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Abstract: Background: Glioblastoma is the most malignant primary intracranial tumor and is characterized by rapid 
growth, diffuse invasion, and notable therapeutic resistance. The mesenchymal subtype of glioblastoma multiforme 
(GBM) is the most aggressive, but the underlying regulatory network of this phenotype has not yet been fully elu-
cidated. Methods: Bioinformatic analysis was performed to identify the heterogeneity of ECE1 expression and its 
prognostic roles. Cytological experiments were conducted to evaluate the function of ECE1 in GBM cell lines. Tumor 
xenograft models were established to access intracranial GBM growth in vivo. Protein interactions and signaling 
mechanisms were investigated by coimmunoprecipitation, immunofluorescence, and Western blot. Results: In the 
present study, our analyses revealed that ECE1 is closely associated with the mesenchymal subtype, CD44 expres-
sion, and prognosis of GBM. We found that ECE1c was the most common isoform in GBM. The knockdown of ECE1 
reduced both the proliferation and invasiveness of GBM cells, whereas overexpression of ECE1c promoted tumor 
malignancy. Mechanistic studies revealed that ECE1c activates the ROCK2 signaling pathway and interacts with 
ACTB, thereby modulating cytoskeletal remodeling and promoting pseudopodia formation, which together increase 
the invasive capacity of GBM. Conclusion: Our results indicate that ECE1c is a key regulator of GBM invasion through 
ROCK2 activation and interaction with ACTB. Targeting ECE1c may represent a viable therapeutic strategy for treat-
ing invasive GBM.
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Introduction

Glioblastoma multiforme (GBM) is the most 
aggressive and lethal primary malignant intra-
cranial neoplasm and is characterized by wide-
spread infiltration, rapid proliferation, and inevi-
table recurrence despite maximal multimodal 
therapy [1, 2]. The current standard Stupp pro-
cedure consists of surgery, radiation therapy, 
and temozolomide administration. Even if this 
treatment only slightly improves survival, the 
median overall survival time is still approxi-
mately 15 months [3-5]. The heterogeneity of 
GBM is among the main reasons why it is so 
dangerous and difficult to treat [6]. According  

to molecular profiling, there are three main 
forms of GBM: classic (CL), proneural (PN), and 
mesenchymal (MES) [7-9]. Of these GBM sub-
types, the MES GBM has the most aggressive 
phenotype. It is very invasive and resistant to 
standard treatments, and it spreads through-
out the surrounding brain parenchyma, making 
it impossible to remove completely through sur-
gery and contributing to inevitable recurrence 
[8-10]. Characterized by a CD44-rich hallmark, 
these subtypes of GBM promote cell prolifera-
tion, migration, and therapeutic resistance [9]. 
Given the highly invasive nature and treatment-
refractory behavior of MES GBM, elucidating 
the molecular mechanisms that drive its migra-
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tory and infiltrative potential is important. 
These findings will help us discover new thera-
peutic targets and improve clinical outcomes.

The endothelin (ET) signaling pathway, which 
includes endothelin-1 (ET-1), its receptors (ETAR 
and ETBR), and endothelin-converting enzymes 
(ECEs), is strongly linked to the formation of 
tumors [11, 12]. In the tumor microenviron-
ment, this ET system regulates various critical 
activities, including cell proliferation, angiogen-
esis, invasion, and immune evasion [11]. ET-1, 
which is produced from big ET-1 by ECE1, is 
implicated in numerous malignancies; never-
theless, increasing amounts of data indicate 
that ECE1 may promote tumor progression in- 
dependently of ET-1 signaling [13-16]. In GBM, 
pharmacological inhibition of ECE1 reduces 
GBM cell proliferation without affecting ET-1 
concentrations, and the application of exoge-
nous ET-1 fails to rescue the proliferation deficit 
[14, 17], which indicates that ECE1 may play a 
unique, noncanonical oncogenic role outside of 
its primary function in ET-1 processing. There 
are four isoforms of ECE1 (ECE1a-d) that re- 
sult from alternative splicing and have small dif-
ferences in their N-terminal sequences [12]. 
ECE1c has been identified as the predominant 
isoform in several cancers [12, 18, 19]. ECE1c 
enhances invasiveness in prostate, colorectal, 
and lung cancers [17, 18, 20]. The phosphoryla-
tion of ECE1c by casein kinase 2 (CK2) signifi-
cantly increases its stability and endows it with 
carcinogenic potential by facilitating invasive 
phenotypes [21, 22]. Despite advances in elu-
cidating the function of ECE1c, the downstream 
molecular mechanisms through which ECE1c 
drives GBM invasion remain unclear.

As a downstream effector of the Rho GTPase, 
Rho-associated coiled-coil containing protein 
kinase 2 (ROCK2) plays a crucial role in regulat-
ing actomyosin contractility, cytoskeletal reor-
ganization, and epithelial-mesenchymal tran- 
sition (EMT) [23]. The activation of ROCK2 pro-
motes the activation of matrix metalloprotein-
ases (MMPs) and the production of stress 
fibers, both of which are essential for tumor 
invasion and metastasis [24, 25]. Moreover, 
aberrant ROCK2 activation has been correlat-
ed with heightened tumor aggressiveness and 
metastatic potential in several malignancies, 
including hepatocellular carcinoma, pancrea- 
tic cancer, and oligodendrogliomas [26-28]. 

Nevertheless, the mechanism through which 
ECE1 promotes GBM invasion through ROCK2 
signaling is unclear.

In addition to ROCK2 signaling, the dynamics  
of the actin cytoskeleton are crucial for facilitat-
ing tumor cell motility. β-actin (ACTB), a princi-
pal component of filamentous actin (F-actin), 
forms the structural basis of protrusive pseu- 
dopodia, such as lamellipodia and filopodia, 
which enable directed cellular movement and 
invasion [24, 29]. Additionally, dysregulation of 
actin polymerization and organization has been 
associated with increased motility and thera-
peutic resistance in GBM [30]. However, whe- 
ther ECE1 interacts with cytoskeletal compo-
nents such as ACTB to influence cellular mor- 
phology and invasion dynamics has not been 
determined.

This research revealed that ECE1 is a pivotal 
gene associated with the MES subtype of GBM 
and CD44 expression. We validated ECE1c as 
the predominant isoform in GBM cells and in- 
vestigated its function in enhancing glioblasto-
ma invasiveness. We demonstrated that sup-
pression of ECE1 inhibited the growth, motility, 
and invasion of GBM, whereas overexpression 
of ECE1c exacerbated these malignant fea-
tures. Mechanistically, we demonstrated that 
ECE1c facilitates GBM cell invasion through a 
dual mechanism: activation of the ROCK2 sig-
naling axis and interaction with ACTB. These 
processes alter the cytoskeleton and enhances 
pseudopodia formation. Our findings reveal a 
previously unidentified ECE1-dependent regula-
tory mechanism in GBM, suggesting that tar-
geting ECE1c may represent a feasible treat-
ment strategy for invasive GBM.

Materials and methods

Bioinformatics analysis

The data used in this study were obtained  
from publicly available databases, including the 
Chinese Glioma Genome Atlas (CGGA: https://
www.cgga.org.cn) [31], The Cancer Genome At- 
las (TCGA: https://portal.gdc.cancer.gov), and 
the Genotype-Tissue Expression (GTEx: https://
xena.ucsc.edu). Bioinformatics analyses were 
conducted using the GEPIA2 (http://gepia2.
cancer.cn), GlioVis (http://gliovis.bioinfo.cnio.
es), and STRING (https://string-db.org) [32] 
web platforms, as well as R software. The TCGA 
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or CGGA (mRNAseq_693) datasets were inte-
grated with GTEx data following normalization 
and preprocessing. Differentially expressed 
gene (DEG) analysis was performed using the 
edgeR and ggplot2 packages. DEGs between 
the mesenchymal subtype and other subtypes, 
or between CD44 and others, were identified 
using the limma package.

Cell culture

The cells utilized in the experiments included 
human glioblastoma cell lines (LN229, A172, 
and U87MG, acquired from the Cell Bank of the 
Chinese Academy of Sciences), the human 
embryonic kidney cell line HEK293T (sourced 
from the Cell Bank of the Chinese Academy of 
Sciences), patient-derived glioblastoma stem-
like cells (GSCs; GBM#BG5, obtained from  
Prof. Rolf Bjerkvig), and normal human astro-
cytes (NHA; purchased from Lonza). HEK293T, 
LN229, A172 and U87MG cells were grown in 
Dulbecco’s modified Eagle’s medium (Thermo 
Fisher Scientific) supplemented with 10% fetal 
bovine serum (FBS; Thermo Fisher Scientific). 
BG5 cells were cultured in Neurobasal medium 
(Gibco, Thermo Fisher Scientific) supplement- 
ed with epidermal growth factor (EGF; 20 ng/
mL, Thermo Fisher Scientific), basic fibroblast 
growth factor (bFGF; 10 ng/mL, Thermo Fisher 
Scientific), and B27 supplement (2%, Thermo 
Fisher Scientific). NHA cells were maintained in 
BulletKit astrocyte medium. All cells were cul-
tured in a cell incubator at 37°C with 5% CO2. 
The cells were periodically passaged, and cells 
in the logarithmic growth phase were used in 
subsequent experiments.

Transient transfection, lentivirus construction, 
and infection

GenePharma (Shanghai, China) provided small 
interfering RNAs (siRNAs) that targeting human 
ECE1 and negative control siRNAs. Transient 
transfection of siRNAs or plasmids was per-
formed using Lipofectamine 3000 (Thermo Fi- 
sher Scientific) according to standard proto-
cols. Knockdown efficiency was verified by qu- 
antitative real-time PCR (qRT-PCR) and immu-
noblotting at 72 hours post-transfection. HEK- 
293T cells were cotransfected with psPAX2, 
pCMV-VSV-G, and expression vectors. The viral 
supernatant was harvested after 48 h and clar-
ified by filtration. Target cells were then expos- 
ed to the lentivirus for 48 h and subsequently 

selected in puromycin-containing medium (2 
μg/mL; Thermo Fisher Scientific) for two weeks. 
The siRNA sequences targeting ECE1 were  
as follows: siCtrl: 5’-UUCUCCGAACGUGUCACG- 
UTT-3’, siECE1-2#: 5’-GCCUGCUCAACAACUAC- 
AUTT-3’, and siECE1-3#: 5’-GGACCAGUCCAG- 
UCCUCUAGU-3’.

Cell proliferation assay

The proliferation of GBM cells was assessed 
via an EdU incorporation assay (RiboBio). 
LN229, U87MG, and A172 cells were cultured 
in 24-well plates (2 × 104 cells per well) and 
transfected with ECE1-targeting siRNA for 48 
hours. EdU labeling and subsequent fluores-
cence staining were performed in accordance 
with standard protocols. Fluorescence images 
were obtained using a Leica fluorescence mi- 
croscope, and the percentage of EdU-positive 
cells was subsequently calculated.

Cell viability was assessed by a Cell Counting 
Kit-8 (CCK-8; Beyotime Biotechnology). U87MG, 
A172, and LN229 cells (3 × 103 cells per well) 
or GBM#BG5 cells (1 × 104 cells per well) were 
seeded into 96-well plates. At 24, 48, 72, and 
96 hours post-treatment, 10 μL of CCK-8 rea- 
gent was added to each well and incubated for 
30 minutes at 37°C. The absorbance was mea-
sured at 450 nm.

Cell migration assays

After transfection with siRNA for 48 h, the cells 
were plated in 6-well plates (5 × 105 cells per 
well) for the wound-healing assay. When the 
cells reached approximately 90% confluence, a 
straight scratch was created using a 200 μL 
pipette tip. Images of the same field were cap-
tured at 0 and 12 hour using an inverted micro-
scope (Olympus).

Transwell migration assays were conducted 
using 24-well chambers with 8.0 μm pores 
(Corning). Cells transfected with siECE1 were 
plated in the upper chamber in serum-free 
DMEM, and the lower chamber was filled with 
DMEM supplemented with 30% FBS. After in- 
cubation for 24-48 hours, the non-migrated 
cells on the upper surface of the membrane 
were removed, and the migrated cells were 
fixed with 4% paraformaldehyde (Biosharp) and 
stained with crystal violet (Beyotime Biotech- 
nology), and quantified microscopically.
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Cell invasion assays

Spheroid-based invasion assays were conduct-
ed to assess invasive potential. After siRNA 
transfection for 48 hours, GBM spheroids were 
embedded in an invasion matrix (Trevigen). At 
0, 24, and 48 hours, the spheroids were imaged 
under an inverted microscope, and the invasion 
distance was calculated relative to the initial 
spheroid diameter.

Spheroid formation and limiting dilution assay

For the spheroid formation assay, isolated sin-
gle BG5 cells were plated in 96-well plates (1 
cell/μl per well) and cultured for 7 days, after 
which the diameter of each spheroid was mea-
sured. For the limiting dilution assay, BG5 cells 
were seeded into 96-well plates at densities of 
5, 10, 20, 40, 80, 160, 320, and 640 cells per 
well, with 15 replicate wells for each cell densi-
ty. After 14 days of culture, wells containing at 
least one tumor sphere with a diameter ≥50 μm 
were counted. Analysis was performed using 
GraphPad Prism software.

Immunohistochemistry (IHC)

Tumor tissues derived from orthotopic xeno-
grafts were fixed, paraffin-embedded, and sec-
tioned. IHC staining was carried out following 
established procedures. The primary antibod-
ies used were mouse anti-ECE1 (sc-376017, 
1:100, Santa Cruz Biotechnology) and rabbit 
anti-Ki67 (GB111499, 1:400, Servicebio). Ki67- 
positive nuclei were calculated based on the 
percentage of DAB-positive cells, and ECE1 
expression levels were evaluated using semi-
quantitative IHC scores combining staining 
intensity and positive staining area.

Coimmunoprecipitation (Co-IP)

Cells were lysed in prechilled IP lysis buffer 
(Thermo Fisher Scientific) containing protea- 
se inhibitors (Biotech Biotechnology). The cell 
lysates were centrifuged at 12,000×g for 15 
min at 4°C, after which the supernatants were 
collected. A portion of the sample was kept as 
input, and the remainder was incubated with 
anti-ECE1, anti-ACTB, or IgG overnight at 4°C. 
The samples were then mixed with protein A/G 
magnetic beads (Thermo Fisher Scientific) and 
incubated at room temperature for 1 hour, after 
which the immune complexes were subjected 

to immunoblot analysis. The antibodies used 
included mouse anti-ECE1 (sc-376017, 1:100, 
Santa Cruz Biotechnology), mouse anti-ACTB 
(66009-1-Ig, 1:100, Proteintech), and normal 
mouse IgG (68860L, 1:100, Cell Signaling Te- 
chnology).

Western blotting

Total protein was extracted for Western blotting 
using RIPA buffer supplemented with phospha-
tase and protease inhibitors (Beyotime Biote- 
chnology). Protein concentrations were quanti-
fied using a BCA assay (Beyotime Biotechno- 
logy). Equal amounts of protein samples were 
separated by SDS-PAGE and subsequently el- 
ectrotransferred onto PVDF membranes. After 
blocked with nonfat milk (5%, 1 h), the mem-
branes were incubated overnight with primary 
antibodies at 4°C and subsequently probed 
with HRP-linked secondary antibodies (1:5000). 
Protein bands were detected with an ECL detec-
tion kit (Millipore) and captured using a chemi-
luminescence imaging system (Bio-Rad). Den- 
sitometric analysis was performed with ImageJ, 
and protein levels were normalized to β- 
tubulin. The primary antibodies used included 
anti-ECE1 (sc-376017, Santa Cruz Biotechno- 
logy), anti-β-tubulin (AC008, ABclonal), anti-
ROCK2 (21645-1-AP; Proteintech), anti-N-cad-
herin (66219-1-Ig, Proteintech), anti-MMP2 
(66366-1-Ig, Proteintech), anti-MYH10 (19673-
1-AP, Proteintech), and anti-Slug (C19G7, Cell 
Signaling Technology).

Real-time quantitative PCR

Total RNA was isolated using an RNA-Quick 
Purification Kit (RN001, eSUN Bio). RNA con-
centration and purity were determined using  
a NanoDrop One (Thermo Fisher Scientific). 
Subsequently, 1 μg of RNA was subjected to 
genomic DNA removal, and the PrimeScript RT 
Reagent Kit (Takara) was used for reverse tran-
scription into cDNA. Quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR) 
was performed using a Hieff qPCR SYBR Kit 
(Yeasen Biotechnology) on a LightCycler 96 
system (Roche). Tubulin was used as the in- 
ternal control, and the 2^-ΔΔCt method was em- 
ployed to determine relative gene expression. 
All reactions were conducted in triplicate. The 
primers used are listed in Table S1.
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Mass spectrometry analysis

LN229 cells were subjected to Co-IP using IgG 
and anti-ECE1 antibodies. The immunoprecipi-
tated complexes were validated by Western 
blotting and subsequently analyzed by liquid 
chromatography-mass spectrometry (HPLC-
MS/MS, QLBio, China) to identify ECE1-in- 
teracting proteins.

RNA sequencing analysis

Total RNA was extracted from LN229 cells 
transfected with siECE1 or negative control 
siRNA using TRIzol reagent (Invitrogen). RNA 
integrity was evaluated, and the RNA libraries 
were sequenced on the Illumina NovaseqTM 
6000 platform by LC Bio Technology Co., Ltd. 
(Hangzhou, China). Differentially expressed 
genes were analyzed using DESeq2 in R, with 
adjusted p values < 0.05 considered signifi-
cant. Enrichment analysis for Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways was conducted 
using the clusterProfiler package.

Immunofluorescence (IF)

For confocal imaging, 3 × 104 cells were seed-
ed onto coverslips in 24-well plates, fixed with 
4% paraformaldehyde for 15 minutes, and 
blocked with 5% BSA for 1 h. ECE1 labeling was 
performed using the FlexAble 2.0 CoraLite® 
Plus 488 Antibody Labeling Kit (KFA521, Pro- 
teintech) overnight at 4°C. The cells were sub-
sequently counterstained with IF555-Phalloidin 
(G1249-100T, Servicebio) for 60 min, after 
which they were stained with DAPI using 
Antifade Mounting Medium (P0131-5 mL, 
Beyotime Biotechnology). Images were cap-
tured using a laser confocal microscope (Leica).

Xenografts

Male nude mice (4 weeks old, ~15 g) were 
anesthetized and implanted intracranially with 
5 × 105 luciferase-labeled GBM cells (10 μL of 
PBS) using a stereotactic device. The injection 
site was located 2 mm lateral to the midline, 1 
mm anterior to the bregma, and 2.5 mm deep. 
Tumor progression was assessed using an  
in vivo bioluminescence imaging platform 
(PerkinElmer). Euthanasia was performed by 
intraperitoneal injection of sodium pentobarbi-

tal (≥150 mg/kg) at humane endpoints or at 
study termination.

Statistical analysis

We used the R programming language to per-
form bioinformatics analysis. Differences in 
gene expression were evaluated using Stu- 
dent’s t test. Kaplan-Meier survival curves  
were constructed after the optimal cutoff val-
ues were determined with the survminer pack-
age. Survival differences were calculated using 
the log-rank test. Data visualization was per-
formed with GraphPad Prism, and statistical 
comparisons were performed using unpaired t 
tests or one-way ANOVA, as appropriate. Data 
are presented as the mean ± SD. Statistical sig-
nificance was defined as P < 0.05.

Results

ECE1c is the predominant isoform in GBM and 
is associated with poor prognosis

Transcriptomic profiles were obtained from the 
CGGA database. To identify proteins involved in 
CD44-mediated GBM progression, differential-
ly upregulated genes were identified based on 
the mesenchymal subtype and CD44 expres-
sion levels. Subsequent co-expression analy-
ses were conducted to identify genes corre- 
lated with CD44 and genes associated with 
patient prognosis. Following a cross-analysis of 
four gene datasets, we selected six intersect-
ing genes, among which ECE1 was the most 
notable candidate (Figures 1A-D, S1A). Con- 
sistent results from TCGA and CGGA further 
demonstrated that ECE1 expression positively 
correlated with increasing glioma grade (Figure 
S1B, S1C). Single-cell RNA sequencing analysis 
showed that ECE1 expression was significantly 
higher in malignant cells than in non-malignant 
and immune cell populations (Figure S2A). 
Multivariate Cox regression analysis further 
demonstrated that ECE1 was independently 
associated with poor overall survival (HR = 
1.29, 95% CI: 1.15-1.45, P < 0.001; Figure 
S2B). Additionally, pan-cancer analyses reveal- 
ed that ECE1 was dysregulated across multiple 
tumor types and was strongly overexpressed in 
GBM (Figure S1D). These findings were inde-
pendently validated using the TCGA (Figures  
1E and S3A, S3B) and CGGA (Figure 1F) 
cohorts.
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Figure 1. ECE1 expression is elevated in GBM and is correlated with malignant progression. (A) Schematic overview 
of the analysis: mRNA expression and clinical data from the CGGA database were analyzed using four complemen-
tary approaches: CD44 high vs. low expression, mesenchymal vs. other subtypes, CD44 coexpression analysis 
(Pearson’s correlation test), and survival-related (Cox regression test) differentially expressed genes (DEGs). The 
intersection of these datasets was visualized using a Venn diagram to identify key mesenchymal- and CD44-asso-
ciated genes. (B, C) Volcano plots showing DEGs between the CD44 high/low groups and the mesenchymal/other 
subtypes. (D) Venn diagram of the four datasets identifying six intersecting genes (GALNT2, FAM114A1, TMEM43, 
COLGALT1, ECE1, and SP140L). (E, F) ECE1 expression in GBM and normal tissues from the TCGA, CGGA, and GTEx 
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Kaplan-Meier survival analyses based on the 
TCGA and CGGA datasets consistently reveal- 
ed that elevated ECE1 expression was associ-
ated with significantly poorer overall survival in 
patients with GBM (Figure 1G, 1H). This asso-
ciation was corroborated by GEPIA2 (Figure 
S3C) and GlioVis (CGGA, P = 0.0318) (Figure 
S3D). However, analyses based on the TCGA 
database, in which median expression was us- 
ed as the cutoff, did not reach statistical sig- 
nificance (GlioVis, P = 0.0691; Xena, P = 
0.0900) (Figure S3E, S3F). Notably, when the 
primary progression-free interval was used as 
the clinical endpoint, high ECE1 expression 
remained significantly associated with adverse 
patient outcomes (Figure S3G).

In agreement with the patient data, ECE1 
expression was markedly elevated in various 
GBM cell lines and glioma tissues compared 
with normal human astrocytes and normal 
brain tissues (Figure 1I-L). The four known 
ECE1 isoforms (ECE1a-d) arise from alternative 
splicing events differing by only a few amino 
acids, making them difficult to distinguish using 
conventional antibodies. Isoform-specific qRT-
PCR analysis across GBM cell lines (U87MG, 
A172, LN229, and GBM#BG5) demonstrated 
that ECE1c was the predominant transcript in 
GBM cells (Figure S4A). This finding is in line 
with those of previous reports indicating that 
ECE1c is the dominant isoform in other malig-
nancies [12, 18].

Collectively, these clinical and experimental 
data establish ECE1c as the major functional 
isoform of ECE1 in GBM and suggest that it may 
play a critical role in glioblastoma pathogenesis 
and disease progression.

Knockdown of ECE1 suppresses malignant 
phenotypes of GBM cells in vitro

To investigate the biological role of ECE1 in 
GBM, its expression was inhibited in U87MG, 
A172, LN229, and GBM#BG5 cell lines with 
specific siRNAs. qRT-PCR and Western blot 

results (Figure 2A and 2B) demonstrated that 
ECE1 knockdown effectively reduced ECE1 
expression at both the mRNA and protein 
levels.

Cell viability assays revealed a significant 
decrease in cell proliferation following ECE1 
silencing (Figure 2C). Consistently, EdU incor-
poration experiments revealed a notable reduc-
tion in the percentage of proliferating nuclei 
(Figure 2D, 2E), confirming that ECE1 deletion 
hinders GBM cell growth. Additionally, neuro-
sphere formation and extreme limiting dilution 
assays revealed that knocking down ECE1 
greatly reduced the self-renewal capacity of 
GBM#BG5 cells (Figure 2F-H), suggesting that 
ECE1 plays a role in maintaining glioma stem-
like characteristics.

Considering the extremely invasive characteris-
tics of GBM, we next investigated the effect of 
ECE1 silencing on cellular motility. Transwell 
migration studies (Figure 3A, 3B) and wound-
healing assays (Figure 3E, 3F) both revealed 
that, compared with control cells, ECE1 knock-
down cells were significantly less migratory. In 
three-dimensional spheroid invasion studies, 
compared with control spheroids, which dem-
onstrated significant radial infiltration into the 
surrounding matrix, ECE1-deficient cells gener-
ated compact spheroids with restricted inva-
sive fronts (Figure 3C, 3D).

These findings strongly suggest that ECE1 pro-
motes the growth, self-renewal, and invasion of 
GBM cells in vitro, indicating that ECE1 is an 
important factor in making glioblastoma more 
malignant.

ECE1c facilitates GBM invasion through the 
ROCK2-MYH10 axis

After confirming that ECE1 controls the cancer-
ous behavior of GBM cells in vitro, we proceed-
ed to elucidate its molecular mechanism. ECE1 
functions as a metalloprotease that converts 
big endothelin-1 (big ET-1) into the bioactive 

databases. (G, H) Kaplan-Meier survival curves showing that high ECE1 expression predicts poor overall survival in 
the TCGA and CGGA cohorts with the optimal cutoff value. (I, J) Western blot analysis of total ECE1 protein in GBM 
cell lines (U87MG, A172, LN229, and BG5) and patient tissues compared with normal controls (cell line: n = 3 
independent experiments; patient tissues: n=3 independent experiments from 3 cases). (K, L) Representative IHC 
images showing elevated ECE1 expression in gliomas of different grades compared with normal brain tissues. Scale 
bar = 100 μm. (n = 3 biological replicates). The data are shown as the mean ± SD. ***, P < 0.001. Two-sample 
Student’s t tests (E and F), log-rank tests (G and H) and one-way ANOVA (L) were used for data analysis.
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Figure 2. Knockdown of ECE1 expression suppresses GBM cell proliferation. (A, B) qRT-PCR and Western blot vali-
dation of ECE1 knockdown efficiency in U87MG, A172, LN229, and BG5 cells (qRT-PCR: n = 3 independent experi-
ments; WB: n = 3 independent experiments). (C) CCK-8 assay showing reduced cell viability following ECE1 silencing 
(n = 3 independent experiments). (D, E) Representative images and quantification of EdU assays demonstrating 
decreased proliferative activity after ECE1 knockdown (n = 3 independent experiments). Scale bar = 100 μm. (F, 
G) Neurosphere formation assay showing impaired self-renewal capacity upon ECE1 depletion. Scale bar = 100 
μm. (n = 3 independent experiments). (H) Limiting dilution analysis indicating a reduced sphere-forming frequency 
following ECE1 knockdown (n = 15 independent experiments). The data are shown as the mean ± SD. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001. One-way ANOVA (A, C, E, and G) and pairwise tests (H) were used for data analysis.
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Figure 3. Knocking down of ECE1 expression suppresses GBM cell migration and invasion in vitro. (A, B) Transwell 
migration assays showing significantly reduced migratory capacity after ECE1 silencing. Scale bar = 100 μm. (n = 
3 independent experiments). (C, D) Matrigel invasion assays demonstrating impaired invasive potential following 
ECE1 knockdown (n = 3 independent experiments). Scale bar = 100 μm. (E, F) Wound-healing assays showing 
decreased migration upon ECE1 depletion. Scale bar = 100 μm. (n = 3 independent experiments). The data are 
shown as the mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001. One-way ANOVA (B, D and F) was used for data 
analysis). 

peptide ET-1. However, the role of ET-1 signal-
ing in GBM remains debated. Supplementa- 
tion with exogenous ET-1 did not restore the 

decrease in cell viability induced by ECE1 
knockdown (Figure S4B), indicating that ECE1 
may have ET-1-independent effects on GBM.
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Figure 4. ECE1 regulates cytoskeletal remodeling. (A, B) Volcano plot and heatmap of differentially expressed genes 
in LN229 cells after ECE1 knockdown, as determined by RNA sequencing. (C) Gene Ontology (GO) analysis of the 
top 20 significantly enriched biological processes. (D, E) KEGG and GSEA analyses indicating significant enrichment 
of the “regulation of the actin cytoskeleton” pathway. (F, G) Kaplan-Meier survival analyses of the TCGA and CGGA 
datasets showing that high ROCK2 expression is correlated with poor overall survival in patients with GBM. (H-J) GO 
and KEGG analyses using STRING revealing that ROCK2 is closely associated with actin cytoskeleton regulation. (K) 
qRT-PCR analysis of cytoskeleton-related genes (ROCK2, MYH10, VCL, and ACTN1) in LN229 and A172 cells follow-
ing ECE1 knockdown (n = 3 independent experiments). The data are shown as the mean ± SD. An unpaired t test 
(K) was used for data analysis. **, P < 0.01; ***, P < 0.001.
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Collectively, these data demonstrate that 
ECE1c promotes GBM invasiveness through 
the ROCK2-MYH10 signaling axis, independent 
of canonical ET-1 signaling.

ECE1c mechanistically regulates GBM invasion 
via interaction with ACTB

Because ECE1c promotes cell invasion by con-
trolling the cytoskeleton, we wanted to identify 
its interacting molecular partners. We used 
LN229 cell lysates and an anti-ECE1 antibody 
to perform coimmunoprecipitation followed by 
mass spectrometry (Co-IP/MS). Pathway analy-
sis using KEGG (Figure 6A) and GO (Figure 6B) 
for the interacting proteins revealed that the 
“regulation of actin cytoskeleton” pathway was 
enriched. STRING protein-protein interaction 
mapping revealed that ACTB was a key node in 
this network (Figure S5B).

Reciprocal Co-IP experiments in both LN229 
and A172 cells confirmed this connection, dem-
onstrating the mutual linkage between ECE1 
and ACTB (Figure 6C, 6D). Immunofluorescen- 
ce labeling revealed clear colocalization of 
ECE1 and ACTB in the cytoplasm of GBM cells 
(Figure 6E).

Phenotypic investigations demonstrated that 
control GBM cells displayed pronounced lamel-
lipodia and filopodia, indicating active actin 
remodeling and invasive activity (Figure 6F). In 
contrast, cells lacking ECE1 exhibited a marked 
decrease in membrane protrusions, whereas 
ECE1c overexpression strongly promoted their 
development (Figure 6F, 6G).

These findings demonstrate that ACTB binds to 
ECE1c, elucidating the molecular foundation 
for ECE1c-mediated actin polymerization and 
pseudopodia extension. This association sup-
ports a model in which ECE1c promotes GBM 
invasion via actin cytoskeletal remodeling 
downstream of the ROCK2-MYH10 axis and 
through interaction with ACTB.

ECE1c promotes invasive malignant progres-
sion of GBM in vivo

To determine whether ECE1c enhances GBM 
malignancy in vivo, we developed orthotopic 
xenograft models in nude mice utilizing luci- 
ferase-labeled LN229 cells with stable ECE1 
knockdown (shECE1) or ECE1c overexpression 
(oeECE1c) (Figure 7A, 7B). Bioluminescence 

To clarify the pathways that facilitate ECE1-
induced malignancy, we conducted transcrip-
tome sequencing after ECE1 knockdown in 
LN229 cells. Differential expression analysis 
(Figure 4A, 4B) revealed enrichment of genes 
associated with the “regulation of the actin 
cytoskeleton” pathway, corroborated by both 
GO (Figure 4C) and KEGG (Figure 4D) analys- 
es. Gene set enrichment analysis (GSEA) 
revealed a strong association between ECE1 
expression and cytoskeletal regulation (P = 
0.0025; FDR = 0.1165) (Figure 4E).

The validation of the RNA-seq results using 
qRT-PCR demonstrated that the silencing of 
ECE1 in LN229 and A172 cells resulted in the 
downregulation of the expression of various 
actin-associated regulators, including ROCK2, 
MYH10 (myosin heavy chain 10), VCL, and 
ACTN1 (Figure 4K). Conversely, overexpression 
of ECE1c upregulated the same genes (Figure 
S4C, S4D). ROCK2 was identified as a critical 
regulator of the actin cytoskeleton (Figure S5A). 
Bioinformatic analyses of TCGA and CGGA data 
indicated that ROCK2 expression was linked to 
unfavorable prognosis in GBM and correlated 
with the modulation of the actin cytoskeleton 
(Figure 4F-J).

In line with these results, knocking down ECE1 
led to lower levels of ROCK2 and proteins linked 
to invasion, such as MYH10, MMP2, N-cadherin, 
and Slug (Figure 5A). ROCK2 overexpression 
not only increased the expression of these inva-
sion markers but also mitigated the inhibitory 
effects resulting from ECE1 deletion (Figure 
5A). To further clarify the hierarchical link, we 
performed epistasis analysis and found that 
the knockdown of ROCK2 reduced the expres-
sion of its downstream targets (MYH10, MMP2, 
N-cadherin, and Slug) without altering ECE1 
levels (Figure 5B). Moreover, the overexpres-
sion of ECE1c did not restore the expression of 
these proteins upon the silencing of ROCK2. 
Transwell experiments revealed that knocking 
down ECE1 expression significantly inhibited 
GBM cell invasion, whereas overexpressing 
ROCK2 increased invasion and partly reversed 
the inhibitory effect (Figure 5C, 5D). Finally, 
consistent with the ET-1-independent mecha-
nism, exogenous ET-1 supplementation failed 
to restore invasion after ECE1 knockdown 
(Figure 5E, 5F).
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Figure 5. ECE1c modulates ROCK2 to regulate cytoskeletal remodeling. (A) Immunoblot analysis showing that ECE1 
knockdown decreases the expression of ROCK2, MYH10, MMP2, N-cadherin, and Slug. Rescue experiments dem-
onstrated that ectopic ROCK2 expression partially restores the invasive capacity of ECE1-silenced GBM cells (n = 
3 independent experiments). (B) Western blot analysis showing that ROCK2 knockdown reduces MYH10, MMP2, 
N-cadherin, and Slug levels, while ECE1 expression remains unchanged. Overexpression of ECE1c does not reverse 
the effects of ROCK2 silencing (n = 3 independent experiments). (C, D) Transwell assays showing that ECE1 silenc-
ing suppresses invasion, whereas ROCK2 overexpression restores invasive ability. Scale bar = 100 μm. (n = 3 inde-
pendent experiments). (E, F) qRT-PCR analysis showing that supplementation with exogenous endothelin-1 (ET-1) 
fails to rescue the altered expression of cytoskeleton-related genes following ECE1 knockdown (n = 3 independent 
experiments). The data are shown as the mean ± SD. One-way ANOVA (D-F) was used for data analysis. ns, not sig-
nificant; **, P < 0.01; ***, P < 0.001.
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Figure 6. ECE1 interacts with ACTB to regulate cytoskeletal remodeling and promote GBM invasiveness. (A) KEGG 
and (B) GO analyses of ECE1-interacting proteins consistently revealed enrichment in the “regulation of the actin 
cytoskeleton” pathway. (C, D) Coimmunoprecipitation (Co-IP) assays demonstrating a specific interaction between 
ECE1 and ACTB in GBM cell lysates. ECE1 was successfully pulled down with ACTB, and reciprocal immunoprecipi-
tation confirmed that ACTB could also precipitate ECE1 (n = 3 independent experiments). (E) Representative im-
munofluorescence images of GBM cells showing the colocalization of ECE1 (green) with F-actin (red). Nuclei were 
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imaging was used to monitor intracranial tumor 
progression skull over time.

Four weeks after implantation, compared with 
control mice, mice with shECE1 tumors devel-
oped significantly smaller tumors, whereas mi- 
ce with oeECE1c tumors developed significant-
ly larger tumors (Figure 7C, 7D). Kaplan-Meier 
survival analysis corroborated these data, re- 
vealing that mice in the shECE1 group exhibit- 
ed considerably extended longevity, whereas 
those in the oeECE1c group had a reduced 
median survival time (Figure 7E).

Histopathological examination using hematoxy-
lin and eosin (H&E) staining revealed that ECE1 
depletion suppressed infiltrative tumor growth, 
but ECE1c overexpression enhanced the inva-
sive phenotype (Figure 7F, 7G). We assessed 
the effect of ECE1c on GBM invasion in vivo 
using H&E-stained sections [33]. The number 
of invasive finger-like protrusions at the tumor-
brain interface was quantified. These results 
indicate that ECE1c expression is associated 
with enhanced intracranial invasive behavior of 
GBM cells (Figure 7G). Immunohistochemical 
analysis corroborated these findings, revealing 
a significant reduction in the proliferative mark-
er Ki67 in shECE1 tumors and an increase in 
oeECE1c tumors, reflecting diminished and 
heightened proliferative activity, respectively. 
Changes in the levels of ECE1 expression were 
similar in tumor tissues.

These in vivo results provide substantial evi-
dence that ECE1c promotes GBM tumor growth, 
invasion, and malignant development.

Discussion

In this investigation, we identified ECE1c as a 
crucial regulator of GBM malignancy. We dem-
onstrated that ECE1c is the predominant iso-
form in GBM cells and that its depletion signifi-
cantly impedes growth, motility, and invasion 
both in vitro and in vivo. Mechanistically, ECE1c 
initiates a novel ROCK2-MYH10 signaling path-
way that reorganizes the actin cytoskeleton, 
promotes pseudopodia formation, and enhanc-

es invasive growth. Furthermore, ECE1c inter-
acts with ACTB, facilitating actin filament as- 
sembly and sustaining the invasive cytoskele- 
tal architecture of GBM cells (Figure 8). These 
results demonstrate that, in addition to its 
established enzymatic function in endothelin-1 
(ET-1) the activation, ECE1c exerts oncogenic 
effects in GBM.

Additionally, four isoforms of ECE1 (ECE1a-d) 
are generated through alternative promoter 
usage and splicing [12, 15, 34, 35]. Although 
the N-terminal regions of these isoforms dif- 
fer only slightly, such small variations strongly 
affect their subcellular localization and func-
tion [18, 36]. Our results indicate that ECE1c  
is the predominant isoform expressed in GBM 
cell lines, which aligns with prior observations 
in other malignancies, including prostate and 
colorectal cancers [18, 20]. Notably, CK2-me- 
diated phosphorylation of the C-terminal serine 
residue of ECE1c stabilizes the protein, pre-
venting proteasomal degradation and increas-
ing tumor cell invasion [22]. The ECE1cK6R 
mutant, which is not present in GBM, has been 
shown to increase ECE1c stability and improve 
chemoresistance and invasion. However, the 
exact way in which ECE1c promotes glioma 
malignancy is still unclear [37]. The high expres-
sion of this isoform in GBM suggests that it may 
possess enhanced stability and contribute to 
intracranial tumor progression.

Historically, ECE1 has been described as a 
membrane metalloprotease that cleaves big 
ET-1 into bioactive ET-1, a potent vasoactive 
peptide involved in tumor angiogenesis and 
proliferation [11, 15, 38]. Nevertheless, accu-
mulating evidence indicates that pharmacologi-
cal inhibition of ECE1 can impede tumor growth 
without affecting ET-1 levels, and exogenous 
ET-1 supplementation fails to counteract this 
inhibitory effect, suggesting the involvement of 
ET-1-independent mechanisms [12, 37]. In line 
with these observations, our results demon-
strate that ECE1 promotes tumorigenesis inde-
pendently of ET-1 signaling, serving as a key 
regulator of cytoskeletal signaling. ECE1 facili-

counterstained with DAPI (blue). Scale bar = 10 μm. (n = 3 independent experiments). (F, G) Representative confo-
cal images showing reduced pseudopodia formation following ECE1 knockdown and enhanced protrusive activity 
upon ECE1c overexpression. Quantification of the number of pseudopodia per cell is shown. Scale bar = 10 μm. (n = 
3 independent experiments). The data are shown as the mean ± SD. One-way ANOVA (G) was used for data analysis. 
*, P < 0.05; ***, P < 0.001.



ECE1c regulates the ROCK2-MYH10 axis and interacts with ACTB

1840	 Am J Transl Res 2026;18(3):1826-1845

Figure 7. ECE1c promotes GBM tumor progression in vivo. (A) Schematic illustration of intracranial implantation of 
luciferase-labeled GBM cells (control, ECE1 knockdown, or ECE1c overexpression) to establish orthotopic xenograft 
models. (B) Immunoblot verification of the ECE1 knockdown or ECE1c overexpression efficiency in the LN229 cell 
line (n = 3 independent experiments). (C, D) Quantification of tumor bioluminescence intensity at 4 weeks post-
implantation (n = 3 biological experiments). (E) Kaplan-Meier survival analysis of nude mice bearing tumors (n = 6 
mice per group). (F) Representative H&E, Ki-67, and ECE1 immunohistochemical staining of brain sections showing 
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tates the assembly of actomyosin networks 
that drive cell contraction, migration, and inva-
sion by modulating ROCK2 expression and 
interacting with ACTB. This cytoskeleton-relat-
ed function highlights the multifaceted role of 
ECE1 in promoting tumor aggressiveness.

ROCK2 is a well-known regulator of actin cyto-
skeletal remodeling, stress fibers formation, 
and cell motility [23]. Its activation increases 
myosin heavy chain expression and actomyosin 
contractility, both of which are critical for tumor 
invasion [39-42]. Nonmuscle myosin heavy 
chain IIB (NMHC IIB), encoded by the MYH10 
gene and constituting the component of non-
muscle myosin IIB (NM IIB), is essential for 
tumor invasion because it regulates cytoskele-

tal dynamics, enhances migratory and invasive 
capabilities, facilitates cellular mechanotrans-
duction, and mediates drug resistance. Dysre- 
gulated MYH10 expression has consequently 
been linked to malignant progression in many 
cancers, including ovarian and lung carcinomas 
[43]. Furthermore, the ROCK-MYH10 axis pro-
motes an amoeboid invasion pattern associat-
ed with poor patient prognosis [42], and sup-
pression of MYH10 expression reduces the 
invasive potential of GBM [44]. ROCK2 over- 
expression partially rescued the phenotypic 
effects induced by ECE1 depletion, suggesting 
that ECE1c regulates GBM invasion through 
multiple downstream pathways. The ROCK2-
MYH10 axis appears to be an important, th- 
ough not exclusive, effector. Consistently, our 

tumor boundaries, proliferative activity, and ECE1 expression levels. Scale bar = 100 μm. (n = 3 biological experi-
ments). (G) Invasive finger-like protrusions at the tumor-brain interface were quantified in H&E-stained sections. 
ECE1 expression was semi-quantitatively assessed using the H-score method, and the Ki-67 labeling index was 
calculated as the percentage of Ki-67 positive tumor cells. The data are shown as the mean ± SD. Unpaired t tests 
(D, G) and the log-rank test (E) were used for data analysis. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Figure 8. Proposed model illustrating how ECE1c promotes glioblastoma (GBM) progression. ECE1c, the predomi-
nant isoform of ECE1 in GBM, interacts with ACTB and modulates ROCK2 to activate cytoskeletal remodeling path-
ways independent of endothelin-1 (ET-1) signaling. Through these axes, ECE1c enhances pseudopodia formation, 
thereby facilitating tumor cell migration and invasion. In both in vitro and in vivo studies, knockdown of ECE1 dis-
rupts cytoskeletal organization, reduces invasive potential, and inhibits tumors from growing. This model highlights 
that targeting ECE1c could represent a potential strategy to limit the aggressive behavior of GBM.
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data show that ECE1c affects both ROCK2 and 
MYH10 and also interacts with ACTB and colo-
calizes with F-actin. The coordinated regulation 
of both the upstream kinase (ROCK2) and the 
structural polymer (ACTB) highlights an impor-
tant signaling pathway through which ECE1c 
influences cytoskeletal remodeling and pro-
motes GBM invasiveness. 

The extremely infiltrative nature of GBM re- 
mains the fundamental hurdle to curative ther-
apy, as diffuse invasion into neighboring brain 
parenchyma limits complete surgical resection 
[45, 46]. Increasing evidence suggests that 
regulation of actin cytoskeletal dynamics is a 
key component of this process, as it controls 
cell shape, polarity, and motility [47]. Consis- 
tent with this model, loss of ECE1 disrupts 
F-actin organization, reduces pseudopodia for-
mation, and inhibits cell motility, demonstrating 
its critical role in cytoskeletal regulation. Be- 
cause highly motile GBM cells frequently exhibit 
increased resistance to radiation and chemo-
therapy [48], inhibiting ECE1 may represent a 
viable strategy to suppress tumor progression.

The identification of ECE1c as a cytoskeletal 
regulator presents novel therapeutic opportu- 
nities. Small-molecule inhibitors of ECE1 have 
been developed for cardiovascular diseases 
[49, 50], but their potential anticancer effects 
remain insufficiently explored. Our results sug-
gest that ECE1 inhibition may suppress GBM 
invasion independently of ET-1 inhibition, pro-
viding a safer and more targeted therapeutic 
strategy. Moreover, disrupting the interaction 
between ECE1 and ACTB may selectively impair 
tumor cell motility while preserving physiologi-
cal ET-1 processing in normal tissues. The de- 
velopment of peptide mimetics or small mole-
cules that block this interaction may therefore 
represent a promising therapeutic strategy for 
GBM and potentially other highly aggressive 
malignancies.

This study has several limitations. The interac-
tion between ECE1 and ACTB was validated 
based on biochemical association rather than 
direct structural evidence; and the precise 
binding domains and structural interface re- 
main to be elucidated. Advanced techniques 
such as cryo-electron microscopy or domain-
mapping mutagenesis will be required to char-
acterize these molecular interactions. Addi- 
tionally, although our in vivo model demonstrat-

ed reduced tumor progression following ECE1 
knockdown, orthotopic models incorporating 
invasive tracking may more accurately repre-
sent the dynamics of tumor infiltration within 
the brain environment. Future studies should 
also evaluate the relationship between ECE1 
expression and treatment resistance in clinical 
cohorts.

Conclusions

In conclusion, our findings demonstrate that 
ECE1c is a key regulator of GBM invasion and 
progression. By activating the ROCK2-MYH10 
signaling axis and interacting with ACTB, ECE1c 
strongly regulates cytoskeletal remodeling and 
pseudopodia formation, thereby promoting 
GBM cell invasion. Targeting this pathway, par-
ticularly by disrupting ECE1-cytoskeleton inter-
actions, may represent a novel and effective 
therapeutic strategy for glioblastoma.
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Table S1. Primer sequences
Human gene Primers (5’-3’)
β Tubulin Forward: CATGGACTCTGTTCGCTCAGG

Reverse: CCTTTGGCCCAGTTGTTACCT
ECE1a Forward: GGCTGAATCTGTGGGAACCA

Reverse: GGGCTGTGGAAGTTCACCTG
ECE1b Forward: GTGTCCGCCCTGCTGTC

Reverse: AGTACCACCAACACCACCAG
ECE1c Forward: GGAACCCGGAGCTGGGAAT

Reverse: GAGTCCACCAGGTCCTCCTC
ECE1d Forward: GGAACCCCTTCCTCCAAGG

Reverse: AGAAGTACCACCAACACCACC
ROCK2 Forward: AGCAGTTGGAACACCGGATT

Reverse: ACCAATCACATTCTCGCCCA
MYH10 Forward: AGGGCATGTTTCGTACCGTT

Reverse: AGGACACCGTTACAGCGAAG
ACTN1 Forward: GCATGGTGTAACTCCCACCT

Reverse: CATCCCGGAAGTCCTCTTCG
VCL Forward: TTGATGGGTCAAGGGGCATC

Reverse: CACCACCTCTGCCACTGTAA
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Figure S1. Correlation and expression pattern of ECE1 in GBM and pan-cancer datasets. A. Linear correlation analy-
sis showing a positive association between CD44 and ECE1 expression in GBM. B, C. ECE1 expression across 
different glioma grades in TCGA and CGGA datasets was analyzed via the GlioVis platform, showing a progressive 
increase with tumor grade. D. Pan-cancer analysis of ECE1 expression across TCGA datasets. ns not significant, *P 
< 0.05, **P < 0.01, ***P < 0.001; two-sample Student’s t-test D was used for data analysis.



ECE1c regulates the ROCK2-MYH10 axis and interacts with ACTB

3	

Figure S2. Distribution of ECE1 expression in single-cell sequencing and multivariate Cox regression analysis. A. 
Single-cell RNA-sequencing analysis of the public GSE131928 dataset demonstrated that the expression of ECE1 
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was significantly higher in malignant tumor cells compared with macrophages, T cells, and oligodendrocytes, as 
visualized by t-SNE plots and violin plots. B. Prognostic significance of ECE1 expression was evaluated using the 
CGGA mRNA-seq_693 cohort. Multivariate Cox regression analysis adjusted for age, sex, isocitrate dehydrogenase 
(IDH) mutation status, and WHO grade showed that high ECE1 expression remained independently associated with 
poor overall survival (HR = 1.29, 95% CI: 1.15-1.45, P < 0.001). ***P < 0.001.

Figure S3. ECE1 expression correlates with GBM poor prognosis. (A, B) Expression levels of ECE1 in GBM and nor-
mal brain tissues were analyzed using the GEPIA and GlioVis platforms based on TCGA data. (C) Kaplan-Meier sur-
vival analysis demonstrating the association between ECE1 expression and overall survival in GBM patients using 
the GEPIA platform. (D, E) Validation of ECE1 expression and its prognostic relevance in CGGA and TCGA datasets 
using GlioVis. Although the Kaplan-Meier analysis in TCGA did not reach statistical significance when using the me-
dian cutoff (P = 0.0691), high ECE1 expression was significantly associated with poor survival in CGGA (P = 0.0318). 
(F, G) Analysis using the UCSC Xena platform (TCGA data; P = 0.09002, median cutoff) and progression-free interval 
as a clinical endpoint further supported the negative prognostic impact of ECE1 overexpression. Log-rank (C-G) were 
used for data analysis.
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Figure S4. ECE1 isoform expression and the effect of ECE1c on cytoskeletal gene regulation. (A) qRT-PCR analysis 
of ECE1 isoforms (ECE1a-d) in GBM cell lines (U87MG, A172, LN229, and BG5) (n = 3 independent experiments). 
(B) Since endothelin-1 (ET-1) is rapidly degraded in medium containing fetal bovine serum (FBS), the rescue effect 
of exogenous ET-1 on ECE1 knockdown cells was evaluated under both serum-containing and serum-free DMEM 
conditions (n = 3 independent experiments). (C, D) qRT-PCR analysis of cytoskeleton-related genes (ROCK2, MYH10, 
VCL, and ACTN1) in LN229 and A172 cells overexpressing ECE1c, demonstrating activation of the actin cytoskeleton 
regulatory pathway upon ECE1c overexpression (n = 3 independent experiments). ns not significant, *P < 0.05, **P 
< 0.01, ***P < 0.001; one-way ANOVA (A and B) and unpaired t test (C and D) were used for data analysis.
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Figure S5. Actin cytoskeleton regulation pathway and ECE1 interacts with cytoskeletal proteins. A. Schematic representation of the actin cytoskeleton regulation 
pathway, with upregulated genes indicated in red and downregulated genes in green from RNA-sequencing. B. STRING-based protein-protein interaction (PPI) net-
work constructed from mass spectrometry data identifying ACTB (β-actin) as an ECE1-interacting partner.


