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Abstract
Purpose  This study investigated the effect of an isocitrate dehydrogenase 1 (IDH1) mutation (mutIDH1) on the invasion 
and angiogenesis of human glioma cells.
Methods  Doxycycline was used to induce the expression of mutIDH1 in glioma cells. Transwell and wound healing assays 
were conducted to assess glioma cell migration and invasion. Western blotting and cell immunofluorescence were used to 
measure the expression levels of various proteins. The influence of bone morphogenetic protein 2 (BMP2) on invasion, 
angiogenesis-related factors, BMP2-related receptor expression, and changes in Smad signaling pathway-related proteins 
were evaluated after treatment with BMP2. Differential gene expression and reference transcription analysis were performed.
Results  Successful infection with recombinant lentivirus expressing mutIDH1 was demonstrated. The IDH1 mutation pro-
moted glioma cell migration and invasion while positively regulating the expression of vascularization-related factors 
and BMP2-related receptors. BMP2 exhibited a positive regulatory effect on the migration, invasion, and angiogenesis of 
mutIDH1-glioma cells, possibly mediated by BMP2-induced alterations in Smad signaling pathway-related factors.After 
BMP2 treatment, the differential genes of MutIDH1-glioma cells are closely related to the regulation of cell migration and cell 
adhesion, especially the regulation of Smad-related proteins. KEGG analysis confirmed that it was related to BMP signaling 
pathway and TGF-β signaling pathway and cell adhesion. Enrichment analysis of gene ontology and genome encyclopedia 
further confirmed the correlation of these pathways.
Conclusion  Mutation of isocitrate dehydrogenase 1 promotes the migration, invasion, and angiogenesis of glioma cells, 
through its effects on the BMP2-driven Smad signaling pathway. In addition, BMP2 altered the transcriptional patterns of 
mutIDH1 glioma cells, enriching different gene loci in pathways associated with invasion, migration, and angiogenesis.
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Introduction

Glioblastomas are the most common and malignant pri-
mary brain tumors, accounting for approximately 30% 
of all primary and 80% of all malignant brain tumors 
[1]. Their continuous proliferation, migration, invasion, 
angiogenesis, and chemoresistance contribute to poor 
prognosis in patients with glioblastoma [2]. Mutations in 
isocitrate dehydrogenase (IDH) are frequently observed 
in glioblastoma and represent early genetic events in 
tumor progression. IDH enzymes convert isocitrate 
to α-ketoglutarate. In humans, three subtypes of IDH 
enzymes are encoded by IDH1, IDH2, and IDH3; all of 
which play crucial roles in metabolic reactions. IDH1 
is present in the cytoplasm and peroxisomes, whereas 
IDH2 and IDH3 are present in the mitochondrial matrix 
[3]. In glioblastomas, mutations in IDH enzymes primar-
ily occur in the IDH1 and IDH2, with the most common 
mutations located in codons R132 and R172, respec-
tively [4]. IDH1 mutations in glioblastomas are closely 
associated with tumor proliferation, migration, inva-
siveness, and angiogenesis [5]. However, the interpreta-
tion of these phenomena remains controversial because 
clinical studies have shown that glioblastomas with IDH 
mutations have a better prognosis [5]. Therefore, under-
standing the effects and underlying mechanisms of IDH 
mutations on glioma cell migration, invasion, and angio-
genesis is crucial.

Bone morphogenetic proteins (BMPs) are capable of 
inducing bone and cartilage formation at ectopic sites. 
Structurally, and in terms of amino acid sequences, BMPs 
are similar to transforming growth factor-β (TGF-β), and 
with the exception of BMP1, they all belong to the multi-
functional growth factor family of TGF-β [6]. BMP2 is a 
cytokine that promotes osteoblast differentiation and bone 
matrix synthesis by activating intracellular signaling path-
ways. IDH mutations activate the BMP signaling pathway 
in gliomas [7], an evolutionarily conserved pathway with 
diverse functions in different tissue types, including cell 
proliferation,differentiation control, epithelial-mesenchymal 
transition (EMT), bone metabolism. [8].

During tumor metastasis, cancer cells interact with the 
tumor microenvironment through various growth factors. 
BMP has a dual role in the development and progression of 
cancer [9] and can either inhibit or promote tumorigenesis, 
promoting metastasis in most cases [10]. However, whether 
BMP affects the biological behavior of IDH1 mutant glio-
mas remains unclear. Therefore, this study investigated the 
characteristics and mechanisms involved in IDH1 mutant 
glioma cell migration, invasion, and angiogenesis and the 
regulatory role of BMP2 in these processes.

Materials and methods

Reagents and instruments

Experimental reagents: exposure solution purchased from 
Shanghai Shangbao Biology Co., Ltd.; crystal purple dye 
solution; 4% paraformaldehyde; phosphate buffer solution 
PBS (American HyClone); mouse anti-IDH1 (Japanese 
Sigma); mouse anti-GAPDH (# 51332S) Antibody HO-1 
was purchased from American CST company, antibody 
E-cadherin was purchased from Santa cruz company, anti-
body N-cadherin, Vimentin, GFAP, Snal1, Snal2, Twist1, 
Zeb2, BMPR1A, BMPR1B, BMPR2, SOX2, Nestin, HIF1a, 
Nrf2, VEGF, P-CX43 were purchased from Affinty com-
pany, and anti-rabbit and goat anti-mouse 603 antibodies 
labeled with horseradish peroxide (should) were purchased 
from Proteintech company. Bone morphogenetic protein 2 
was purchased from Beijing Yiqiao Shenzhou Technology 
Co., Ltd.

Experimental instruments: optical microscope (OLYM-
PUS, Japan); cell incubator (Shanghai Likang Company); 
inverted microscope (Olympus company, Japan); cell culture 
bottle (Corning, USA); cell cryopreservation tube (Corning, 
USA); freezing centrifuge: ST16R,Thermo; gel imaging sys-
tem: Tanon 2500, Tianneng Company; desktop centrifuge 
eppendorf Centrifuge 5418R; various models of tip, cen-
trifugal tube Axygen.

Cell lines

Glioma U87,U251 cells expressing a doxycycline (dox)-
inducible mutant IDH1 (including IDH1 R132H) were 
generously provided by Professor Jing Ye at the Air Force 
Medical University.

Cell culture and doxycycline induction

Cells were maintained as adherent monolayers in Minimum 
Essential Medium supplemented with 10% fetal bovine 
serum (FBS; HyClone; Cytiva) at 37 °C and 5% carbon 
dioxide (CO2).For doxycycline-inducible expression, the gli-
oma cells were cultured in DMEM-ALPPHA containing 1% 
penicillin–streptomycin and 10% FBS before 1 × 106 cells 
were seeded into culture dishes. After 8 h, when the cells 
adhered, the medium in the dox + group was replaced with 
complete medium containing 10 μg/μL dox. The cells were 
then incubated for 48 h and observed under a microscopeThe 
basic doxycycline-inducible expression system involved len-
tiviral expression vector containing IDH1 R132H, pLVX-
Tight-IDH1(R132H) with G418 selection marker; Tet-On 
lentiviral expression vector, pLVX-Tet-On with a puromycin 
selection marker.
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A stock solution of 0.15 mg/mL human BMP2 was pre-
pared using ultrapure water. Forty-eight hours after dox-
induction, BMP2 was added to give an optimal final con-
centration of 80 ng/mL [11].

Transwell assay

After cell digestion and counting, the cells were seeded in 
Transwell chambers with culture medium containing 20% 
serum for 24 h. The remaining cells in the upper chamber 
were removed using a cotton swab, and the chambers were 
washed twice with phosphate-buffered saline (PBS). The 
cells were fixed with 4% paraformaldehyde, stained with 
crystal violet for 16 min, and washed with PBS. Cell migra-
tion was observed under a microscope, images were captured 
at various locations, and the number of migrating cells in 
each group was calculated.

Wound healing assay

A cross was drawn at the bottom of a six-well plate, and 
5 × 105 cells were added to each well. After the cells adhered, 
a scratch was made at the bottom of each well using a 200 
µL pipette tip. The wells were washed three times with PBS, 
and photographs were taken to record the initial (0 h) scratch 
width. Subsequently, photographs were taken at 12 h and 
24 h in the same location to measure the scratch healing rate, 
which was calculated as 

Western blot analysis

Forty micrograms of protein were loaded onto 10% poly-
acrylamide gels for electrophoresis at 80 V before trans-
ferring onto membranes and blocking with milk. Primary 
antibodies (mutIDH1 1:1000, GAPDH 1:2000, and others) 
were incubated at 4 °C overnight, followed by incubation 
with secondary antibody at room temperature for 1.5 h. After 
washing, the membranes were exposed and imaged using a 
gel imaging system, and grayscale values were measured.

Cellular immunofluorescence

Cell climbing tablets were placed in a 24-well plate and 
1 mL cell suspension at a density of 1 × 105/mL was added 
for culture. The tablets were then removed and the cells 
washed with PBS three times before fixing for 15 min and 
washing with PBS three times. The cells were then incu-
bated with the diluted primary antibody (E-cadherin 1:50; 
N-cadherin, vimentin, and GFAP 1:100) at room tempera-
ture for 30 min, washed with PBS three times, and incubated 

[

(0hscratch area−observed time point scratch area)∕0hscratch area
]

× 100%

with the secondary antibody (1:200) for 1 h protected from 
light. The results were then visualized using fluorescence 
microscopy.

mRNA sequencing analysis process

RNA Sequencing and Differentially Expressed Genes Anal-
ysis.The libraries were sequenced on an llumina Novaseq 
6000 platform and 150 bp paired-end reads were gener-
ated.Differential expression analysis was performed using 
the DESeq2. Q value < 0.05 and foldchange > 2 or fold-
change < 0.5 was set as the threshold for significantly differ-
ential expression gene (DEGs). Hierarchical cluster analysis 
of DEGs was performed using R (v 3.2.0) to demonstrate 
the expression pattern of genes in different groups and sam-
ples. The radar map of top 30 genes was drew to show the 
expression of up-regulated or down-regulated DEGs using 
R packet ggradar.Based on the hypergeometric distribution, 
GO,1 KEGG2 pathway, Reactome and WikiPathways enrich-
ment analysis of DEGs were performed to screen the signifi-
cant enriched term using R (v 3.2.0), respectively.

Statistical analysis

Statistical analyses were performed using SPSS 23.0 soft-
ware (IBM Corp., Armonk, NY, USA). Data were presented 
as means ± standard deviations (x ± s) for continuous vari-
ables. Differences between the two groups were analyzed 

using t-tests, whereas one-way analysis of variance was used 
for multiple group comparisons, followed by least significant 
difference post hoc tests for pairwise comparisons. All inde-
pendent experiments were repeated three times, and p < 0.05 
was considered statistically significant.

Results

IDH1 mutations alter the expression of invasion, 
migration, and EMT‑related genes

After the establishment of doxycycline (dox) induced 
expression system, IDH mutant (mutIDH1) protein was 

1  The Gene Ontology Resource: 20 years and still GOing strong[J]. 
Nucleic Acids Res. Jan 2019;47(D1): D330-D338.
2  Kanehisa M, Araki M, Goto S, et  al. KEGG for linking genomes 
to life and the environment[J]. Nucleic acids research, 2008, 36(suppl 
1): D480-D484.
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successfully induced expression (Fig. 1A, B). Transwell 
assay showed a significant increase in cell invasion in the 
IDH mutant group (Fig. 1C). Scratch healing experiments 
showed a significant increase in migration at 12 h and 24 h 
in the IDH mutant group compared to the non-mutant group 
(Fig. 1D). Western blot experiments showed that the expres-
sion of EMT-related transcription factors Snal1, Snal2, 
Twist1 and Zeb2 increased in the IDH mutant group com-
pared with the non-mutant group (Fig. 1E, F). The expres-
sions of EMT-related factors N-cadherin, vimentin and 
GFAP were significantly increased in the IDH mutant group 
(Fig. 1G, H). Immunofluorescence results showed that green 
fluorescence was the target protein, targeted at cytoplasm, 
and blue fluorescence DAPI stained the nucleus. Com-
pared with the non-mutant group, the fluorescence inten-
sity of E-cadherin in the cytoplasm of IDH mutant group 
was weaker, while the fluorescence intensity of N-cadherin, 
vimentin and GFAP was stronger (Fig. 1I). The difference 
among all groups was statistically significant (*p < 0.05, 
**p < 0.01).

IDH mutations affect the tumor microenvironment, 
including angiogenesis, intercellular connectivity, 
and expression of stem cell‑related genes 
and BMP‑related genes

Western blot experiments showed that the expressions of 
angiogenic factors HIF, NRF2, VEGF, HO-1, VE-cadherin 
and EphA2 in the IDH mutant group were higher than those 
in the non-mutant group (Fig. 2A, D), suggesting that IDH1 
mutation up-regulated the angiogenic capacity of glioma 
cells. Compared with the non-mutant group, the expression 
of gap junction related factors, including ZO-1, claudin-5, 
CX43, p-CX43, aquaporin, collagen II, laminin and occlu-
din, was significantly decreased in the IDH mutant group 
(Fig. 2E, F). The expressions of BMP2-related receptors 
BMPR1A, BMPR1B and BMPR2 were increased, while the 
expressions of stem cell-related genes SOX2 and nestin were 
decreased, while the expressions of BMP2 and BMP4 were 
significantly increased (*p < 0.05, **p < 0.01, Fig. 2G–N).

BMP2 promotes the expression of EMT 
and angiogenesis related genes and activates 
the Smad signaling pathway

Exogenous BMP2 promoted the differentiation of glioma 
cells, and Western blot analysis showed increased expression 
of BMP2-related receptors (including BMPR1A, BMPR1B, 
and BMPR2, Fig. 3A, B) in the IDH mutant group com-
pared with the non-mutant group. After BMP2 intervention, 
the expression of E-cadherin and N-cadherin, vimentin and 
GFAP were significantly increased. The expressions of 

angiogenic factors HIF, NRF2, VEGF and HO-1 were sig-
nificantly increased (Fig. 3C–F). In the non-mutant group, 
the expression of SMAD2 and SMAD3 decreased after 
BMP2 intervention, while the expression of SMAD4 and 
P-SMAD2/3 increased. In the mutant group, the expres-
sion of SMAD signaling pathway gene was significantly 
increased after BMP2 intervention (*p < 0.05, **p < 0.01, 
Fig. 3G, H).

BMP2 alters transcription in mutIDH1 glioma 
cells, enriching genes associated with cell invasion 
and biological function of BMP‑related signaling 
pathways

Paired transcriptome sequencing was performed on 
Mut + BMP2 and Mut samples. We identified 1782 dif-
ferentially expressed genes (DEGs), of which 902 were 
down-regulated and 879 up-regulated (Fig. 4A). We then 
analyzed the top 30 most important DEGs and identified 
SMAD6, SMAD11, and HIF1A that were directly relevant 
for this study (Fig. 4B). The GO enrichment analysis identi-
fied four related terms, namely "BMP signaling pathway," 
"positive regulation of chondrogenesis," "positive regula-
tion of cell migration," and "cell adhesion factor," which all 
belong to the top 30 enrichment terms for up-regulated and 
down-regulated genes. These terms are closely related to 
the regulation of cell migration, cell adhesion, and function 
of BMP-related proteins (Fig. 4C, D). KEGG enrichment 
analysis of up-regulated genes showed that some genes were 
related to transforming growth factor-β and signaling path-
ways regulating stem cell potential, while KEGG enrichment 
analysis of down-regulated genes showed that some genes 
were related to cell adhesion factors (Fig. 4E, F). The scratch 
healing experiment showed an increase in the amount of 
migration at 24 h and 48 h in the BMP2 intervention group 
compared with no BMP2 intervention (Figures G, H). This 
suggests that BMP2 affects the migration, invasion, and 
angiogenesis of IDHmut glioma cells, possibly by altering 
their transcriptional patterns,affecting associated cellular 
functions.

Discussion

Brain tumors are characterized by high incidence and mor-
tality owing to their localized and locally invasive growth, 
with gliomas being the most common primary brain tumors 
[12]. Invasion and angiogenesis of gliomas are driven by 
multiple growth factors [13]. The discovery of IDH mutation 
as a "driver mutation" in gliomas has provided a theoretical 
foundation to develop clinical methods targeting this muta-
tion [14]. IDH mutation leads to the accumulation of the 
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Fig. 1   IDH1 mutation affects glioma cell invasion, migration and 
expression of EMT-related genes. A, B Western blot analysis of IDH 
mutant protein expression and bar statistical analysis diagram. C 
Transwell experiment and bar chart. D Wound healing tests and bar 

charts. (E–H)Western blot analysis and statistical analysis of EMT-
related factors. (I) Immunofluorescence showed the expression of 
E-cadherin, N-cadherin, vimentin and GFAP in the cytoplasm (200 ×)
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Fig. 2   IDH mutations affect the tumor microenvironment, including 
angiogenesis, intercellular connectivity, and expression of stem cell-
related genes and BMP-related genes. A–N Western blot analysis was 

performed to detect and statistically analyze the expression of angio-
genesis related factors, intercellular junction factors, stem cell related 
genes and BMP related genes
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Fig. 3   BMP2 promotes the expression of EMT and angiogenesis related genes and activates the Smad signaling pathway. A–H Western blot 
analysis and statistical analysis of EMT and angiogenesis related genes, Smad signaling pathway gene expression
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"tumor metabolite" D-2-hydroxyglutarate, and these abnor-
mally elevated levels competitively inhibit α-ketoglutarate/
Fe(II)-dependent dioxygenases; representing a unique pat-
tern in cancer biology [15]. Studies have found a close asso-
ciation between IDH mutations and the invasive and angio-
genic characteristics of gliomas [16].

This study investigated the effects of IDH mutation on the 
migration and invasion of glioma cells. Our research sug-
gests that IDH1 mutation may promote glioma migration and 
invasion, possibly by driving EMT. EMT is characterized by 
E-cadherin downregulation, which is associated with a more 
invasive phenotype and increased metastasis. Additionally, 
the expression of markers such as vimentin and N-cadherin 
is upregulated. N-cadherin is believed to promote cell motil-
ity and migration [17], ultimately contributing to the forma-
tion of a malignant tumor phenotype. Transcription factors 
involved in EMT activation, such as Snail, Slug, TWIST1, 
and ZEB1, regulate EMT and can drive epithelial cells to 
exhibit a mesenchymal phenotype [18, 19]. The invasive 
capacity of human brain gliomas is significantly promoted 
during EMT, driven by Twist1 [20]. In our study, mutIDH1 
glioma cells showed a significant increase in the expres-
sion of EMT-related factors and transcription factors, and a 
significant decrease in cell junction protein expression. This 
indicates that IDH mutation causes glioma cells to be more 
invasive and migratory and that the tumor microenvironment 
becomes more conducive to tumor invasion and metastasis. 
Our analysis suggests that IDH1 mutation promotes glioma 
cell migration by activating the AKT-mTOR signaling 
pathway [21], which increases matrix metalloproteinases, 
decreases E-cadherin expression, and plays a crucial role in 
tumor migration and invasion [22]. In the tumor microenvi-
ronment, the expression levels of cell junction proteins play 
a significant role in determining tumor cell behavior because 
migratory and invasive cells disrupt cell–cell connections 
[23]. Major proteins of tight cell junctions, ZO-1, claudin, 
and occludin [24]; epithelial cell extracellular matrix, col-
lagen and laminin [25]; and aquaporin-4, which is closely 
related to ion homeostasis in astrocytes [26], were all down-
regulated in cells expressing mutIDH1. Studies have shown 
a close relationship between changes in glioma cell junction 
proteins and EMT [27]. Cx43 is the main junction protein 

in astrocytes and glioma cells and regulates neuronal dif-
ferentiation through its C-terminal [28]. High expression of 
Cx43 promotes the migration and invasion of brain tumor 
cells [29, 30]. Our results found that CX43 was significantly 
downregulated in mutIDH1 glioma cells, together with a 
decrease in other factors related to cell–cell gap junctions.

Glioma angiogenesis plays a crucial role in tumor devel-
opment [31]. Hypoxia-inducible factor-1 (HIF-1) is an 
important regulator of angiogenesis [32]. VEGF is a funda-
mental regulator of angiogenesis and vascular permeability, 
and its high expression in brain gliomas is associated with 
their invasiveness [33]. High expression of heme oxyge-
nase-1 (HO-1), a stress-inducible enzyme, suggests an asso-
ciation with cancer as it is closely associated with cell pro-
liferation, migration, immune regulation, and angiogenesis 
[34]. Nuclear factor-erythroid 2-related factor 2 (Nrf2) plays 
a central role in inhibiting or inducing inflammation and 
angiogenesis [35] and regulates the expression of its down-
stream factor HO-1 [36]. During tumor development, Nrf2 
promotes EMT and invasion and migration cascade reactions 
by downregulating E-cadherin [37]. This study found that 
VEGF, Nrf2, HO-1, and HIF were significantly upregulated 
in mutIDH1 gliomas. We postulate that IDH1 mutations 
in gliomas induce the HIF-1 pathway, leading to increased 
expression of the angiogenic factor VEGF and thus driving 
carcinogenesis [38]. Metabolic enzymes affected by IDH1 
mutations promote tumor growth by stimulating the HIF-1 
pathway and tumor angiogenesis [39]. Our results revealed 
that IDH1 mutation not only upregulated HIF and VEGF 
expression but also increased NRF2 and HO-1 expression. 
Therefore, we believe that the IDH1 mutation-driven angio-
genesis process is due to the activation of HIF-1, which in 
turn triggers the VEGF/Nrf2/HO-1 pathway.

The differentiation/stemness status differs between 
wild-type and mutant IDH gliomas and may contribute 
to their distinct behaviors. The stem cell markers nestin 
and CD133 were significantly upregulated in IDH wild-
type compared to mutIDH1 gliomas. Overexpression of 
IDH mutant protein downregulates the levels of nestin and 
CD133 expression via the Wnt/β-catenin pathway and pro-
motes the differentiation of glioma stem cells [40]. Our 
study demonstrates that induction of IDH mutant expres-
sion leads to a decrease in the stem cell markers nestin and 
SOX2, an increase in the differentiation marker GFAP, and 
upregulation of BMP2, BMP4, and BMP receptor expres-
sion. Aberrant BMP expression can lead to the develop-
ment of various diseases, and the BMP-Smad signaling 
pathway is a key negative regulator of cancer stem cells 
[41]. BMP receptors, including BMPRIa, BMPRIb sub-
types, and BMPRII, synergistically interact with BMP 
binding. BMPRI proteins serve as substrates for Smad pro-
teins, which play a core role in transmitting BMP signals 
from receptors to target genes in the cell nucleus. After 

Fig. 4   BMP2 alters transcription in IDH-mutated glioma cells. A Volcano 
map, with gray indicating non-significant differentially expressed genes 
(DEGs) and red and blue indicating significantly differentially expressed 
genes. B DEGs radar maps showing minimum P-values for 30 up-regu-
lated or down-regulated genes. C GO enrichment analysis revealed the top 
30 up-regulated genes. D GO enrichment analysis of the top 30 down-reg-
ulated genes. Arrange the 10 items in descending order according to the 
corresponding − log 10p value. E and F KEGG enrichment analysis was 
performed for the top 20 factors, and the corresponding log 10p values 
were sorted from largest to smallest. Wound healing tests and bar charts 
(G, H).

◂
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release from the receptor, phosphorylated Smad proteins 
associate with the Co-Smad4 protein and, together with 
other transcription factors, participate in gene transcrip-
tion [42]. Research has indicated that BMP2 and BMP4 
are overexpressed in gliomas, and that their expression is 
highly correlated [43]. Activation of the BMP2 signaling 
pathway is a critical indicator of initiation of tumor dif-
ferentiation. BMP4 induces the differentiation of human 
primary glioma stem cells into astrocytes [44]. BMP2/4 
can induce neural stem cells to differentiate into neurons 
and astrocytes through the expression of BMPRIb [45]. 
Our results confirmed that BMP2 treatment promoted 
the expression of EMT- and angiogenesis-related genes 
and activated the Smad signaling pathway in mutIDH1 
glioma cells. This finding is consistent with previous 
studies showing that BMP2 promotes the differentiation 
of gynecological tumors and promotes EMT by induc-
ing Snail, leading to increased cell migration [46]. BMP 
also promotes the expression of EMT transcription fac-
tors Snail and Slug, thereby enhancing cell migration 
and invasion [47]. BMP may function in vivo as both a 
proangiogenic and antiangiogenic factor [9] and can pro-
mote the motility and invasion of various cancer cell types 
[48]. Similar to most other tumors, gliomas exhibit a dual 
response to BMP, with proliferation and self-renewal pro-
moted by BMP2, resulting in a faster and more invasive 
tumor phenotype [49].

Analysis by DEGs showed that BMP2 is closely related 
to the regulation of cell migration and cell adhesion, espe-
cially the regulation of SMAD-related proteins. KEGG 
analysis confirmed that it was related to BMP signaling 
pathway and TGF-β signaling pathway and cell adhesion. 
These findings imply that the effects of BMP2 on angio-
genesis, migration, and invasion of mutIDH1 cells are 
mediated by alterations in their transcriptional patterns, 
thereby affecting relevant cell functions.
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