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KEYWORDS Abstract Epithelial-mesenchymal transition (EMT) is a dynamic cellular process in which
Cancer stem cell; epithelial cells lose their characteristics and acquire mesenchymal traits, leading to enhanced
Epithelial- migratory, invasive, and stem-like properties. EMT is a fundamental mechanism in cancer pro-
mesenchymal gression, including in glioblastoma (GBM), an aggressive brain tumor known for its poor prog-
transition; nosis and resistance to treatment. In GBM, EMT has been implicated in tumor initiation,
Glioblastoma; plasticity, metastasis, and treatment resistance, making it a key factor in the pathophysiology
Plasticity; of the disease. The process of EMT can promote tumor cell migration and invasion, facilitating
Treatment the spread of cancer cells within the brain. Additionally, EMT is believed to contribute to the

maintenance of cancer stem cells, which are thought to be responsible for tumor recurrence
and resistance to conventional therapies. Given these multifaceted roles, understanding the
molecular pathways and regulatory networks that drive EMT in GBM is critical for identifying
new therapeutic targets. This review summarized the roles of EMT in GBM initiation and pro-
gression, its impact on cancer cell behavior, and the challenges of targeting EMT in therapy,
highlighting potential strategies to overcome resistance and improve treatment outcomes.
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Introduction

Glioblastoma (GBM), a malignant tumor originating from
glial cells in the neuroectoderm, is the most common pri-
mary central nervous system tumor in humans and the most
aggressive form of glioma.’ Patients typically present with
symptoms such as headache, nausea, vomiting, seizures,
and visual disturbances.”? The exact etiology and patho-
genesis of GBM remain incompletely understood, although
two major risk factors—radiation exposure and genetic
predisposition—have been identified.> Additionally, occu-
pational hazards and lifestyle factors are considered sig-
nificant contributors to the development of the disease.?
The malignant progression and high recurrence rate of GBM
are key reasons why it remains difficult to treat effec-
tively.* Surgical resection is the primary treatment for gli-
omas, and postoperative radiotherapy is often used as an
adjunctive measure with proven efficacy.® Advances in
imaging technology, surgical techniques, radiotherapy, and
the development of new chemotherapy agents have
significantly improved the prognosis for glioma patients in
recent years.® However, despite these advances, gliomas,
particularly malignant variants like GBM, remain highly
invasive, and no definitive cure currently exists.” As a
result, the prognosis for most patients remains poor, with a
5-year survival rate of approximately 25%, even with
comprehensive treatment regimens.’
Epithelial-mesenchymal transition (EMT) is a biological
process in which epithelial cells undergo transformation
into cells with a mesenchymal phenotype through a tightly
regulated program.® EMT plays a crucial role in various
physiological and pathological processes, including embry-
onic development, chronic inflammation, tissue remodel-
ing, cancer metastasis, and fibrotic diseases.® During EMT,
epithelial cells lose their polarity and adhesion to the
basement membrane, acquiring mesenchymal traits, such
as increased migratory and invasive capabilities, resistance
to apoptosis, and the ability to degrade the extracellular
matrix.” EMT is a critical mechanism by which epithelial-
derived cancer cells gain the ability to migrate and invade
surrounding tissues.'® The activation of EMT is a key step in
cancer cell metastasis, during which epithelial cells acquire
mesenchymal characteristics, increasing their motility and
invasive potential.'® Key markers of EMT include the loss of
epithelial markers, such as E-cadherin and cytokeratins,
alongside the up-regulation of mesenchymal markers like
N-cadherin, vimentin, and fibronectin.”" These changes in
marker expression lead to a reduction in cell—cell adhesion
between transitioning epithelial cells and adjacent cells,
while simultaneously increasing the secretion of enzymes
that degrade the extracellular matrix.'" The down-regula-
tion of E-cadherin expression is a central event in EMT and
cancer metastasis, and it has become a molecular hallmark
of cancerous EMT.'> The loss of E-cadherin is often
accompanied by increased expression of N-cadherin, a
critical factor for tumor cell invasiveness.'? Additionally,
the overexpression of vimentin has been linked to
enhanced invasiveness and metastasis in various cancers,
including GBM.'? EMT-inducing transcription factors belong
to three distinct protein families: the SNAIL family (SNAIL
and Slug), the ZEB family (ZEB1 and ZEB2), and the basic

helix-loop-helix (bHLH) family (TWIST1, TWIST2, and
TCF3)."* These transcriptional regulators control the
expression of EMT-related genes by activating or inhibiting
their promoters.'?

Significance of EMT in GBM
Evidence supporting the occurrence of EMT in GBM

The role of EMT in epithelial tumors has been extensively
studied in various cancers, including breast, colorectal,
pancreatic, thyroid, and lung cancers.'* '® EMT is a key
process by which progressive epithelial tumors acquire the
ability to invade, metastasize, and resist treatment.'®
However, the occurrence of EMT in malignant gliomas has
remained a subject of debate, primarily due to the absence
of typical epithelial characteristics in glioma cells.?°

E-cadherin expression has been found to be similar
across high-grade and low-grade gliomas as well as in
normal brain tissue, which has led to skepticism regarding
the relevance of EMT in gliomas.”' Interestingly, the
expression of E-cadherin in gliomas may reflect a unique
pattern of EMT, distinct from what is typically seen in
epithelial cancers.?' Dysregulation of E-cadherin expression
has been observed in invasive glioma phenotypes, with
decreased E-cadherin levels potentially reducing tumor
migration and increased expression correlating with
enhanced invasiveness—an observation that contrasts with
the role of E-cadherin in epithelial tumors.?? The tran-
scription factor TWIST1 plays a core role in mediating EMT
by inhibiting E-cadherin and promoting N-cadherin expres-
sion."® GBM cells overexpressing TWIST1 do not undergo the
typical transition from E-cadherin to N-cadherin 23. This
suggests that the E-cadherin to N-cadherin switch is not
required to drive the invasive stromal phenotype of GBM.
Although the expression pattern of E-cadherin during EMT
in gliomas differs from that observed in epithelial tumors,
there is a clear connection between EMT and the invasion
and growth of malignant gliomas.?* The interstitial changes
observed in GBM are closely tied to its aggressive clinical
phenotype, further suggesting that the EMT process may
play a crucial role in the invasive behavior of GBM.?* Gene
overexpression associated with interstitial tissue remodel-
ing has been detected in GBM biopsy specimens, indicating
that primary GBM exhibits interstitial properties and inva-
sive characteristics.?® The role of N-cadherin in the invasive
behavior of malignant gliomas remains a subject of ongoing
investigation, with inconsistent findings in the literature.
While N-cadherin is generally expressed at low levels in
human glioma samples and glioma cell lines, its down-
regulation has been shown to promote glioma cell migration
and invasion.?” Conversely, the up-regulation of N-cadherin
may be linked to the restoration of cell polarity and the
inhibition of migration, further complicating its role in gli-
oma invasion.”®

Unlike epithelial cancers, GBM cells do not display
distinct epithelial markers, such as E-cadherin, and instead
exhibit a more plastic and heterogeneous phenotype that
facilitates the transition to a mesenchymal-like state. In
GBM, EMT is characterized by the up-regulation of
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mesenchymal markers, as well as transcription factors,
which are often associated with poor prognosis. To better
understand the role of the EMT process in GBM, the
expression levels of EMT-related genes, such as N-cadherin,
E-cadherin, and vimentin, were analyzed, along with their
prognostic significance, using the R programs “Limma” and
“Survival”. The analysis revealed that both N-cadherin and
vimentin were overexpressed in tumor tissues compared to
normal tissues, whereas E-cadherin expression did not
differ significantly between the two tissue types (Fig. S1A).
Consistent with these findings, high expression levels of N-
cadherin and vimentin were associated with poor prognosis
in GBM patients (Fig. S1B). An EMT-related prognostic
signature (EMTscore) was then calculated for studies pub-
lished between 2005 and 2020. The EMTscore was derived
from EMT/MET gene signatures identified in the literature
and was computed using gene set enrichment analysis
(GSEA) method. The association between the EMTscore and
overall survival (0S) and progression-free interval (PFl) was
assessed using Kaplan—Meier analysis. As shown in the
survival forest plot, a high EMTscore was identified as a
significant risk factor for poor OS in GBM patients across all
studies with statistically significant results (Fig. S2A).
However, in contrast to most studies, two reports observed
a negative correlation between the EMTscore and PFI in
GBM patients (Fig. S2B). On the basis of the results above,
EMT transformation generally appears to be a disadvanta-
geous factor for glioma patients.

Signaling pathways are involved in GBM cells during
EMT

The EMT in GBM is regulated primarily by several key
signaling pathways, including the TGF-B, PI3K/Akt, Notch,
Whnt, and hypoxia-inducible factor pathways?®>* (Fig. 1).
TGF-B plays a crucial role as a multifunctional regulator
of cell growth, apoptosis, differentiation, and migration,
exerting a dual effects on tumor progression.*” In the early
stages of tumor development, TGF-B acts to suppress
tumorigenesis by inducing growth arrest and promoting
apoptosis.>®> However, in advanced cancer stages, TGF-B
facilitates tumor progression, invasion, and migration by
triggering EMT.3® TGF-B initiates its effects by binding to
specific receptors, which leads to the activation of the
Smad2 and Smad3 proteins.*® These Smads then associate
with Smad4 in the cytoplasm to form a trimeric complex,
which subsequently translocates into the nucleus.®” The
complex directly activates the transcription of EMT-related
factors, such as SNAIL, Slug, ZEB1, ZEB2, and TWIST,
thereby promoting EMT and enhancing cell invasion and
metastasis.>” In GBM, TGF-B induces EMT via the TGF-B-
Smad2 signaling pathway, as well as through the 3-phos-
phoinositide-dependent kinase 1 (PDK1)/c-Jun pathway,
which contributes to cellular invasion and migration.>%%°
Additional factors that modulate TGF-B-induced EMT in
GBM have been identified. For instance, the overexpression
of the neurotrophic factor prosaposin (PSAP) promotes GBM
cell invasion and EMT through the TGF-B1/Smad signaling
cascade.”’ Likewise, fibronectin, a glycoprotein, facilitates
malignant progression in gliomas via the TGF-B-induced
EMT pathway.”! The HOX gene family, including

transcription factors HOXC6 and HOXA13, serves as a
prognostic marker for disease-free survival (DFS) and OS in
GBM patients, while also driving EMT in GBM cells through
the TGF-B pathway.“>** Furthermore, elevated expression
of sodium-potassium-chloride cotransporter isoform 1
(NKCC1) is associated with poor prognosis in GBM patients
and is linked to increased levels of CDH2 and vimentin, both
of which are regulated by the TGF-B signaling pathway.**
Claudin-3 (CLDN3), which is up-regulated in GBM, also plays
a role in promoting tumor cell growth and EMT via TGF-$
signaling.*> Hematopoietic cell kinase (HCK), a member of
the Src family of protein tyrosine kinases (SFKs), amplifies
TGF-B-induced EMT in GBM cells.*® Additionally, polycomb
repressive complex 2 (PRC2), an important epigenetic
modifier in GBM, regulates the EZH2/miR-490/TGFB-
induced factor homeobox 2 (TGIF2) axis to activate TGF-$
signaling, thus promoting cell migration and EMT.*” Micro-
tubule associated monooxygenase, calponin and LIM
domain containing 2 (MICAL2), which interacts with the TGF
receptor type | (TGFRI), enhances both the proliferation
and EMT of GBM cells through the TGF-B/p-Smad2 signaling
pathway.®

Dysregulation of the Wnt/B-catenin signaling pathway is
a critical driver of EMT, which is characterized by the nu-
clear translocation of B-catenin and the down-regulation of
E-cadherin 49. As a central component of the Wnt signaling
cascade, B-catenin accumulation in the cytoplasm leads to
its subsequent translocation to the nucleus, where it acti-
vates the transcription of genes related to EMT.* In the
nucleus, B-catenin forms a complex with T cell factor/
lymphoid enhancer factor (TCF/LEF), which then promotes
the transcription of key EMT regulators, such as TWIST and
SNAIL, thereby driving the process of EMT.* In the early
stages of GBM, elevated expression of the epidermal growth
factor receptor (EGFR) leads to B-catenin phosphorylation,
which enhances its binding to calcium-binding proteins or
increases its expression, subsequently facilitating glioma
cell migration and EMT.?° Furthermore, activation of the
Wnt/B-catenin signaling pathway has been shown to pro-
mote the expression of ZEB1 and further induce EMT in
GBM, thereby exacerbating its migratory and invasive po-
tential.”' Secreted frizzled-related protein 2 (SFRP2) plays
a protective role by inhibiting GBM invasion, migration, and
EMT. It achieves this by reducing the levels of phosphory-
lated B-catenin (p-B-catenin) and matrix metalloproteinase
2 (MMP2).% Conversely, Wnt-5a modulates MMP-2 synthesis
through B-catenin signaling, enhancing glioma cell migra-
tion.>* Epsin 3 (EPN3) has been shown to promote GBM cell
migration and invasion by activating transcription factors
such as Slug, TWIST, and ZEB1, which induce EMT through
both the Notch and Wnt/B-catenin signaling pathways.>* In
contrast, spalt-like transcription factor 1 (SALL1) sup-
presses cell migration by preventing EMT through the inhi-
bition of Wnt/p-catenin signaling.’> SWI/SNF-related
matrix-associated actin-dependent regulator of chromatin
subfamily C member 2 (SMARCC2) negatively regulates
Wnt/B-catenin signaling by controlling c-Myc expression,
thereby reducing glioma cell invasion and migration.>®
Similarly, Golgi membrane protein 1 (GOLM1), a type Il
transmembrane protein located in the cis- and medial-
Golgi, promotes migration, invasion, and EMT through the
Wnt/p-catenin pathway.”” Down-regulation of tumor
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Figure 1 Diagram illustrating the epithelial—mesenchymal transition (EMT)-associated signaling pathways involved in the pro-

liferation, invasion, and stemness of glioblastoma (GBM) cells. Major signaling pathways, including the TGF-B, Wnt/B-catenin,
Integrin, and others, are shown to be critical mediators of EMT transcription factors.

protein D52-like 2 (TPD52L2) has been shown to enhance
cell invasion by up-regulating B-catenin and SNAIL, both of
which are key mediators of EMT.’® Additionally, budding
uninhibited by benzimidazole 1 (BUB1) triggers EMT in GBM
cells by activating the Wnt/pB-catenin pathway.>® On the
other hand, down-regulation of signal transducer and
activator of transcription 1 (STAT1) can reduce the
aggressiveness of GBM cells by inhibiting the Wnt/p-cat-
enin-mediated EMT pathway.®® Forkhead box protein M1
(FOXM1) promotes GBM progression by up-regulating EMT,
invasion, angiogenesis, and Wnt/p-catenin signaling.®’
Moreover, the PRMT6-YTHDF2-Wnt-B-catenin axis has been
shown to facilitate GBM migration, invasion, and EMT both
in vitro and in vivo.®

The Notch signaling pathway plays a complex role in
gliomas, acting as both an oncogene and a tumor suppressor
depending on the context.®® On the one hand, Notch can
promote EMT by transcriptionally regulating key signaling
molecules, such as SNAIL and TWIST. This leads to the
suppression of E-cadherin expression and the up-regulation
of N-cadherin and vimentin, thereby enhancing the migra-
tion and invasion capabilities of tumor cells.®* Additionally,
Notch signaling regulates the interaction between glioma
stem cells and the tumor microenvironment, increasing
their stemness and invasive properties, which ultimately
contributes to tumor progression.®® Interestingly, in a gli-
oma mouse model with Notch gene knockout, the absence
of Notch signaling accelerated both glioma formation and
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progression, suggesting that Notch may exert tumor-sup-
pressive effects in GBM.®® In glioblastoma stem cells
expressing high levels of the proneural transcription factor
achaete-scute complex-like 1 (ASCL1), Notch signaling
collaborates with the Wnt/B-catenin pathway to inhibit
cellular differentiation and promote proliferation, driving
malignant tumor progression.®” Furthermore, TGF-B
signaling can induce high expression of Notch ligands, such
as Jagged1, and inhibition of Notch pathway components
has been shown to block TGF-B-mediated EMT induction.®
Additionally, the overexpression of Notch1 has been shown
to activate the AKT pathway, which subsequently promotes
the nuclear translocation of B-catenin and NF-«B.°° This,
along with Notch-mediated overexpression of SNAIL, ZEB1,
and vimentin, further enhances glioma cell invasion and
migration.®’

The PI3K/Akt/GSK-38 signaling pathway plays a critical
role in regulating glioma cell proliferation, stemness
maintenance, and tumor growth.”® High levels of phos-
phorylated Akt lead to the phosphorylation and subsequent
inactivation of GSK-3B.”° The inactivation of GSK-3p facili-
tates the accumulation of B-catenin in the nucleus, where
it promotes EMT and enhances glioma cell proliferation and
invasion.”® Inhibition of the PI3K/Akt signaling pathway via
specific PI3K and Akt inhibitors has been shown to signifi-
cantly reduce the invasiveness of glioma cells.”" This is
accompanied by a down-regulation of vimentin expression
and an up-regulation of E-cadherin expression, further
suggesting a reversal of EMT processes.”’ Additionally,
knockout of translocation-associated membrane protein 2
(TRAM2) in GBM cells leads to a significant reduction in cell
proliferation, migration, and invasion, as well as a marked
inhibition of EMT.”? Importantly, activation of PI3K can
reverse the effects of TRAM2 on EMT in GBM cells, high-
lighting the functional interplay between PI3K signaling and
TRAM2 in regulating EMT.”> Moreover, knocking out
eukaryotic translation elongation factor 1D (EEF1D) in GBM
cells results in increased expression of E-cadherin, whereas
the expression of N-cadherin, SNAIL, and B-catenin signifi-
cantly decreases.”® Along with these changes, the expres-
sion of PI3K, phosphorylated PI3K, Akt, and phosphorylated
Akt is also significantly reduced, further indicating the
involvement of the PI3K/Akt pathway in regulating EMT and
the progression of GBM.”>

The effect of hypoxia on EMT in glioma cells

The hypoxic microenvironment plays a critical role in
inducing EMT in GBM cells, as evidenced by morphological
changes and enhanced invasion and migration capabil-
ities.”* The stabilization and activation of hypoxia-induc-
ible factor 1o (HIF-1a) promote glioma cell proliferation,
angiogenesis, and EMT, thereby contributing to tumor
metastasis through the activation of GLI family zinc finger 1
(GLI1).”>7% Under hypoxic conditions, knockdown of ZEB1 in
glioma cells significantly reduces their invasiveness, with no
major changes observed in stromal markers.”” This suggests
that ZEB1 plays a key role in mediating hypoxia-induced
EMT in GBM.”” Furthermore, the up-regulation of EMT-
related transcription factors, such as ZEB1, ZEB2, SNAIL1,
Slug, and TWIST has been observed in GBM patients

following treatment with bevacizumab, a humanized
monoclonal antibody that targets vascular endothelial
growth factor (VEGF).”® Interestingly, inhibition of HIF-1a
or HIF-2a attenuates the mesenchymal phenotype of GBM
cells, suggesting that HIFs are crucial regulators of EMT in
response to hypoxia.”® In addition to HIF signaling, the
Hedgehog pathway also plays a significant role in hypoxia-
induced glioma metastasis by regulating EMT through
smoothened and GLI1.”” Inhibition of the Hedgehog
signaling pathway has been shown to suppress glioma cell
invasion, which is associated with the reduced expression
of VEGF, a key mediator of angiogenesis.®’

The roles of EMT in glioblastoma stem cells (GSCs)

Cancer stem cells (CSCs) are characterized by their self-
renewal capacity, multi-lineage differentiation potential,
and resistance to therapy.®'"®® GSCs, a subtype of CSCs,
play a key role in tumor initiation and exhibit significant
heterogeneity within gliomas.®* In addition to the typical
traits of CSCs, glioma stem cells possess the ability to
promote tumor angiogenesis, enhance tumor invasion, and
exhibit a heightened resistance to both radiotherapy and
chemotherapy.®! These properties contribute to the rapid
recurrence of gliomas after treatment.

Glioblastoma stem cell markers (Fig. 2)

The CD133* subset of glioma cells is known for its strong
self-renewal and proliferation abilities.®>"®” Compared to
CD133 cells, CD133" GSCs contribute significantly to tumor
metastasis, recurrence, and resistance to chemotherapy,
thereby accelerating glioma progression and leading to a
poor prognosis [85—87]. Additionally, in response to irra-
diation, CD133" glioma cells exhibit a stronger DNA repair
ability than CD133" cells do.® This enhanced DNA repair is
attributed to increased expression levels of key proteins
involved in the DNA damage response, including ATM,
Rad17, Chk1, and Chk2.%®
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Figure 2 Word cloud visualizing the surface markers of
glioblastoma stem cells (GSCs) generated using CellMarker 2.0.
This visualization highlights the key cell surface markers that
are commonly associated with GSCs, which play a crucial role
in the initiation, progression, and recurrence of GBM. The size
of each term in the word cloud corresponds to the frequency or
significance of the respective marker in GSC populations.



P. Xia

Stage-specific embryonic antigen-1 (SSEA-1, also known
as LeX/CD15) is an embryonic antigen found in embryonic
tissue, the adult central nervous system, and the GBM.5%*°
SSEA-1" cells can be present in CD133" GBM tissues, and
SSEA-1+ cells have emerged as novel markers, particularly
for identifying CD133" GSCs.”® Compared to CD133, SSEA-1
offers broader applicability for GBM research and di-
agnostics.”® SSEA-1" GBM cells exhibit significant tumori-
genic potential; when implanted into the skulls of nude
mice, these cells form new glioma tissue.”’ Additionally,
SSEA-1" cells demonstrate clonogenic potential, suggesting
that SSEA-1 may serve as a target for proliferating tumor
cells in the brain 91. Interestingly, high clonogenicity has
been observed in both CD1337/CD15" and CD1337/CD15"
GBM cells, but not in CD1337/CD15" cells.”? This finding
highlights the complex heterogeneity of GBM, suggesting
that relying on a single marker like CD133 may not be suf-
ficient for the definitive identification of GSCs across all GBM
subtypes.

Nestin is an intermediate filament protein and a key
marker of neural precursor cells, specifically expressed in
proliferating cells during embryonic development.® It plays
a crucial role in the formation of the cytoskeleton, signal
transduction, organ development, and the regulation of
cell metabolism, proliferation, and differentiation.’* Nestin
is expressed in both low-grade and high-grade gliomas,”>**®
and its increased expression is associated with increased
glioma malignancy, leading to poorer patient survival
rates.”>?° In GSCs, Nestin is coexpressed with other stem
cell markers, including CD133, Musashi-1, and Sox-2.%” In
GSC xenograft models, both proliferating cell nuclear an-
tigen (PCNA) and Nestin expression are positive, with Nestin
levels showing a positive correlation with the degree of
differentiation, malignancy, migration, and invasion of gli-
oma cells.”®

A2B5 is a glycosphingolipid molecule expressed on the
surface of oligodendrocyte precursor cells.”® In glioma,
A2B5"/CD133" cells exhibit increased self-renewal, tumor
formation, and migratory and invasive capabilities
compared to A2B5/CD133" cells.'® These properties are
believed to contribute significantly to glioma recurrence.'®
Furthermore, the presence of the A2B5 molecule is asso-
ciated with poor prognosis, low differentiation, and a high
recurrence rate in glioma patients.'”’

BMI1, a member of the polycomb group family, plays a
critical role in embryonic development, particularly in
skeletal and structural formation, as well as in the devel-
opment of the nervous system.'®>'% |t is also involved in
transmitting signals related to self-renewal and DNA damage
in both normal and tumor cells.'® Downregulation of BMI1
has been shown to inhibit glioma cell proliferation, decrease
telomerase expression, and increase sensitivity to chemo-
therapy.'%1% Additionally, BMI1 enhances the migration
and invasion of glioma cells through pathways, such as the
NF-kB and MMP-9 pathways.'®” BMI1 expression levels are
significantly higher in glioma tissue than in normal brain
tissue; however, BMI1 alone cannot be used as a reliable
indicator of patient survival.'® BMI1 is highly expressed in
CD133" GBM cells, where it is essential for their self-
renewal.'?” "% This effect occurs independently of the INK4A
(p16)/ARF(p14)/p53 pathway and helps prevent apoptosis
and/or differentiation into neurons and astrocytes. %'

LGR5, also known as G protein-coupled receptor 49
(GPR49) or GPR67, is a member of the GPCR protein fam-
ily.""" It is widely expressed in various tissues, including
muscle, placenta, breast, spinal cord, and brain, and serves
as an important marker for adult stem cells.""” LGRS
expression is up-regulated through the Wnt signaling
pathway, which plays a crucial role in brain development by
regulating the expansion and maintenance of neural stem
and precursor cell populations.’”® In GBM, LGR5 is consid-
ered a marker of poor prognosis and is essential for the
survival of GSCs."' It promotes glioma invasion, migration,
and EMT by activating the Wnt/B-catenin signaling
pathway.'"® Notably, high expression of LGR5 is associated
with elevated levels of oligodendrocyte transcription factor
2 (OLIG2), a proneural factor that is crucial for both neu-
rogenesis and the maintenance of GSCs.'"®

EMT-induced stemness in GBM cells

EMT is not only linked to tumor invasion, metastasis,
recurrence, and treatment resistance but also plays a
critical role in enabling tumor cells to acquire stem cell-like
characteristics.

Knocking out ZEB1 in GBM cells inhibits the expression of
key glioma stem cell markers, including CD133, SOX2, and
OLIG2, thereby suppressing GSC initiation, invasion, and
chemoresistance.'"” Similarly, inhibiting the expression of
TWIST significantly reduces both the growth and sphere
formation capabilities of GSCs.?*""® On the other hand, the
overexpression of the oncogenic factor KAI1 C-terminal
interacting tetraspanin (KITENIN) promotes EMT in glioma
cells by increasing the expression of EMT markers, such as
N-cadherin, ZEB1, ZEB2, SNAIL, and Slug. KITENIN also up-
regulates the expression of GSC markers, such as CD133,
ALDH1, and erythropoietin-producing hepatocellular re-
ceptor B1 (EPH-B1), thereby enhancing the ability of these
cells to form neurospheres and clones."® Similarly, the
overexpression of V-set and immunoglobulin domain con-
taining 4 (VSIG4) induces EMT in glioma cells, significantly
promoting invasion and migration.'?® This is accompanied
by an increase in the number of GSC neurospheres and the
up-regulation of stemness markers, such as CD133, EZH2, c-
Met, and CD44.'?° Notably, the microRNA Let-7g-5p sup-
presses EMT by down-regulating VSIG4 expression, while
also reducing GSC formation.'?° In addition, a reduction in
CD73 protein levels leads to decreased SNAIL1 expression,
thereby significantly inhibiting GSC survival, proliferation,
and colony-forming ability, while impairing downstream
adenosine (ADO) signaling.’?' $100 calcium-binding protein
A4 (S100A4), also known as FSP1 or metastasin, is a small
calcium-binding protein that regulates the expression of
SNAIL2 and ZEB in glioma cells.'?? Glioma cells that express
S100A4 demonstrate tumor-initiating and sphere-forming
capabilities.'?? Treatment with B-elemene in glioma cells
results in down-regulation of N-cadherin and B-catenin,
while up-regulating E-cadherin and decreasing CD133
expression, which suggests a reduction in GSC-like proper-
ties.'?® Additionally, the diterpene carnosol, an inhibitor of
the MDM2/p53 complex, decreases sphere formation and
promotes GSC apoptosis by inhibiting EMT through reduced
expression of Slug, SNAIL, TWIST, and ZEB1.'”* The
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diterpene carnosol also interferes with GSC self-renewal by
down-regulating key stemness-related genes, such as
Nanog, SOX2, and Oct4.'?®> Moreover, co-culture of human
umbilical cord blood stem cells (hUCBSCs) with CD133*
glioma cells results in the down-regulation of several EMT-
related markers, including N-cadherin, B-catenin, vimen-
tin, TWIST1, and SOX2, while up-regulating E-cadherin 125.
Interestingly, glioma cells cultured in 3D bioprinted scaf-
folds exhibit increased expression of CD133 and Nestin 126.
Furthermore, the levels of SNAIL and TWIST increased in a
time-dependent manner, further supporting the idea that
glioma cells undergoing EMT acquire stem cell-like
characteristics.'%®

Taken together, these findings underscore the complex
interplay between EMT, GSC properties, and the regulation
of stemness markers in glioma cells. These findings high-
light potential therapeutic strategies targeting EMT-related
pathways to inhibit GSC formation and progression in GBM.
A multi-gene correlation map of EMT-related genes and
stemness markers in GBM is shown in Figure 3, with detailed
information provided in Figure S3.

Potential approaches for developing EMT-targeted
therapies

Targeted inhibition of EMT offers a promising strategy to
prevent tumor cell invasion and metastasis, eliminate CSCs,
and overcome drug resistance. Currently, several ap-
proaches are being explored to specifically target EMT,
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Figure 3  Multi-gene correlation map of EMT-related genes
and GSC markers generated using the R software package
“ggstatsplot” and visualized with the “pheatmap” package.
This heatmap presents the correlation patterns between key
EMT-associated genes and surface markers of GSCs, offering
insights into the molecular interactions that underpin glio-
blastoma stem cell biology. The color intensity in the heatmap
represents the strength of the correlation, with positive and
negative correlations clearly indicated.

including inhibiting EMT-inducing transcription factors,
targeting key EMT signaling pathways, modulating non-
coding RNAs associated with EMT, and identifying EMT-
related biomarkers.

Natural products

Calycosin has been shown to inhibit the migration and in-
vasion of GBM cells by suppressing TGF-B-mediated EMT."?’
Astragaloside IV (AS-1V) blocks Wnt/B-catenin signaling,
which is involved in EMT in glioma cells, thereby reducing
their invasive and migratory capabilities.'”® Melatonin
suppresses glioma metastasis under hypoxic conditions by
inhibiting TGF-B/Smad-C-C motif chemokine ligand 20
(CCL20) activity and modulating EMT through the activation
of Smad7."?° Luteolin reverses EMT by inducing cytoskeletal
changes, up-regulating the epithelial marker E-cadherin,
and down-regulating mesenchymal markers such as N-cad-
herin, SNAIL, and vimentin 130. Additionally, luteolin in-
creases intracellular reactive oxygen species levels,
triggering endoplasmic reticulum stress and mitochondrial
dysfunction, which contribute to its anti-EMT effects in
GBM cells.”" Verbascoside (VB) inhibits the expression of
TGF-B, vimentin, and SNAIL and down-regulates c-Met and
ZEB1, thus suppressing GBM proliferation, migration, and
invasion.'3? Resveratrol inhibits EMT in GBM cells through
regulation of both the Smad and Wnt signaling path-
ways. >34 Raddeanin A (RA), an oleanane-type triterpe-
noid saponin derived from Anemone raddeana, reduces EMT
and angiogenesis in GBM by down-regulating B-catenin
expression. "> Periostin and anthocyanidins also inhibit EMT
in GBM cells through the TGFB/Smad2 signaling
pathway.'**'3” Paeoniflorin (PF), a polyphenolic compound
derived from Radix Paeoniae Alba, suppresses EMT by
inhibiting TGFB signaling in GBM cells."*® Tetrandrine (TET)
blocks MMP-2 and MMP-9 expression, thereby inhibiting the
migration and invasion of GBM cells through suppression of
MAPK signaling-induced EMT."*? Icaritin targets extracel-
lular matrix metalloproteinase inducer (EMMPRIN) via the
PTEN/AKT/HIF-1a. pathway to suppress invasion and EMT in
GBM cells."* Chelerythrine inhibits the stemness of GBM by
down-regulating the TGFB1-ERK1/2/Smad2/3-SNAIL/ZEB1
signaling axis.'*' Galangin (GLN) targets Skp2-induced EMT
and reduces CD44 expression, thereby suppressing migra-
tion, invasion, and angiogenesis in GBM cells.'**"** Kuko-
amine A inhibits proliferation and migration in GBM cells by
down-regulating the expression of lipoxygenase-5 (5-LOX)
and CCAT/ehancer binding protein beta (C/EBPB), thereby
suppressing EMT."** Ginkgolic acid, which targets the che-
mokine monocyte chemoattractant protein-1 (MCP-1/
CCL2), inhibits SNAIL and Slug expression via the JAK-STAT
and PI3K-AKT signaling pathways, reducing the migration
and invasion of GBM cells.'*® Finally, Myrislignan, an NF-«B
inhibitor, induces ferroptosis in GBM cells by regulating EMT
through the Slug-SLC7A11 signaling pathway.'#®

Antibody

The hepatocyte growth factor (HGF) antibody YYB-101 has
been demonstrated to have inhibitory effects on the MET
pathway in a glioma mouse model.*” When combined with
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temozolomide, YYB-101 significantly slows tumor progres-
sion and extends the survival of mice." In contrast,
although the HGF antibody rilotumumab (AMG102) has
shown some anti-tumor effects in preclinical trials, its
combination with bevacizumab did not significantly inhibit
tumor growth and resulted in high toxicity.'*® Similarly, the
MET monoclonal antibody onatuzumab exhibited anti-
tumor effects in preclinical studies, but its efficacy in
treating recurrent GBM patients has been limited.'*

The PD-L1 pathway has been implicated in promoting
GBM cell malignancy and aggressiveness, primarily through
activation of the MEK/ERK pathway, which induces EMT."°
Clinical trials evaluating PD-1 and PD-L1 inhibitors in glioma
are ongoing, with several in phases Il and Ill. For instance,
the phase Il trial NCT02017717 investigated nivolumab in
GBM, whereas the phase I/1l trial NCT01952769 studied
pidilizumab in diffuse intrinsic pontine glioma.’ In pa-
tients with recurrent GBM, the median OS was comparable
between nivolumab and bevacizumab treatments. '

Small molecule inhibitors

Crizotinib is a small-molecule inhibitor approved by the US
Food and Drug Administration for the treatment of
anaplastic lymphoma kinase (ALK) mutations.'®” In addition
to ALK, it also inhibits the kinase activity of MET and ROS1."°3
A clinical trial investigating crizotinib as an adjuvant therapy
for adult GBM is currently underway (NCT02270034)."
Cabozantinib, which simultaneously targets MET and
VEGFR2, has demonstrated limited inhibitory effects on tu-
mors in clinical trials for GBM patients who are not receiving
anti-angiogenic therapy (NCT00704288).">° The MET pathway
and its downstream STAT3 signaling are activated in human
astrocytes by MET exon 14 skipping (METex14) and PTPRZ1-
MET fusion.">® Bozitinib (PLB-1001), a MET kinase inhibitor
with good blood-brain barrier permeability, is considered a
promising therapeutic option for treating intracranial tu-
mors.””® Metformin has been shown to inhibit TGF-B1-
induced EMT and stemness in GBM cells through the AKT/
mTOR/ZEB1 pathway."® Foretinib, a c-MET inhibitor, in-
duces cell cycle arrest, apoptosis, and reduces invasion in
GBM cells through its effect on c-MET."*® The cyclopeptide
moroidin significantly inhibits migration and vasculogenic
mimicry (VM) formation and reduces the expression of a-
smooth muscle actin and MMP-9 in human GBM cells by
blocking the ERK/B-catenin-mediated EMT."® Ticagrelor in-
hibits GTSE1-induced EMT in GBM cells by suppressing the
PI3K/AKT/NF-kB signaling pathway.'®® 5C66, an AKT inhibi-
tor, downregulates the AKT/B-catenin signaling pathway,
inhibiting EMT-driven cell migration and invasion in GBM
cells.”® CYY292, a novel FGFR1 inhibitor, suppresses GBM
progression, invasion, and metastasis by targeting the Akt/
GSK3B/SNAIL signaling axis.'®® YM155, a survivin inhibitor,
decreases radiation-induced invasion and reverses EMT by
targeting STAT3 in GBM cells.”®® A new STAT3 inhibitor,
HJC0152 (also known as Bt354), exhibits antitumor activity in
GBM by suppressing TWIST1, vimentin, N-cadherin, and
MMP2/9 expression.'¢*16°

The correlation between drug sensitivity and the mRNA
expression of EMT-related genes is summarized in Figure S4

and is based on data from the Genomics of Drug Sensitivity
in Cancer (GDSC).

Chemical agent

3-Benzyl-5-((2-nitrophenoxy)methyl)dihydrofuran-2(3H)-
one (3BDO), an autophagy inhibitor, suppresses prolifera-
tion, EMT, and stemness in GBM cells by targeting survivin
166. Enhydrin inhibits EMT by modulating the Jun/Smad7/
TGF-B1 signaling pathway in GBM cells.'®” p-Penicillamine
(DPA) reduces proliferation and inhibits EMT through the
TGF-B/Smad signaling pathway in GBM cells.'®® Ethyl py-
ruvate suppresses migration and invasion by modulating NF-
«kB- and ERK-mediated EMT in GBM cells.'®® Conversely, 17p-
estradiol (E2)-induced EMT enhances the migration of GBM
cells through estrogen receptor-a (ER-o) signaling.'”°

Limitations

Despite the promising potential of EMT-targeted therapies
in GBM, several critical clinical limitations hinder their ef-
ficacy and broader clinical application. A major challenge is
restricted penetration of the blood-brain barrier (BBB)."”!
Many small molecules, antibodies, and chemical agents
struggle to traverse the BBB efficiently, leading to reduced
bioavailability and diminished therapeutic efficacy in brain
tumors. Even for inhibitors with BBB permeability, their
intratumoral concentrations may remain suboptimal for
achieving therapeutic success. Moreover, GBM cells exhibit
remarkable plasticity, enabling them to evade EMT-tar-
geted therapies through compensatory signaling mecha-
nisms."”? Resistance pathways, including alternative
activation of Wnt, PI3K/AKT, and NF-kB signaling, can
significantly undermine the long-term effectiveness of EMT
inhibitors. While targeting EMT holds promise for limiting
GBM progression, addressing these clinical challenges re-
mains a formidable task. Future research should prioritize
the development of more selective inhibitors, the optimi-
zation of combination therapies, and the identification of
reliable biomarkers for improved patient stratification.
Additionally, advanced drug delivery strategies, such as
nanoparticle-based approaches, may help overcome BBB
penetration barriers, ultimately enhancing the efficacy of
EMT-targeted treatments in GBM.

Conclusion

EMT plays a critical role in tumor initiation, progression, and
response to treatment. In GBM, the activation of EMT is
often linked to various signaling pathways, including the
TGF-B, Wnt, Notch, and EGFR pathways. Despite its signifi-
cant role in GBM progression, targeting EMT as a therapeutic
strategy presents several challenges. One major difficulty is
that EMT contributes to the maintenance and expansion of
cancer stem-like cells within GBM tumors, which are rela-
tively resistant to conventional therapies. This cellular
plasticity makes it difficult to achieve sustained therapeutic
effects by targeting EMT alone. Therefore, future research
should focus on further elucidating the molecular drivers of
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EMT in GBM and developing combination therapies that can
effectively disrupt this process, overcome resistance, and
enhance the immune response.

Conflict of interests

The authors declared no competing interests.

Funding

This review was supported by the National Natural Science
Foundation of China (No. 81972784).

Acknowledgements

Figure 1 and 2 are assembled by BioRender.com (https://
app.biorender.com/) and CellMarker 2.0 (http://117.50.
127.228/CellMarker/index.html), respectively. English is
polished by ChatGPT (https://chatgpt.com/). | appreciate
the free use of BioRender, CellMarker 2.0 and ChatGPT.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2025.101711.

References

1. Ostrom QT, Gittleman H, Xu J, et al. CBTRUS statistical
report: primary brain and other central nervous system tu-
mors diagnosed in the United States in 2009—2013. Neuro
Oncol. 2016;18(suppl_5):v1—v75.

2. Snyder H, Robinson K, Shah D, Brennan R, Handrigan M. Signs
and symptoms of patients with brain tumors presenting to the
emergency department. J Emerg Med. 1993;11(3):253—258.

3. Schwartzbaum JA, Fisher JL, Aldape KD, Wrensch M. Epide-
miology and molecular pathology of glioma. Nat Clin Pract
Neurol. 2006;2(9):494—503. quiz 1 p following 516.

4. Nieder C, Grosu AL, Molls M. A comparison of treatment re-
sults for recurrent malignant gliomas. Cancer Treat Rev. 2000;
26(6):397—409.

5. Laperriere N, Zuraw L, Cairncross G. Cancer care Ontario
practice guidelines initiative neuro-oncology disease site
group. Radiotherapy for newly diagnosed malignant glioma in
adults: a systematic review. Radiother Oncol. 2002;64(3):
259-273.

6. Thenuwara G, Curtin J, Tian F. Advances in diagnostic tools
and therapeutic approaches for gliomas: a comprehensive
review. Sensors (Peterb, NH). 2023;23(24):9842.

7. Miller KD, Nogueira L, Devasia T, et al. Cancer treatment and
survivorship statistics, 2022. CA Cancer J Clin. 2022;72(5):
409—436.

8. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal
transition. J Clin Investig. 2009;119(6):1420—1428.

9. Lamouille S, Xu J, Derynck R. Molecular mechanisms of
epithelial-mesenchymal transition. Nat Rev Mol Cell Biol.
2014;15(3):178—196.

10. Dongre A, Weinberg RA. New insights into the mechanisms of
epithelial-mesenchymal transition and implications for can-
cer. Nat Rev Mol Cell Biol. 2019;20(2):69—84.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

Zhang Y, Weinberg RA. Epithelial-to-mesenchymal transition
in cancer: complexity and opportunities. Front Med. 2018;12
(4):361—373.

Mittal V. Epithelial mesenchymal transition in tumor metas-
tasis. Annu Rev Pathol. 2018;13:395—412.

Debnath P, Huirem RS, Dutta P, Palchaudhuri S. Epithelial-
mesenchymal transition and its transcription factors. Biosci
Rep. 2022;42(1):BSR20211754.

Akrida |, Mulita F, Plachouri KM, Benetatos N, Maroulis I,
Papadaki H. Epithelial to mesenchymal transition (EMT) in
metaplastic breast cancer and phyllodes breast tumors. Med
Oncol. 2023;41(1):20.

Lu J, Kornmann M, Traub B. Role of epithelial to mesenchymal
transition in colorectal cancer. Int J Mol Sci. 2023;24(19):
14815.

Friend C, Parajuli P, Razzaque MS, Atfi A. Deciphering
epithelial-to-mesenchymal transition in pancreatic cancer.
Adv Cancer Res. 2023;159:37—73.

Shakib H, Rajabi S, Dehghan MH, Mashayekhi FJ, Safari-
Alighiarloo N, Hedayati M. Epithelial-to-mesenchymal transi-
tion in thyroid cancer: a comprehensive review. Endocrine.
2019;66(3):435—455.

Menju T, Date H. Lung cancer and epithelial-mesenchymal
transition. Gen Thorac Cardiovasc Surg. 2021;69(5):781—789.
Du B, Shim J. Targeting epithelial—mesenchymal transition
(EMT) to overcome drug resistance in cancer. Molecules.
2016;21(7):965.

Crivii CB, Bosca AB, Melincovici CS, et al. Glioblastoma
microenvironment and cellular interactions. Cancers (Basel).
2022;14(4):1092.

Shinoura N, Paradies NE, Warnick RE, et al. Expression of N-
cadherin and alpha-catenin in astrocytomas and glioblas-
tomas. Br J Cancer. 1995;72(3):627—633.

Lewis-Tuffin LJ, Rodriguez F, Giannini C, et al. Misregulated E-
cadherin expression associated with an aggressive brain
tumor phenotype. PLoS One. 2010;5(10):e13665.

Mikheeva SA, Mikheev AM, Petit A, et al. TWIST1 promotes
invasion through mesenchymal change in human glioblas-
toma. Mol Cancer. 2010;9:194.

Asano K, Duntsch CD, Zhou Q, et al. Correlation of N-cadherin
expression in high grade gliomas with tissue invasion. J Neuro
Oncol. 2004;70(1):3—15.

Carro MS, Lim WK, Alvarez MJ, et al. The transcriptional
network for mesenchymal transformation of brain tumours.
Nature. 2010;463(7279):318—325.

Tso CL, Shintaku P, Chen J, et al. Primary glioblastomas ex-
press mesenchymal stem-like properties. Mol Cancer Res.
2006;4(9):607—619.

Péglion F, Etienne-Manneville S. N-cadherin expression level
as a critical indicator of invasion in non-epithelial tumors.
Cell Adhes Migrat. 2012;6(4):327—332.

Camand E, Peglion F, Osmani N, Sanson M, Etienne-
Manneville S. N-cadherin expression level modulates integrin-
mediated polarity and strongly impacts on the speed and
directionality of glial cell migration. J Cell Sci. 2012;125(Pt 4):
844—857.

Kapanova G, Tulebayeva A, Bazarbayeva A, et al. The role of
TGFb/SMAD signaling in glioblastoma. Folia Neuropathol.
2025;63(1):1—10.

Han J, Alvarez-Breckenridge CA, Wang QE, Yu J. TGF-B
signaling and its targeting for glioma treatment. Am J Cancer
Res. 2015;5(3):945—955.

. Merk L, Regel K, Eckhardt H, et al. Blocking TGF-B- and

Epithelial-to-Mesenchymal transition (EMT)-Mediated activa-
tion of vessel-associated mural cells in glioblastoma impacts
tumor angiogenesis. Free Neuropathol. 2024;5:4.

Shahcheraghi SH, Tchokonte-Nana V, Lotfi M, Lotfi M,
Ghorbani A, Sadeghnia HR. Wnt/beta-catenin and


http://BioRender.com
https://app.biorender.com/
https://app.biorender.com/
http://117.50.127.228/CellMarker/index.html
http://117.50.127.228/CellMarker/index.html
https://chatgpt.com/
https://doi.org/10.1016/j.gendis.2025.101711
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref1
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref1
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref1
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref1
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref2
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref2
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref2
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref3
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref3
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref3
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref4
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref4
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref4
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref5
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref5
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref5
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref5
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref5
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref6
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref6
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref6
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref7
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref7
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref7
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref8
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref8
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref9
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref9
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref9
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref10
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref10
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref10
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref11
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref11
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref11
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref12
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref12
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref13
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref13
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref13
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref14
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref14
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref14
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref14
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref15
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref15
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref15
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref16
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref16
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref16
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref17
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref17
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref17
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref17
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref18
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref18
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref19
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref19
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref19
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref20
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref20
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref20
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref21
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref21
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref21
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref22
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref22
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref22
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref23
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref23
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref23
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref24
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref24
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref24
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref25
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref25
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref25
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref26
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref26
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref26
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref27
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref27
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref27
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref28
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref28
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref28
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref28
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref28
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref29
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref29
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref29
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref30
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref30
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref30
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref31
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref31
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref31
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref31
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref32
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref32

10

P. Xia

33.

34.

35.

36.

37.

38.

39.

40.

M.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

PI3K/Akt/mTOR signaling pathways in glioblastoma: two main
targets for drug design: a review. Curr Pharm Des. 2020;26(15):
1729—-1741.

Bazzoni R, Bentivegna A. Role of notch signaling pathway in
glioblastoma pathogenesis. Cancers. 2019;11(3):292.

Joseph JV, Conroy S, Tomar T, et al. TGF-B is an inducer of
ZEB1-dependent mesenchymal transdifferentiation in glio-
blastoma that is associated with tumor invasion. Cell Death
Dis. 2014;5(10):e1443.

Syed V. TGF-B signaling in cancer. J Cell Biochem. 2016;117
(6):1279—1287.

Zhao M, Mishra L, Deng CX. The role of TGF-f/SMAD4 signaling
in cancer. Int J Biol Sci. 2018;14(2):111—123.

Xu J, Lamouille S, Derynck R. TGF-beta-induced epithelial to
mesenchymal transition. Cell Res. 2009;19(2):156—172.
Bryukhovetskiy I, Shevchenko V. Molecular mechanisms of the
effect of TGF-B1 on U87 human glioblastoma cells. Oncol
Lett. 2016;12(2):1581—1590.

Luo D, Xu X, Li J, et al. The PDK1/c-Jun pathway activated by
TGF-B induces EMT and promotes proliferation and invasion in
human glioblastoma. Int J Oncol. 2018;53(5):2067—2080.
Jiang Y, Zhou J, Hou D, et al. Prosaposin is a biomarker of
mesenchymal glioblastoma and regulates mesenchymal tran-
sition through the TGF-B1/Smad signaling pathway. J Pathol.
2019;249(1):26—38.

Chen CW, Yang CH, Lin YH, et al. The fibronectin expression
determines the distinct progressions of malignant gliomas via
transforming growth factor-beta pathway. Int J Mol Sci. 2021;
22(7):3782.

Sun E, Li Z, Cai H, et al. HOXC6 regulates the epithelial-
mesenchymal transition through the TGF- 3/smad signaling
pathway and predicts a poor prognosis in glioblastoma. J
Oncol. 2022;2022:8016102.

Duan R, Han L, Wang Q, et al. HOXA13 is a potential GBM
diagnostic marker and promotes glioma invasion by activating
the Wnt and TGF-B pathways. Oncotarget. 2015;6(29):
27778—-27793.

. Sun H, Long S, Wu B, Liu J, Li G. NKCC1 involvement in the

epithelial-to-mesenchymal transition is a
biomarker in gliomas. PeerJ. 2020;8:e8787.

Sun Z, Yan T, Jiang H, Cai J, Zhu X, Chen Q. Claudin-3 facili-
tates the progression and mediates the tumorigenic effects of
TGF-B in glioblastoma multiforme. Med Oncol. 2023;40(9):268.
Wang Z, Ying C, Zhang A, Xu H, Jiang Y, Lou M. HCK promotes
glioblastoma progression by TGF signaling. Biosci Rep. 2020;
40(6):BSR20200975.

Vinchure OS, Sharma V, Tabasum S, et al. Polycomb complex
mediated epigenetic reprogramming alters TGF-f signaling
via a novel EZH2/miR-490/TGIF2 axis thereby inducing
migration and EMT potential in glioblastomas. Int J Cancer.
2019;145(5):1254—1269.

Pu B, Zhang X, Yan T, et al. MICAL2 promotes proliferation and
migration of glioblastoma cells through TGF-f/p-Smad2/EMT-
like signaling pathway. Front Oncol. 2021;11:735180.

Xue W, Yang L, Chen C, Ashrafizadeh M, Tian Y, Sun R. Wnt/p-
catenin-driven EMT regulation in human cancers. Cell Mol Life
Sci. 2024;81(1):79.

Nager M, Bhardwaj D, Canti C, Medina L, Nogués P, Herreros J.
B-catenin signalling in glioblastoma multiforme and glioma-
initiating cells. Chemother Res Pract. 2012;2012:192362.
Kahlert UD, Maciaczyk D, Doostkam S, et al. Activation of
canonical WNT/B-catenin signaling enhances in vitro motility
of glioblastoma cells by activation of ZEB1 and other activa-
tors of epithelial-to-mesenchymal transition. Cancer Lett.
2012;325(1):42-53.

Zhang L, Zhang P, Tan Y, Feng Q, Zhao R. microRNA-522-3p
plays an oncogenic role in glioblastoma through activating

prognostic

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Wnt/B-catenin signaling pathway via targeting SFRP2. Neu-
roreport. 2021;32(2):88—98.

Kamino M, Kishida M, Kibe T, et al. Wnt-5a signaling is
correlated with infiltrative activity in human glioma by
inducing cellular migration and MMP-2. Cancer Sci. 2011;102
(3):540—548.

Wang, Song W, Kan P, et al. Overexpression of Epsin 3 enhances
migration and invasion of glioma cells by inducing epithelial-
mesenchymal transition. Oncol Rep. 2018;40(5):3049—3059.
Chi D, Zhang W, Jia Y, Cong D, Hu S. Spalt-like transcription
factor 1 (SALL1) gene expression inhibits cell proliferation and
cell migration of human glioma cells through the Wnt/f-cat-
enin signaling pathway. Med Sci Monit Basic Res. 2019;25:
128—138.

Li C, Fei C, Li J, et al. SMARCC2 combined with c-Myc inhibits
the migration and invasion of glioma cells via modulation of
the Wnt/B-catenin signaling pathway. Mol Med Rep. 2021;24
(2):551.

Ding X, Deng G, Liu J, et al. GOLM1 silencing inhibits the
proliferation and motility of human glioblastoma cells via the
Wnt/B-catenin signaling pathway. Brain Res. 2019;1717:
117—-126.

Zhou Q, Li JJ, Wang H, et al. TPD52L2 impacts proliferation,
invasiveness and apoptosis of glioblastoma cells via modula-
tion of Wnt/B-catenin/snail signaling. Carcinogenesis. 2018;
39(2):214—224.

Zhang J, Wei W, Zhong Q, Feng K, Yang R, Jiang Q. Budding
uninhibited by benzimidazoles 1 promotes cell proliferation,
invasion, and epithelial-mesenchymal transition via the Wnt/ -
catenin signaling in glioblastoma. Heliyon. 2023;9(6):e16996.
Zhao L, Li X, Su J, Gong FW, Lu J, Wei Y. STAT1 determines
aggressiveness of glioblastoma both in vivo and in vitro
through Wnt/B-catenin signalling pathway. Cell Biochem
Funct. 2020;38(5):630—641.

Wang Z, Zhang S, Siu TL, Huang S. Glioblastoma multiforme
formation and EMT: role of FoxM1 transcription factor. Curr
Pharm Des. 2015;21(10):1268—1271.

Barzegar Behrooz A, Talaie Z, Jusheghani F, tos MJ,
Klonisch T, Ghavami S. Wnt and PI3K/Akt/mTOR survival
pathways as therapeutic targets in glioblastoma. Int J Mol Sci.
2022;23(3):1353.

Parmigiani E, Taylor V, Giachino C. Oncogenic and tumor-
suppressive functions of NOTCH signaling in glioma. Cells.
2020;9(10):2304.

Espinoza I, Miele L. Deadly crosstalk: notch signaling at the
intersection of EMT and cancer stem cells. Cancer Lett. 2013;
341(1):41—45.

Filatova A, Acker T, Garvalov BK. The cancer stem cell niche(s):
the crosstalk between glioma stem cells and their microenvi-
ronment. Biochim Biophys Acta. 2013;1830(2):2496—2508.
Zage PE, Nolo R, Fang W, Stewart J, Garcia-Manero G, Zwei-
dler-McKay PA. Notch pathway activation induces neuroblas-
toma tumor cell growth arrest. Pediatr Blood Cancer. 2012;58
(5):682—689.

Rajakulendran N, Rowland KJ, Selvadurai HJ, et al. Wnt and
notch signaling govern self-renewal and differentiation in a
subset of human glioblastoma stem cells. Genes Dev. 2019;33
(9—10):498-510.

Zavadil J, Cermak L, Soto-Nieves N, Bottinger EP. Integration
of TGF-beta/Smad and Jagged1/Notch signalling in epithelial-
to-mesenchymal transition. EMBO J. 2004;23(5):1155—1165.
Zhang X, Chen T, Zhang J, et al. Notch1 promotes glioma cell
migration and invasion by stimulating B-catenin and NF-kB
signaling via AKT activation. Cancer Sci. 2012;103(2):181—190.
Li X, Wu C, Chen N, et al. PI3K/Akt/mTOR signaling pathway
and targeted therapy for glioblastoma. Oncotarget. 2016;7
(22):33440—33450.


http://refhub.elsevier.com/S2352-3042(25)00200-4/sref32
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref32
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref32
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref33
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref33
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref34
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref34
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref34
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref34
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref35
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref35
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref36
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref36
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref37
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref37
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref38
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref38
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref38
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref39
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref39
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref39
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref40
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref40
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref40
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref40
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref41
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref41
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref41
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref41
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref42
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref42
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref42
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref42
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref43
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref43
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref43
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref43
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref44
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref44
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref44
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref45
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref45
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref45
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref46
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref46
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref46
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref47
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref47
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref47
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref47
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref47
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref48
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref48
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref48
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref49
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref49
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref49
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref50
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref50
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref50
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref51
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref51
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref51
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref51
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref51
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref52
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref52
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref52
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref52
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref53
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref53
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref53
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref53
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref54
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref54
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref54
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref55
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref55
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref55
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref55
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref55
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref56
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref56
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref56
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref56
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref57
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref57
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref57
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref57
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref58
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref58
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref58
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref58
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref59
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref59
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref59
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref59
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref60
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref60
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref60
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref60
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref61
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref61
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref61
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref62
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref62
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref62
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref62
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref63
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref63
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref63
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref64
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref64
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref64
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref65
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref65
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref65
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref66
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref66
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref66
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref66
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref67
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref67
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref67
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref67
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref68
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref68
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref68
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref69
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref69
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref69
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref70
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref70
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref70

EMT in glioblastoma

11

.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Sami A, Karsy M. Targeting the PI3K/AKT/mTOR signaling
pathway in glioblastoma: novel therapeutic agents and ad-
vances in understanding. Tumour Biol. 2013;34(4):
1991-2002.

Gao X, Jiang W, Ke Z, et al. TRAM2 promotes the malignant
progression of glioma through PI3K/AKT/mTOR pathway.
Biochem Biophys Res Commun. 2022;586:34—41.

Xie C, Zhou M, Lin J, et al. EEF1D promotes glioma prolifer-
ation, migration, and invasion through EMT and PI3K/Akt
pathway. BioMed Res Int. 2020;2020:7804706.

Macharia LW, Muriithi W, Heming CP, et al. The genotypic and
phenotypic impact of hypoxia microenvironment on glioblas-
toma cell lines. BMC Cancer. 2021;21(1):1248.

Lin Y, Guo L. GLI1 is involved in HIF-1a-induced migration,
invasion, and epithelial-mesenchymal transition in glioma
cells. Folia Histochem Cytobiol. 2022;60(2):156—166.

Lin Y, Wu Z. Hypoxia-inducible factor 1o (HIF-1a)-activated
Gli1 induces invasion and EMT by H3K4 methylation in glioma
cells. Oncologie (Paris, Fr). 2023;25(1):71—-79.

Joseph JV, Conroy S, Pavlov K, et al. Hypoxia enhances
migration and invasion in glioblastoma by promoting a
mesenchymal shift mediated by the HIF1a-ZEB1 axis. Cancer
Lett. 2015;359(1):107—116.

Xu H, Rahimpour S, Nesvick CL, et al. Activation of hypoxia
signaling induces phenotypic transformation of glioma cells:
implications for bevacizumab antiangiogenic therapy. Onco-
target. 2015;6(14):11882—11893.

Wang H, Lai Q, Wang D, et al. Hedgehog signaling regulates
the development and treatment of glioblastoma. Oncol Lett.
2022;24(3):294.

Wang K, Pan L, Che X, Cui D, Li C. Sonic Hedgehog/GLI1
signaling pathway inhibition restricts cell migration and in-
vasion in human gliomas. Neurol Res. 2010;32(9):975—980.
Singh SK, Hawkins C, Clarke ID, et al. Identification of human
brain tumour initiating cells. Nature. 2004;432(7015):396—401.
Singh SK, Clarke ID, Terasaki M, et al. Identification of a
cancer stem cell in human brain tumors. Cancer Res. 2003;63
(18):5821—-5828.

Harland A, Liu X, Ghirardello M, Galan MC, Perks CM,
Kurian KM. Glioma stem-like cells and metabolism: potential
for novel therapeutic strategies. Front Oncol. 2021;11:
743814.

Liebelt BD, Shingu T, Zhou X, Ren J, Shin SA, Hu J. Glioma
stem cells: signaling, microenvironment, and therapy. Stem
Cell Int. 2016;2016:7849890.

Selvaraj S, Srinivas BH, Verma SK, Ms G. Significance of Nestin
and CD133 as cancer stem cell markers in diffuse glioma and
association with p53 expression and IDH status. Int J Clin Exp
Pathol. 2024;17(7):208—218.

Abdoli Shadbad M, Nejadi Orang F, Baradaran B. CD133 sig-
nificance in glioblastoma development: in silico and in vitro
study. Eur J Med Res. 2024;29(1):154.

Joyce T, Jagasia S, Tasci E, Camphausen K, Krauze AV. An over-
view of CD133 as a functional unit of prognosis and treatment
resistance in glioblastoma. Curr Oncol. 2023;30(9):8278—8293.
McCord AM, Jamal M, Williams ES, Camphausen K, Tofilon PJ.
CD133" glioblastoma stem-like cells are radiosensitive with a
defective DNA damage response compared with established
cell lines. Clin Cancer Res. 2009;15(16):5145—5153.

Liu S, Liu H, Tang S, et al. Characterization of stage-specific
embryonic antigen-1 expression during early stages of human
embryogenesis. Oncol Rep. 2004;12(6):1251—1256.

Campos B, Herold-Mende CC. Insight into the complex regu-
lation of CD133 in glioma. Int J Cancer. 2011;128(3):501—-510.
Son MJ, Woolard K, Nam DH, Lee J, Fine HA. SSEA-1 is an
enrichment marker for tumor-initiating cells in human glio-
blastoma. Cell Stem Cell. 2009;4(5):440—452.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

11,

112.

Patru C, Romao L, Varlet P, et al. CD133, CD15/SSEA-1, CD34
or side populations do not resume tumor-initiating properties
of long-term cultured cancer stem cells from human malig-
nant glio-neuronal tumors. BMC Cancer. 2010;10:66.

Bernal A, Arranz L. Nestin-expressing progenitor cells: func-
tion, identity and therapeutic implications. Cell Mol Life Sci.
2018;75(12):2177—2195.

Park D, Xiang AP, Mao FF, et al. Nestin is required for the
proper self-renewal of neural stem cells. Stem Cell. 2010;28
(12):2162—2171.

Arai H, lkota H, Sugawara KlI, Nobusawa S, Hirato J,
Nakazato Y. Nestin expression in brain tumors: its utility
for pathological diagnosis and correlation with the prognosis
of high-grade gliomas. Brain Tumor Pathol. 2012;29(3):
160—167.

Zhang M, Song T, Yang L, et al. Nestin and CD133: valuable
stem cell-specific markers for determining clinical outcome of
glioma patients. J Exp Clin Cancer Res. 2008;27(1):85.
Hussein D, Punjaruk W, Storer LCD, et al. Pediatric brain
tumor cancer stem cells: cell cycle dynamics, DNA repair, and
etoposide extrusion. Neuro Oncol. 2011;13(1):70—83.
Ostrom QT, Gittleman H, Fulop J, et al. CBTRUS statistical
report: primary brain and central nervous system tumors
diagnosed in the United States in 2008-2012. Neuro Oncol.
2015;17(suppl 4):iv1—iv62.

Johnson DR, O’Neill BP. Glioblastoma survival in the United
States before and during the temozolomide era. J Neuro
Oncol. 2012;107(2):359—364.

Omuro A, DeAngelis LM. Glioblastoma and other malignant
gliomas: a clinical review. JAMA. 2013;310(17):1842—1850.
Xia CL, Du ZW, Liu ZY, Huang Q, Chan WY. A2B5 lineages of
human astrocytic tumors and their recurrence. Int J Oncol.
2003;23(2):353—-361.

Shakhova O, Leung C, Marino S. Bmi1 in development and
tumorigenesis of the central nervous system. J Mol Med
(Berl). 2005;83(8):596—600.

Courel M, Friesenhahn L, Lees JA. E2f6 and Bmi1 cooperate in
axial skeletal development. Dev Dyn. 2008;237(5):
1232—-1242.

Lin X, Ojo D, Wei F, Wong N, Gu Y, Tang D. A novel aspect of
tumorigenesis-BMI1 functions in regulating DNA damage
response. Biomolecules. 2015;5(4):3396—3415.

Li J, Gong LY, Song LB, et al. Oncoprotein Bmi-1 renders
apoptotic resistance to glioma cells through activation of the
IKK-nuclear factor-kappaB pathway. Am J Pathol. 2010;176
(2):699—709.

Jiang L, Wu J, Yang Y, et al. Bmi-1 promotes the aggressive-
ness of glioma via activating the NF-kappaB/MMP-9 signaling
pathway. BMC Cancer. 2012;12:406.

Hong Y, Shang C, Xue YX, Liu YH. Silencing of Bmi-1 gene
enhances chemotherapy sensitivity in human glioblastoma
cells. Med Sci Monit. 2015;21:1002—1007.

Tsai YT, Wu CC, Ko CY, et al. Correlation between the
expression of cancer stem cell marker BMI1 and glioma
prognosis. Biochem Biophys Res Commun. 2021;550:113—119.
Baxter PA, Lin Q, Mao H, et al. Silencing BMI1 eliminates
tumor formation of pediatric glioma CD133" cells not by
affecting known targets but by down-regulating a novel set of
core genes. Acta Neuropathol Commun. 2014;2:160.

Abdouh M, Facchino S, Chatoo W, Balasingam V, Ferreira J,
Bernier G. BMI1 sustains human glioblastoma multiforme stem
cell renewal. J Neurosci. 2009;29(28):8884—8896.

Kumar KK, Burgess AW, Gulbis JM. Structure and function of
LGR5: an enigmatic G-protein coupled receptor marking stem
cells. Protein Sci. 2014;23(5):551—565.

Barker N, van Es JH, Jaks V, et al. Very long-term self-renewal
of small intestine, colon, and hair follicles from cycling


http://refhub.elsevier.com/S2352-3042(25)00200-4/sref71
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref71
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref71
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref71
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref72
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref72
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref72
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref73
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref73
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref73
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref74
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref74
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref74
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref75
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref75
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref75
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref76
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref76
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref76
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref77
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref77
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref77
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref77
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref78
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref78
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref78
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref78
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref79
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref79
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref79
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref80
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref80
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref80
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref81
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref81
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref82
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref82
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref82
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref83
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref83
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref83
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref83
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref84
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref84
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref84
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref85
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref85
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref85
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref85
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref86
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref86
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref86
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref87
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref87
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref87
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref88
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref88
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref88
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref88
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref89
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref89
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref89
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref90
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref90
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref91
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref91
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref91
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref92
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref92
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref92
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref92
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref93
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref93
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref93
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref94
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref94
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref94
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref95
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref95
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref95
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref95
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref95
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref96
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref96
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref96
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref97
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref97
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref97
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref98
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref98
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref98
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref98
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref99
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref99
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref99
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref100
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref100
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref101
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref101
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref101
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref102
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref102
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref102
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref103
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref103
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref103
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref104
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref104
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref104
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref105
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref105
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref105
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref105
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref106
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref106
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref106
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref107
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref107
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref107
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref108
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref108
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref108
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref109
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref109
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref109
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref109
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref110
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref110
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref110
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref111
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref111
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref111
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref112
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref112

12

P. Xia

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Lgr5+ve stem cells. Cold Spring Harbor Symp Quant Biol.
2008;73:351—356.

Patapoutian A, Reichardt LF. Roles of Wnt proteins in neural
development and maintenance. Curr Opin Neurobiol. 2000;10
(3):392—399.

Nakata S, Campos B, Bageritz J, et al. LGR5 is a marker of
poor prognosis in glioblastoma and is required for survival of
brain cancer stem-like cells. Brain Pathol. 2013;23(1):60—72.
Zhang J, Cai H, Sun L, et al. LGR5, a novel functional glioma
stem cell marker, promotes EMT by activating the Wnt/§-
catenin pathway and predicts poor survival of glioma pa-
tients. J Exp Clin Cancer Res. 2018;37(1):225.

Mao XG, Song SJ, Xue XY, et al. LGR5 is a proneural factor and
is regulated by OLIG2 in glioma stem-like cells. Cell Mol
Neurobiol. 2013;33(6):851—865.

Siebzehnrubl FA, Silver DJ, Tugertimur B, et al. The ZEB1
pathway links glioblastoma initiation, invasion and chemo-
resistance. EMBO Mol Med. 2013;5(8):1196—1212.

Mikheev AM, Mikheeva SA, Severs LJ, et al. Targeting TWIST1
through loss of function inhibits tumorigenicity of human
glioblastoma. Mol Oncol. 2018;12(7):1188—1202.

Lee KH, Ahn EJ, Oh SJ, et al. KITENIN promotes glioma inva-
siveness and progression, associated with the induction of EMT
and stemness markers. Oncotarget. 2015;6(5):3240—3253.
Zhang XH, Qian Y, Li Z, Zhang NN, Xie YJ. Let-7g-5p inhibits
epithelial-mesenchymal transition consistent with reduction
of glioma stem cell phenotypes by targeting VSIG4 in glio-
blastoma. Oncol Rep. 2016;36(5):2967—2975.

Zhu TZ, Li XM, Luo LH, et al. B-elemene inhibits stemness,
promotes differentiation and impairs chemoresistance to
temozolomide in glioblastoma stem-like cells. Int J Oncol.
2014;45(2):699—-709.

Chow KH, Park HJ, George J, et al. S100A4 is a biomarker and
regulator of glioma stem cells that is critical for mesenchymal
transition in glioblastoma. Cancer Res. 2017;77(19):
5360—5373.

Tsiampali J, Neumann S, Giesen B, et al. Enzymatic activity of
CD73 modulates invasion of gliomas via epithelial-mesen-
chymal transition-like reprogramming. Pharmaceuticals.
2020;13(11):378.

Giacomelli C, Daniele S, Natali L, et al. Carnosol controls the
human glioblastoma stemness features through the epithelial-
mesenchymal transition modulation and the induction of
cancer stem cell apoptosis. Sci Rep. 2017;7(1):15174.
Velpula KK, Dasari VR, Tsung AJ, Dinh DH, Rao JS. Cord blood
stem cells revert glioma stem cell EMT by down regulating
transcriptional activation of Sox2 and Twist1. Oncotarget.
2011;2(12):1028—1042.

Wang X, Dai X, Zhang X, et al. 3D bioprinted glioma cell-laden
scaffolds enriching glioma stem cells via epithelial-mesen-
chymal transition. J Biomed Mater Res. 2019;107(2):383—391.
Nie XH, Ou-yang J, Xing Y, Li DY, Liu RE, Xu RX. Calycosin
inhibits migration and invasion through modulation of trans-
forming growth factor beta-mediated mesenchymal proper-
ties in U87 and U251 cells. Drug Des Dev Ther. 2016;10:
767—779.

Han J, Shen X, Zhang Y, Wang S, Zhou L. Astragaloside IV
suppresses transforming growth factor-p1-induced epithelial-
mesenchymal transition through inhibition of Wnt/B-catenin
pathway in glioma U251 cells. Biosci Biotechnol Biochem.
2020;84(7):1345—1352.

Chen X, Wang Z, Ma H, et al. Melatonin attenuates hypoxia-
induced epithelial-mesenchymal transition and cell aggres-
sive via Smad7/CCL20 in glioma. Oncotarget. 2017;8(55):
93580—93592.

Wang Q, Wang H, Jia Y, Ding H, Zhang L, Pan H. Luteolin re-
duces migration of human glioblastoma cell lines via

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

inhibition of the p-IGF-1R/PI3K/AKT/mTOR
pathway. Oncol Lett. 2017;14(3):3545—3551.
Wang Q, Wang H, Jia Y, Pan H, Ding H. Luteolin induces
apoptosis by ROS/ER stress and mitochondrial dysfunction in
gliomablastoma. Cancer Chemother Pharmacol. 2017;79(5):
1031—1041.

Hei B, Wang J, Wu G, Ouyang J, Liu RE. Verbascoside sup-
presses the migration and invasion of human glioblastoma cells
via targeting c-Met-mediated epithelial-mesenchymal transi-
tion. Biochem Biophys Res Commun. 2019;514(4):1270—1277.
Song Y, Chen Y, Li Y, et al. Resveratrol suppresses epithelial-
mesenchymal transition in GBM by regulating smad-depen-
dent signaling. BioMed Res Int. 2019;2019:1321973.

Cilibrasi C, Riva G, Romano G, et al. Resveratrol impairs gli-
oma stem cells proliferation and motility by modulating the
Wnt signaling pathway. PLoS One. 2017;12(1):e0169854.

Wu B, Zhu J, Dai X, et al. Raddeanin A inhibited epithelial-
mesenchymal transition (EMT) and angiogenesis in glioblas-
toma by downregulating B-catenin expression. Int J Med Sci.
2021;18(7):1609—1617.

Ouanouki A, Lamy S, Annabi B. Periostin, a signal transduction
intermediate in TGF-B-induced EMT in U-87MG human glio-
blastoma cells, and its inhibition by anthocyanidins. Onco-
target. 2018;9(31):22023—-22037.

Ouanouki A, Lamy S, Annabi B. Anthocyanidins inhibit
epithelial-mesenchymal transition through a TGFB/Smad2
signaling pathway in glioblastoma cells. Mol Carcinog. 2017;
56(3):1088—1099.

Wang Z, Liu Z, Yu G, et al. Paeoniflorin inhibits migration and
invasion of human glioblastoma cells via suppression trans-
forming growth factor B-induced epithelial-mesenchymal
transition. Neurochem Res. 2018;43(3):760—774.

Jiang YW, Cheng HY, Kuo CL, et al. Tetrandrine inhibits human
brain glioblastoma multiforme GBM 8401 cancer cell migration
and invasion in vitro. Environ Toxicol. 2019;34(4):364—374.
Xu B, Jiang C, Han H, et al. Icaritin inhibits the invasion and
epithelial-to-mesenchymal transition of glioblastoma cells by
targeting EMMPRIN via PTEN/AKt/HIF-1a signalling. Clin Exp
Pharmacol Physiol. 2015;42(12):1296—1307.

Zhu M, Niu J, Jiang J, et al. Chelerythrine inhibits the pro-
gression of glioblastoma by suppressing the TGFB1-
ERK1/2/Smad2/3-Snail/ZEB1 signaling pathway. Life Sci.
2022;293:120358.

Xiong Y, Lai X, Xiang W, et al. Galangin (GLN) suppresses
proliferation, migration, and invasion of human glioblastoma
cells by targeting Skp2-induced epithelial-mesenchymal
transition (EMT). OncoTargets Ther. 2020;13:9235—9244.
Chen D, Li D, Xu XB, et al. Galangin inhibits epithelial-
mesenchymal transition and angiogenesis by downregulating
CD44 in glioma. J Cancer. 2019;10(19):4499—4508.

Wang Q, Li H, Sun Z, et al. Kukoamine A inhibits human
glioblastoma cell growth and migration through apoptosis
induction and epithelial-mesenchymal transition attenuation.
Sci Rep. 2016;6:36543.

Chen X, Zhu M, Zou X, et al. CCL2-targeted ginkgolic acid ex-
erts anti-glioblastoma effects by inhibiting the JAK3-STAT1/-
PI3K-AKT signaling pathway. Life Sci. 2022;311(Pt B):121174.
Zhou Y, Qian W, Li X, Wei W. NF- « B inhibitor myrislignan
induces ferroptosis of glioblastoma cells via regulating
epithelial-mesenchymal transformation in a slug-dependent
manner. Oxid Med Cell Longev. 2023;2023:7098313.

Kim H, Hong SH, Kim JY, et al. Preclinical development of a
humanized neutralizing antibody targeting HGF. Exp Mol Med.
2017;49(3):e309.

Greenall SA, Adams TE, Johns TG. Incomplete target
neutralization by the anti-cancer antibody rilotumumab.
mAbs. 2016;8(2):246—252.

signaling


http://refhub.elsevier.com/S2352-3042(25)00200-4/sref112
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref112
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref113
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref113
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref113
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref114
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref114
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref114
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref115
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref115
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref115
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref115
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref116
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref116
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref116
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref117
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref117
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref117
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref118
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref118
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref118
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref119
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref119
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref119
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref120
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref120
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref120
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref120
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref121
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref121
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref121
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref121
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref122
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref122
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref122
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref122
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref123
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref123
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref123
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref123
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref124
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref124
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref124
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref124
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref125
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref125
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref125
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref125
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref126
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref126
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref126
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref127
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref127
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref127
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref127
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref127
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref128
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref128
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref128
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref128
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref128
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref129
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref129
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref129
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref129
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref130
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref130
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref130
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref130
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref131
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref131
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref131
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref131
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref132
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref132
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref132
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref132
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref133
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref133
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref133
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref134
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref134
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref134
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref135
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref135
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref135
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref135
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref136
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref136
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref136
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref136
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref137
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref137
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref137
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref137
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref138
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref138
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref138
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref138
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref139
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref139
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref139
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref140
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref140
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref140
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref140
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref141
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref141
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref141
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref141
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref142
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref142
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref142
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref142
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref143
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref143
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref143
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref144
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref144
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref144
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref144
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref145
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref145
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref145
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref146
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref146
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref146
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref146
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref147
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref147
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref147
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref148
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref148
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref148

EMT in glioblastoma

13

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Cloughesy T, Finocchiaro G, Belda-Iniesta C, et al. Random-
ized, double-blind, placebo-controlled, multicenter phase Il
study of onartuzumab plus bevacizumab versus placebo plus
bevacizumab in patients with recurrent glioblastoma: effi-
cacy, safety, and hepatocyte growth factor and 0°-methyl-
guanine-DNA methyltransferase biomarker analyses. J Clin
Oncol. 2017;35(3):343—351.

Maxwell R, Jackson CM, Lim M. Clinical trials investigating
immune checkpoint blockade in glioblastoma. Curr Treat
Options Oncol. 2017;18(8):51.

Reardon DA, Brandes AA, Omuro A, et al. Effect of nivolumab
vs bevacizumab in patients with recurrent glioblastoma: the
CheckMate 143 phase 3 randomized clinical trial. JAMA Oncol.
2020;6(7):1003—1010.

Shaw AT, Solomon B, Kenudson MM. Crizotinib and testing for
ALK. J Natl Compr Cancer Netw. 2011;9(12):1335—1341.
Junca A, Villalva C, Tachon G, et al. Crizotinib targets in
glioblastoma stem cells. Cancer Med. 2017;6(11):2625—2634.
Qin A, Musket A, Musich PR, Schweitzer JB, Xie Q. Receptor
tyrosine kinases as druggable targets in glioblastoma: do
signaling pathways matter? Neurooncol Adv. 2021;3(1):
vdab133.

Cloughesy TF, Drappatz J, de Groot J, et al. Phase Il study of
cabozantinib in patients with progressive glioblastoma: sub-
set analysis of patients with prior antiangiogenic therapy.
Neuro Oncol. 2018;20(2):259—-267.

Hu H, Mu Q, Bao Z, et al. Mutational landscape of secondary
glioblastoma guides MET-targeted trial in brain tumor. Cell.
2018;175(6):1665—1678.e18.

Song Y, Chen Y, Li Y, et al. Metformin inhibits TGF-B1-induced
epithelial-to-mesenchymal transition-like process and stem-
like properties in GBM via AKT/mTOR/ZEB1 pathway. Onco-
target. 2017;9(6):7023—7035.

Gortany NK, Panahi G, Ghafari H, Shekari M, Ghazi-
Khansari M. Foretinib induces G2/M cell cycle arrest,
apoptosis, and invasion in human glioblastoma cells through
c-MET inhibition. Cancer Chemother Pharmacol. 2021;87(6):
827—842.

Min P, Li Y, Wang C, et al. Cyclopeptide moroidin inhibits
vasculogenic mimicry formed by glioblastoma cells via regu-
lating B-catenin activation and EMT pathways. J Biomed Res.
2024;38(4):322—333.

Lu E, Zhao B, Yuan C, Liang Y, Wang X, Yang G. Novel cancer-
fighting role of ticagrelor inhibits GTSE1-induced EMT by

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

regulating PI3K/Akt/NF-kB signaling pathway in malignant
glioma. Heliyon. 2024;10(9):e30833.

Gao L, Liu J, Xu P, et al. AKT inhibitor SC66 inhibits prolifer-
ation and induces apoptosis in human glioblastoma through
down-regulating AKT/B-catenin pathway. Front Pharmacol.
2020;11:1102.

Bi Y, Zheng R, Hu J, et al. A novel FGFR1 inhibitor CYY292
suppresses tumor progression, invasion, and metastasis of
glioblastoma by inhibiting the Akt/GSK3B/snail signaling axis.
Genes Dis. 2023;11(1):479—494.

Zhang X, Wang X, Xu R, et al. Correction to: YM155 decreases
radiation-induced invasion and reverses epithelial-mesen-
chymal transition by targeting STAT3 in glioblastoma. J Transl
Med. 2021;19(1):407.

Li Z, Zhu T, Xu Y, et al. A novel STAT3 inhibitor, HJC0152,
exerts potent antitumor activity in glioblastoma. Am J Cancer
Res. 2019;9(4):699—713.

Chiang YC, Selvam P, Liu YX, et al. STAT3 phosphorylation in-
hibitor Bt354 exhibits anti-neoplastic activity in glioblastoma
multiforme cells. Environ Toxicol. 2024;39(6):3292—3303.
Wang Z, Li Y, Liu M, et al. 3BDO inhibits the proliferation,
epithelial-mesenchymal transition (EMT), and stemness via
suppressing survivin in human glioblastoma cells. J Cancer.
2022;13(4):1203—1213.

Chen J, Hu J, Li X, et al. Enhydrin suppresses the malignant
phenotype of GBM via Jun/Smad7/TGF-B1 signaling pathway.
Biochem Pharmacol. 2024;226:116380.

Kim H, Jo S, Kim IG, et al. Effect of copper chelators via the
TGF-B signaling pathway on glioblastoma cell invasion. Mol-
ecules (Basel). 2022;27(24):8851.

Huang Q, Fu Y, Zhang S, Zhang Y, Chen S, Zhang Z. Ethyl py-
ruvate inhibits glioblastoma cells migration and invasion
through modulation of NF-kB and ERK-mediated EMT. PeerJ.
2020;8:€9559.

Hernandez-Vega AM, Del Moral-Morales A, Zamora-
Sanchez CJ, Pina-Medina AG, Gonzalez-Arenas A, Camacho-
Arroyo |. Estradiol induces epithelial to mesenchymal transi-
tion of human glioblastoma cells. Cells. 2020;9(9):1930.
Narsinh KH, Perez E, Haddad AF, et al. Strategies to improve
drug delivery across the blood-brain barrier for glioblastoma.
Curr Neurol Neurosci Rep. 2024;24(5):123—139.

Bangarh R, Saini RV, Saini AK, et al. Dynamics of
epithelial—-mesenchymal plasticity driving cancer drug resis-
tance. Cancer Pathog Ther. 2025;3(2):120—128.


http://refhub.elsevier.com/S2352-3042(25)00200-4/sref149
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref149
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref149
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref149
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref149
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref149
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref149
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref150
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref150
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref150
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref151
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref151
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref151
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref151
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref152
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref152
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref153
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref153
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref154
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref154
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref154
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref154
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref155
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref155
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref155
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref155
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref156
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref156
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref156
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref157
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref157
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref157
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref157
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref158
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref158
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref158
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref158
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref158
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref159
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref159
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref159
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref159
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref160
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref160
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref160
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref160
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref161
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref161
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref161
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref161
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref162
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref162
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref162
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref162
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref163
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref163
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref163
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref163
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref164
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref164
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref164
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref165
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref165
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref165
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref166
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref166
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref166
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref166
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref167
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref167
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref167
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref168
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref168
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref168
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref169
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref169
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref169
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref169
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref170
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref170
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref170
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref170
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref171
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref171
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref171
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref172
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref172
http://refhub.elsevier.com/S2352-3042(25)00200-4/sref172

	The significance of epithelial–mesenchymal transition (EMT) in the initiation, plasticity, and treatment of glioblastoma
	Introduction
	Significance of EMT in GBM
	Evidence supporting the occurrence of EMT in GBM
	Signaling pathways are involved in GBM cells during EMT
	The effect of hypoxia on EMT in glioma cells
	The roles of EMT in glioblastoma stem cells (GSCs)
	Glioblastoma stem cell markers (Fig. 2)
	EMT-induced stemness in GBM cells
	Potential approaches for developing EMT-targeted therapies
	Natural products
	Antibody
	Small molecule inhibitors
	Chemical agent
	Limitations

	Conclusion
	FundingThis review was supported by the National Natural Science Foundation of China (No. 81972784).
	Conflict of interests
	Funding
	Acknowledgements
	Appendix A. Supplementary data
	References


