaluated the activation of KEGG pathways among different

patients and found that high enrichment of TYROBP-positive

ECs was associated with significantly activated chemokine, T cell
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receptor, B cell receptor, and Nod-like receptor signaling pathways,

further supporting our conclusion that it corresponds to a “hot”

tumor state.

Studies have shown that the TYROBP gene may play a role in

the development and progression of certain cancers. For example,

TYROBP expression has been found to be increased in several

types of cancer, including breast cancer (27), lung cancer (28), and

low-grade glioma (8). In breast cancer, higher levels of TYROBP

expression have been associated with worse clinical outcomes,

including shorter overall survival and disease-free survival (27). In

low-grade glioma, TYROBP has been shown to promote tumor

growth and metastasis through its interaction with other proteins

involved in cell signaling pathways (8). Although the exact

mechanisms by which TYROBP contributes to tumorigenesis

are not yet fully understood, these findings suggest that

TYROBP may be a potential target for cancer therapy and

highlight the need for further research into its role in cancer

development and progression.

Currently, numerous studies have investigated the relationship

between ECs and osteosarcoma; however, a specific subtype of ECs

has not been the primary focus of most of these reports. ECs

promote osteosarcoma progression by secreting Von Willebrand

factor (VWF) and activating NF-kB signaling, which contributes to

epithelial-mesenchymal transition (EMT) and metastasis; OS cells

in turn activate phospholipase D1 signaling to promote VWF

release by ECs, resulting in further tumor deterioration (29).

Kanako Minami and his colleagues found that Free fatty acid

receptor 1 (FFA1) and FFA4, which regulate various malignant

properties in cancer cells, may play a significant role in the

modulation of cellular functions by ECs in OS, with higher

expression levels of FFAR1 and FFAR4 genes in highly migratory

MG63-CR7(F2) cells than in MG-63 cells, and knockdown of FFA1

or FFA4 inhibiting cell survival in the presence of cisplatin (30).

Filomena de Nigris a suggests that Cyclin-dependent kinase 2 and 5

(Cdk2, Cdk5) are important mediators of neoangiogenesis in

osteosarcoma, and a specific Yin Yang 1 (YY1) protein-dependent

signal from tumor cells determines proliferation of human ECs,

with Roscovitine inhibiting Cdk2 and Cdk5 activity, decreasing ECs

proliferation and angiogenesis, and potentially serving as a

pharmacologically accessible target for both antiangiogenic and

antitumor therapy (31). However, we concluded that TYROBP-

positive ECs may be the initiating cells and target specific subgroups

of ECs that may benefit patients with OS.

It is worth noting that our study has several limitations. About

vitro experiment, the main limitation is the suboptimal transfection

efficiency of HUVECs cell lines, which may have resulted in

incomplete TYROBP overexpression. Additionally, the study did

not investigate the specific mechanisms underlying the changes in

osteosarcoma cell proliferation and migration induced by the

TYROBP-positive endothelial cell-conditioned medium. Finally,

while the data suggests a role for TWEAK and other proteins in

promoting the malignant phenotype of osteosarcoma cells, the

study did not provide conclusive evidence regarding the specific

proteins or pathways involved. Moreover, our sample size is
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relatively small and that it may limit the generalizability of our

findings. Our analysis was based on a single scRNA-seq dataset

from the TISCH database, which may not fully represent the

heterogeneity of ECs in OS. Further validation with additional

datasets is necessary to confirm our findings. Second, we focused

on the role of TYROBP-positive ECs in tumor progression, but

other EC clusters may also play important roles in the TME. Finally,

our study was based on computational analysis and further

experimental validation is necessary to confirm our findings.
Conclusions

In conclusion, our study identified TYROBP-positive ECs as the

initiating cells of differentiation in ECs clusters in OS, and suggested

that they may play a crucial role in promoting tumor progression

through their interactions with malignant cells and regulating

immune cell infiltration in the TME. In the future, targeting

TYROBP-positive ECs maybe represent a promising approach for

the treatment of OS and holds great potential for improving

patient outcomes.
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