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ARTICLE INFO ABSTRACT
Keywords: Glioblastoma (GBM) cells have the potential to switch from being “proliferative cells” to peri-
Single cell RNA-seq tumoral “invasive cells”. Peritumoral GBM cells have highly invasive properties that allow them

Intratumoral heterogeneity
Tumor microenvironment
Tumor invasion

to survive surgery, leading to recurrence. The mechanisms underlying the manner in which the
tumor microenvironment (TME) regulates the invasiveness of GBM remain unclear. Single-cell
RNA sequencing analysis revealed heterogeneity in GBM cells, microglia and macrophages. In
this study, the Oncostatin M receptor (OSMR) and leukemia inhibitory factor receptor (LIFR)
expression indicated higher invasiveness in core GBM cells. Under environmental stress, the
expression of OSMR and LIFR were up-regulated with the effect of hypoxic, acidic, and low-
glucose conditions in vitro. Functional experiments revealed that TME stress significantly in-
fluences the proliferation, migration and invasion of GBM cells. The differences in core/periph-
eral TMEs in GBM affected the invasive properties, indicating the significant role of OSMR
expression within the TME in tumor progression and postoperative therapy.

1. Introduction

Glioblastoma (GBM) is the most common and malignant primary tumor of the central nervous system, with an extremely poor
prognosis [1]. It is characterized by an aggressive progression, high recurrence and mortality rates [2]. Pathological studies have
suggested that a subset of GBM cells with high migratory and invasive properties infiltrate the peritumoral region during tumor
progression. These GBM cells survived from surgery and resulted in recurrence [3]. The “go or grow” mechanism, also known as
migration/proliferation dichotomy, is a framework that has allowed for a deeper understanding of the dynamics of “invasive GBM
cells”. "Go” refers to the invasive and migratory properties, and "grow” refers to the proliferative properties of GBM cells. Evidence has
indicated that cell movement and proliferation are mutually exclusive [4]. GBM cells can be divided into two phenotypes: “prolif-
erative” and “invasive”. Phenotypic shifts involve a series of biological changes, including extracellular matrix remodeling, cyto-
skeletal regulation, and mesenchymal trait acquisition [2].

The tumor microenvironment (TME) plays an active role in these phenotypic shifts, particularly in tumor progression [5]. The TME
in GBM has been shown to consist of microglia, astrocytes, endothelial cells, the extracellular matrix, and metabolites [6,7]. High

* Corresponding author.
** Corresponding author.
E-mail addresses: shih@kust.edu.cn (H. Shi), yuhl308@126.com (H. Yu).

https://doi.org/10.1016/j.heliyon.2024.e35770

Received 7 April 2024; Received in revised form 7 July 2024; Accepted 2 August 2024

Available online 3 August 2024

2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:shih@kust.edu.cn
mailto:yuhl308@126.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e35770
https://doi.org/10.1016/j.heliyon.2024.e35770
https://doi.org/10.1016/j.heliyon.2024.e35770
http://creativecommons.org/licenses/by-nc/4.0/

J. Zhang et al. Heliyon 10 (2024) e35770

energy demand in GBM cells with an inadequate supply of oxygen and nutrients results in hypoxia, low glucose levels, and acidity [8].
TME stresses, such as hypoxia and glucose starvation, have been shown to increase the invasiveness of GBM cells [9] indirectly.
However, the mechanism and direct effect of the TME on cell invasiveness need to be verified. The mechanism of the phenotypic shift
could hopefully decode the invasive growth of GBM cells.

Bulk RNA sequencing plays an indispensable role, but it mainly focuses on tumor entities without cell level precision [10]. Invasive
GBM cells in the peritumoral tissue could not be extracted and analyzed separately until single-cell RNA sequencing (scRNA-seq)
analysis was performed. scRNA-seq can reveal gene expression characteristics in an individual cell, making it feasible to capture the
molecular features of peritumoral cancer cells [11]. Studies have performed scRNA-seq in patients [12,13]. Statistical and biological
differences were observed between the regions but analysis of GBM invasiveness was inadequate.

Appropriate marker genes for GBM invasiveness would help identify GBM subgroups with invasive properties. Oncostatin M (OSM)
and leukemia inhibitory factor (LIF) are members of the interleukin-6 (IL-6) family of cytokines [14], which were predominantly
secreted by macrophages/microglia. Their receptors, Oncostatin M receptor (OSMR) and leukemia inhibitory factor receptor (LIFR)
were the key regulatory factors in GBM development [15,16]. Multiple studies have confirmed that OSMR promote the invasion and
migration of GBM cells [17]. LIFR participates in cancer stem cell (CSC) renew and suppression of invasion and metastasis [18].
Overall, the expression of LIFR/OSMR revealed the invasiveness of GBM cells.

In this study, based on scRNA-seq data, the heterogeneity between core and peripheral GBM cells was analyzed, especially genes
and pathways that were associated with GBM progression and invasion. The relationship among TME stress, LIFR/OSMR expression,
and motility/proliferation of GBM cells was validated in vitro.

2. Materials and methods
2.1. Single-cell RNA-Seq data acquisition and processing

Raw data used in this study were obtained from the GEO database (GSE84465, http://www.ncbi.nlm.nih.gov/geo/), which con-
tains 3589 cells from four GBM patients [11]. Among these cells, 2343 cells were collected from the tumor core region and 1246 from
the peripheral region, according to the metadata from the GEO database.

Quality control, normalization, and statistical analysis of scRNA-seq data were performed in R 4.1.2, using the Seurat package [19].
Quality control was performed based on the following standards: 1) exclude genes expressed in less than three cells, 2) exclude cells
with less than 50 genes detected, and 3) exclude cells with more than 5 % of mitochondrial genes [12]. After data normalization,
principal component analysis (PCA) was performed using a linear dimensional reduction method. The t-SNE and UMAP were applied
to gather similar cells with low dimensions.

After obtaining the marker genes for each cluster, the R package, scCATCH, was used to identify each cluster [20]. SingleR was used
to verify the reliability of cluster identification [21]. Differential expression analysis was performed in the package DESeq2 [22]. Gene
set enrichment analysis (GSEA) based on multiple genesets (www.gsea-msigdb.org) was performed using the package GSEABase [23].
The CellChat package was used to perform the intercellular communication analysis [24,25].

2.2. TCGA data analysis

Overall survival and gene expression analyses in different GBM subtypes were performed using the Gene Expression Profiling
Interactive Analysis 2 (GEPIA2; gepia2.cancer-pku.cn) using the TCGA database [26].

2.3. Cell culture

The human glioblastoma cell lines U87 (iCell-h224) and U251 (iCell-h219) were obtained from iCell Bioscience Inc. (Shanghai,
China). The cells were maintained at 37 °C in a humidified 5 % CO, atmosphere and cultured in a complete medium consisting of
Dulbecco’s modified Eagle’s medium (DMEM, Gibco), 10 % fetal bovine serum (FBS, Gibco), and 1 % penicillin-streptomycin
(Solarbio).

2.4. Culture conditions to simulate TME

This study used three culture conditions (i.e., glucose deprivation, hypoxia, and acidity). Specifically, the glioma microenviron-
ment representative of each of these conditions was simulated as follow [9,27].

(1) Using low-glucose (1 g/L) DMEM was used to simulate glucose deprivation [27];
(2) CoClawith final concentration as 150 pM was used in hypoxic condition [28];
(3) To simulate an acidic environment, the complete medium was adjusted to pH 6.5 using PIPES buffer solution and hydrochloric
acid [29].
2.5. RNA extraction and real-time PCR

Cells were seeded in six-well plates and cultured in a complete medium for 12 h before stress exposure to maintain minimal
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Fig. 1. | ScRNA-seq analysis revealed the heterogeneity of core/peripheral TMEs. (A) Different types of cells clustered respectively on the tSNE
map. (B) Cells from each patient gathered at varying degrees due to the inter-patient heterogeneity. (C) Peripheral GBM cells clustered closely. (D)
Enrichment of differential genes in core/peripheral GBM cells. (E) Ranknet plot of tumor-promoting and immune-promoting pathways.

differences in cell viability. The culture medium was replaced with conditioned media after fixing the cells twice with phosphate
buffered saline (PBS). After 48 h of exposure to glucose deprivation, hypoxia, or acidity, the total RNA was extracted using an RNA
extraction kit (RNAeasy™ Plus Animal RNA Isolation Kit with a Spin Column, Beyotime). RNAs were then subjected to reverse
transcription using the BeyoRT™ II First Strand cDNA Synthesis Kit (RNase H minus).

Real-time quantitative polymerase chain reaction (QRT-PCR) was performed using the iTaq Universal SYBR Green Supermix
(Bio-Rad). Primers for qRT-PCR were designed using NCBI primer-blast (https://www.ncbi.nlm. nih.gov/tools/primer-blast/).

Hypoxia-inducible factor-1A (HIF1A), a hypoxia sensor gene, was used to verify that the cells sensed hypoxic conditions after the
treatment of CoCly [30,31]. Acid-sensing ion channel subunit 1 (ASIC1) was chosen as the sensor gene of acidity, which is upregulated
when environmental pH = 6.5 [32]. Nuclear factor erythroid 2 like 1 (NFE2L1), which functions as a sensor of the cellular energy state,
was used to verify the low-glucose conditions [33]. p-actin (ACTB) was chosen as an internal reference gene to normalize mRNA
expression in QRT-PCR [34].

The sequences of primers for gPCR are shown in Supplementary Table S1.
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2.6. Cell proliferation assay

For the proliferation assay, the cells were seeded in 96-well Plates at a density of 5000 cells per well. After 12 h of culture to ensure
cell adherence, the medium was replaced with a conditioned medium. Considering that the OD value might be disturbed by the color of
the medium, control groups were set for each condition. Then, 10 pl of Cell Counting Kit 8 (CCK-8) reagent was added and OD value at
450 nm was recorded at 0, 1.5 and 4 h.

2.7. Wound-healing assay

GBM cells were seeded in 6-well plates at a density of 4.5 x 10° cells per well and incubated to achieve 90 % confluence. Cells were
cultured in DMEM supplemented with 1 % FBS for 6h. Wounds were scratched using 200 pl pipette tips. After washing twice with PBS,
the cells were cultured in a conditional medium containing 1 % FBS. The wounds were imaged at Oh, and 16 or 24 h, and 12 fields were
captured per well. The measurements and healing rate calculations were performed using ImageJ software (https://imagej.net/ij/).

2.8. Transwell invasion assay

The Matrigel invasion chamber was pre-treated for the cell invasion assay according to the manufacturer’s instructions. 8-10 x 10*
cells/well were seeded in the inner chamber with a serum-free conditioned medium, whereas the medium in the outer chamber was
consisted of 20 % FBS. After 24 or 30 h of incubation, the cells passing through the PC membrane were fixed with 4 % para-
formaldehyde and stained with crystal violet. Nine representative 100X fields per well were used for imaging. The cell numbers were
analyzed and counted using the ImageJ software.

2.9. Statistical analysis

All the quantified data were presented as mean + SD. Statistical differences between two groups were analyzed using Student’s t-
test. p < 0.05. significant.

3. Results
3.1. ScRNA-seq analysis revealed the regional characteristics in GBM

A total of 3589 cells and 19,456 genes were included in the analysis. The t-distributed stochastic neighbor embedding (tSNE)
algorithm was applied, and the cells were classified into 13 clusters. Four of these clusters were recognized as GBM cells (labeled as
“cancer cells”) with 1119 cells. Non-tumor cells were found to host macrophages, astrocytes, microglia, oligodendrocyte precursor
cells, oligodendrocytes, and “other immune cells”. Different cell types clustered on the tSNE map (Fig. 1A). Cells from each patient
were also gathered to varying degrees owing to interpatient heterogeneity (Fig. 1B). After the annotation, all cell types were separately
divided into core and peripheral groups based on their regions, for further analysis.

Peripheral GBM cells were closely distributed (Fig. 1C), indicating common regional features. For further investigation of regional
features, 4126 differential genes were obtained using the DESeq2 package in core versus peripheral GBM cells (adjusted p < 0.05).
Among the differentially expressed genes, 3931 were upregulated and 195 were downregulated.

GSEA revealed the biological implications of the differentially expressed genes (Fig. 1D), including epithelial-mesenchymal
transition, inflammatory response, and hypoxia. Immune interactions and environmental stress have a strong impact on GBM. We
also found other tumor-associated enrichment results, such as EGFR upregulation corresponding to the hypoxic TME, which induced
angiogenesis; downregulation of P53 and PTEN indicated the tumorigenesis process inside of the tumor mass.

A comparison of tumor-associated microglia/macrophages (TAMs) (core vs. peripheral) revealed differential expression of marker
genes of the M1 or M2 phenotype. Marker genes of M1 phenotype (such as TNF and IL-1$) decreased in the core area, while TGFp and
IL-10, as the marker genes of M2 phenotype, were upregulated (log2FoldChange > |1|, adjusted p < 0.05). The expression of the
marker genes showed M2 phenotype-like characteristics of TAMs. These features imply a role for TAMs in anti-inflammatory effects
and tumor promotion.

Intercellular communication was analyzed using the CellChat package (Figs. SIA and B). 47 pathways were sorted out and cate-
gorized as tumor-promoting, immune-promoting or none. Although there were differences between core/peripheral TMEs, the Ran-
knet plot presented a balanced state of tumor promotion (Fig. 1E and F). The tumor-promoting pathways (such as TGF-f and CXCL12)
exceeded the immune-promoting pathways (such as TNF), which implied the dominating role of GBM cells in intercellular interaction.

Differential expression of OSMR and LIFR in scRNA-seq data and models in vitro indicated different invasiveness of core and pe-
ripheral GBM cells.

TCGA overall survival analysis showed a negative effect of OSMR on patients’ survival while limiting the effect of LIFR (Figs. S2A
and B). The mesenchymal GBM subtype showed the highest OSMR expression and slightly different LIFR expression (Figs. S2C and D).

In the scRNA-seq analysis, OSMR was significantly upregulated in core versus peripheral GBM cells (p < 0.005), whereas LIFR was
decreased (p < 0.05). Further, the interaction patterns of “OSM” and “LIFR” in intercellular communication analysis presented obvious
differences (Figs. S1C and D). LIF and OSM showed no significant differences between the two groups. This non-differential expression
of ligands confirmed that macrophages/microglia play a small role in OSMR/LIFR and GBM invasion-related pathways. Enrichment in
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Fig. 2. | In vitro models simulated the TME stresses and revealed the relevance among TME stresses, expression of OSMR and GBM cells prolif-
eration. (A, B) Sensor genes ensured the exposure to the stresses. (C, D) The expression of OSMR and LIFR in GBM cells under different conditions.
(E-H) In the CCK-8 assay, acidity group displayed the highest level of proliferation inhibition among the groups. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001; ns, no significance.

hypoxia suggested that TME stress had an impact on the expression of OSMR/LIFR and further regulated the properties of GBM cells.

Three models in vitro were integrated to simulate TME stress in tumor core. The reliability of the models was proven by the
expression of sensor genes for each TME factor. The qRT-PCR results of ASIC1 upregulation confirmed effective exposure to acidity (p
< 0.005) (Fig. 2A and B). The differential expression of HIF1A and NFE2L1 implied that U251 and U87 cell lines might have different
tolerances to hypoxic and low-glucose conditions.

This tolerance also affects OSMR expression. In U251 cells, OSMR was upregulated in the acidic and low-glucose groups, while no
significant difference was observed in the hypoxic group; OSMR expression was elevated in the hypoxia and acidic groups, with no
significant difference in the low-glucose group, in U87 cells (Fig. 2C and D). The expression pattern of LIFR, which participates in the
suppression of invasion/metastasis in GBM cells, closely resembled that of OSMR.

Several functional experiments were performed to investigate the effects of environmental stress on the GBM properties. The CCK-8
assay revealed the varying effects of the three environmental stresses on GBM proliferation. The acidic group displayed the highest
level of proliferation inhibition (p < 0.0001) among the groups. The hypoxic group showed slight inhibition compared to the control
group (p < 0.05). The low-glucose condition only inhibited U251 cells (Fig. 2E-H).

Wound healing and Transwell assays provided evidence for the regulatory effects of different TME conditions on the migration and
invasiveness of GBM cells. Acidic conditions enhance the invasive and migratory capabilities of both cell types. Like the expression of
OSMR, hypoxia had a limited effect on the invasion and migration capabilities of U251 cells, whereas the regulatory effect of low-
glucose conditions was evident. U87 cells exhibited tolerance to low-glucose conditions but were sensitive to hypoxia (Fig. 3A-D).
Together, these assays revealed the varied effects of the three TME stresses on GBM cell properties.

4. Discussion

Recently, OSMR has been shown to be involved in the regulation of GBM invasiveness. In TCGA database analysis, the expression of
OSMR and LIFR in the mesenchymal subtype, which exhibited high levels of necrosis and stress, indicated that environmental stresses
upregulated OSMR and inhibited LIFR expression. The results of scRNA-seq analysis showed the upregulation of OSMR in core vs.
peripheral tissues, while the expression of LIFR showed the opposite trend. These results imply higher invasiveness of core GBM cells
[2]. The slight difference in the ligands (OSM and LIF) indicated the limited role of macrophages/microglia in OSMR/LIFR-related
alterations in invasiveness.

Based on these results, the following hypothesis was proposed: Environmental stresses in the core TME, especially hypoxia, acidity
and low-glucose, might induce higher invasive properties of GBM cells. After infiltrating the region conducive to cell survival, the
invasive GBM cells transformed from an invasive into a proliferative phenotype. This shift caused the cells to stall in the peritumoral
region and be capture in the pathological samples. Only a rare portion of the invasive GBM cells maintained their invasive properties
and migrated distantly, which resulted in their inability to be captured. This hypothesis is based on the regulatory effects of TME on
tumor cells.

TME is increasingly recognized as a decisive factor in GBM progression and metastasis [2]. “Go or grow” mechanism and previous
studies suggested the existence of phenotypic shift and “invasive” GBM cells with high invasive and low proliferative properties [4]. To
investigate the gene expression profiles of invasive and proliferative GBM cells, scRNA-seq analysis of GEO was performed using the
standard Seurat package and cluster annotation. The GSEA results effectively detected the inter-regional characteristics of GBM and
indicated the influence of the TME.

Microglia, which are resident macrophage in central nervous system (CNS), show similarities in classification and function [35].
They are the most important immune cell in CNS. Microglia/macrophages can polarize into M1 or M2 phenotypes, which are
distinguished by their pro- or anti-inflammatory properties. In the TME of GBM, microglia/macrophages interact bidirectionally with
tumor cells and exhibit a series of unique features. These cells are known as tumor-associated microglia/macrophages. The scRNA-seq
analysis in this study found that TAMs in core area were more likely to be of the M2 (tumor-promoting) subtype, according to
phenotypic marker genes. Intercellular communication analysis revealed the interaction between GBM cells and TAMs, and the
pathways involved in both cell types, verifying the role of TAMs in GBM progression.

In vitro assays were performed to investigate the effects of microenvironmental stress on GBM cells. U251 and U87 cells exhibit
differences in morphology and growth characteristics, as well as varying levels of tolerance and sensitivity to TME factors. In the acidic
group, the results for both cell lines were similar, with acidity having the greatest effect on GBM proliferation, migration, and invasion.
In this study, a hypoxic microenvironment was induced using CoCl,, a widely used method, to accumulate HIF1la protein and sub-
sequently regulate the expression of hypoxia-related genes. Low-glucose conditions were established using both high- and low-glucose
culture media. Although the experimental methods could be further improved, such as using low-oxygen cell culture chambers and
more diverse concentration gradients of glucose, the models in this study revealed differing sensitivities or tolerances of U87 and U251
cell lines to hypoxia and low-glucose conditions. In both cell lines, the expression of OSMR positively correlated with changes in the
migration and invasion of GBM cells, demonstrating the reliability of OSMR as a marker gene for the invasiveness of GBM cells. LIFR
expression was similar to that of OSMR, which diminishes the reliability of LIFR as a biomarker. Future research should explore and
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Fig. 3. | The migrative and invasive properties of GBM cells under differential stresses. (A, C) The wound-healing assay compared the effects of
stresses on cell migration. (B, D) In the Transwell invasion assay, environmental stresses promoted the invasion of GBM cells at different levels. *p
< 0.05, ***p < 0.001, ****p < 0.0001; ns, no significance.

discuss markers of GBM invasiveness. Overall, this study revealed a preliminary correlation among TME stress, OSMR expression, and
GBM cell invasiveness.
For further verification, patient-derived orthotopic xenograft (PDX) models would be more convincing for simulating the real state
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of the disease. Spatial transcriptomics of frozen sections obtained from PDX models or patients is worth investigating. Moreover, the
feasibility of intervening in tumor progression by regulating TME or OSMR expression will be the focus of future research. The
development of small-molecule drugs as OSMR inhibitors and TME regulators is a promising approach for GBM postoperative adjuvant
therapy [36].
5. Conclusion

In this study, scRNA-seq analysis revealed the core/peripheral TMEs heterogeneity. OSMR, a marker of GBM invasion, indicated a
higher invasiveness of core GBM cells. Models in vitro verified the relevance of TME stress, OSMR expression and GBM cell inva-
siveness. Thus, OSMR inhibition and TME regulation may provide new perspectives in GBM treatment.
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