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Abstract

Glioblastoma (GBM) remains one of the most aggressive and treatment-resistant brain malignancies in adults. Standard
approaches, including surgical resection followed by adjuvant radio- and chemotherapy with temozolomide (TMZ), provide only
transient control, as GBM frequently recurs due to its infiltrative nature and the presence of therapy-resistant subpopulations
such as glioma stem cells (GSCs). GSCs, with their quiescent state and robust resistance mechanisms, evade conventional thera-
pies, contributing significantly to relapse. Consequently, current treatment methods for GBM face significant limitations in effec-
tively targeting GSCs. In this review, we emphasize the relationship between GBM recurrence and GSCs, discuss the current
limitations, and provide future perspectives to overwhelm the challenges associated with targeting GSCs. Eliminating GSCs may

suppress recurrence, achieve durable responses, and improve therapeutic outcomes for patients with GBM.
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INTRODUCTION

Glioblastoma (GBM) represents the most common and
aggressive primary malignant brain tumor in adults, char-
acterized by rapid proliferation, and diffuse infiltration
into surrounding brain tissue (1). Despite advances in surgery,
radiotherapy, and chemotherapy, GBM continues to pose a
daunting clinical challenge, with a median survival of only 12—
18 mo (2). A primary contributing factor to the poor prognosis
of patients with GBM is the high rate of tumor recurrence. This
recurrence highlights the urgent need for innovative therapies
targeting the mechanisms driving tumor regrowth (3).

The mechanisms underlying GBM recurrence are multifac-
eted and complex, involving a combination of tumor cell-
intrinsic factors, microenvironmental cues, and therapeutic
resistance mechanisms (4). Among these mechanisms, emerg-
ing evidence suggests that a subpopulation of tumor cells
known as glioma stem cells (GSCs) play a critical role in driv-
ing tumor recurrence and therapeutic resistance in GBM (5).

GSCs are a distinct subpopulation within the tumor exhib-
iting self-renewal, multipotency, and resistance to conven-
tional treatments (6). These cells are thought to drive tumor
growth, invasion, and recurrence through their ability to
evade therapy, repopulate the tumor bulk, and promote tu-
mor heterogeneity (7, 8). Importantly, GSCs exhibit enhanced
resistance to conventional therapies such as radiation and
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chemotherapy, making them a critical therapeutic target for
improving GBM outcomes (9).

This review aims to provide a comprehensive overview of
the current state-of-the-art in understanding the role of GSCs
as retrospective targets in hunting glioblastoma recurrence.
We will delve into the molecular mechanisms underlying GSC
biology, their contributions to tumor recurrence and thera-
peutic resistance, and the therapeutic strategies aimed at tar-
geting GSCs to prevent recurrence. In addition, we will discuss
the challenges and opportunities associated with translating
GSC-targeted therapies, with the ultimate goal of improving
outcomes for patients with GBM facing recurrence.

Glioblastoma and Therapy Resistance

Surgical resection serves as the primary therapeutic
approach for GBM, with the extent of resection greatly impact-
ing prognosis (10). Despite efforts for complete resection, tu-
mor recurrence near the primary mass limits surgery and
radiotherapy effectiveness (11). Innovations such as fluores-
cence-guided surgery using 5-aminolevulinic acid for tumor
cell marking have improved precision (10). However, adjunc-
tive treatments like the implantation of biodegradable carmus-
tine-impregnated wafers into the tumor bed postresection
remain controversial, with marginal improvements in median
survival compared with radiotherapy alone (12).
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Following surgical resection, the standard treatment pro-
tocol involves fractionated localized radiotherapy combined
with temozolomide (TMZ) chemotherapy for newly diag-
nosed patients with GBM (2, 13). Although this combination
has shown some efficacy, few patients survive beyond 5 yr,
indicating the limitations of conventional therapies (14).

Overall, although conventional methods remain the cor-
nerstone of GBM treatment, their limitations underscore the
urgent need for innovative therapeutic approaches to over-
come resistance and improve patient survival.

The Role of Glioma Stem Cells in Glioblastoma
Recurrence

Recurrence represents a formidable obstacle in conventional
glioma treatment strategies, posing significant challenges clini-
cally. Molecular mechanisms underlying glioma recurrence are
multifaceted, involving intricate interplays of signaling path-
ways governing cell proliferation, invasion, and resistance to ap-
optosis. Reorganization of the tumor microenvironment (15),
along with alterations in DNA mismatch repair mechanisms,
including mutations in MSH6, contribute significantly to recur-
rence (16-20). Several studies using whole genome sequencing
and transcriptome analysis reveal that therapy can induce
hypermutation in receptor tyrosine Kinase genes, potentially
accelerating recurrence (21). Furthermore, several genes, includ-
ing Latent Transforming Growth Factor Beta-Binding Protein 4
(LTBP4), MutS Homolog 6 (MSH6), PR Domain Zinc Finger
Protein 2 (PRDM2), and Insulin-Like Growth Factor 1 Receptor
(IGFIR), are uniquely mutated and expressed in recurrent
tumors (22).

Following surgical resection, residual cells in the resection
cavity serve as the starting point for harboring aforemen-
tioned mutations that trigger recurrence. GSCs are thought
to be among these pioneering remaining cells, initiating re-
currence (23, 24). Residual tumor cells become increasingly
resilient to both radiotherapy and chemotherapy, ultimately
leading to patient mortality (Fig. 1).

Single-cell transcriptomic analysis has identified unique
phenotypic clusters in recurrent tumors, suggesting a shift
in cellular composition during recurrence (24-27). These
clusters likely represent GSC populations that evade conven-
tional therapies and contribute to therapeutic resistance
through unique molecular and epigenetic features, such as
increased chromatin accessibility and vascular gene activa-
tion (5, 28, 29).

Genetic differences.

GSCs exhibit specific biomarkers that distinguish them
from differentiated tumor cells, providing insights into
their functional properties and therapeutic vulnerabilities.
Key oncogenes such as SOX2, NANOG, CHRDLI1, and OCT4
orchestrate GSC self-renewal and tumorigenic potential
(26, 30-33). In addition, FOXM1 plays a regulatory role in
GSCs via interacting with SOX2 (34), Wnt/p-catenin (35, 36),
and STAT3-B-catenin (37) signaling pathways.

In addition to exhibiting distinct expression profiles, GSCs
can be categorized into proneural (PN GSCs) and mesenchy-
mal (MES GSCs) subtypes based on their gene signatures (26,
38, 39). Gene expression analysis of GSCs from in vivo models,
patient samples, and conventional glioma stem cell lines
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identified two phenotypes: GSf (full stem) and GSr (restricted
stem) (40). The GSf phenotype, resembling the proneural
subtype, is characterized by CD133 expression and notable
invasiveness. In contrast, the GSr phenotype lacks CD133
expression, grows adherently in vitro, and shows reduced
invasiveness (38). Differential analysis of these phenotypes
highlights enriched genes on chromosome 19, including
Kruppel-type Zinc Finger transcription factors, which are
implicated as potential tumor suppressors in several cancers
including ovarian carcinoma (41), esophageal squamous cell
carcinoma (42), and oropharyngeal carcinoma (43). Moreover,
the expression of CD133 in GSf phenotype is associated with
active NOTCH1 and HER3 and is proposed as a potential target
in GBM (44). Notably, among markers overexpressed in
patient tumors and GSf lines, C-X-C chemokine receptor type
4 (CXCR4) has been identified as a potential therapeutic tar-
get. Studies showed that antagonization of CXCR4 effectively
inhibits the highly invasive growth of GS xenografts in vivo
and suppressed cell migration in vitro (40). Conversely, the
GSr phenotype is marked by the activation of epidermal
growth factor receptor (EGFR) and phosphatidylinositol 3-ki-
nase (PI3K)/mTOR pathways (38), indicating a distinct subset
of metabolically active GSCs responsible for resistance to
chemotherapy and radiotherapy.

GSCs are also implicated in epithelial-mesenchymal tran-
sitioning (36, 45, 46). They drive epithelial-mesenchymal
transition (EMT) by downregulating epithelial markers such
as E-cadherin and upregulating mesenchymal markers like
vimentin and N-cadherin. Not only glioma stem cells them-
selves but also their cell products can be targeted as a novel
diagnostic and therapeutic approach. For example, exo-
somes released by GSCs carry elevated levels of miR-155-5p,
which downregulates acetyl-CoA thioesterase 12, a tumor
suppressor, while promoting mesenchymal transition in re-
cipient glioma cells (47).

Notably, specific biomarkers like CD133, CD44, and Nestin
are frequently enriched in GSCs and associated with glioma
recurrence (48). The expression profile of recurrent glioblas-
tomas often reflects the molecular signature of GSCs, sug-
gesting their contribution to tumor relapse. Targeting these
GSC-specific biomarkers and alterations in gene expression
changes offers promise for eradicating the tumor-initiating
cell population and preventing recurrence (32, 49).

Preclinical studies demonstrated that targeting GSCs
via Hedgehog, NOTCH, and PI3K/AKT signaling inhibi-
tion blocks tumor growth, and significantly prolongs survival
(50-56). Similarly, the expression of Laminin-411in the glioma
microenvironment is linked with cancer stem cell markers
presenting an opportunity for targeted intervention through a
novel nanobioconjugate strategy (57). In addition, LASS2
reduces GSC migration and invasion by promoting tumor cell
apoptosis and inhibiting EMT, suggesting its potential as a
therapeutic target (45). Using GSC-specific biomarkers in tar-
geted therapy approaches will lead to more precise and effi-
cient treatment strategies tailored to individual patients,
ultimately improving outcomes in glioma management.

Epigenetic factors.

Histone modifications regulate chromatin structure and
gene accessibility. These modifications contribute to differ-
ential gene expression profiles between GBM and GSCs (58).
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Figure 1. The role of therapy-resistant glioma stem cells (GSCs) in glioblastoma (GBM) recurrence. Schematic representation of targeting GSCs to
improve treatment outcomes and prevent disease relapse. GSCs within the tumor niche serve as a reservoir for tumor recurrence due to cancer stem

cell characteristics and therapy-resistant profile.

For instance, GSCs display higher levels of histone acetyla-
tion at enhancer regions of stemness-related genes. Histone
deacetylases (HDACS), particularly HDAC6, play a crucial
role in preserving GSC characteristics, such as radioresist-
ance and stemness. Inhibiting HDACs demonstrates signifi-
cant antitumor effects (59).

Studies showed that methylation of the O°-methylgua-
nine-DNA methyltransferase (MGMT) promoter predicts
GBM response to alkylating agents. Dysregulated Polycomb
group (PcG) proteins, key epigenetic regulators, contribute
to GSC tumorigenicity by maintaining repressive chroma-
tin states (60). Differential methylation in GSCs—particu-
larly hypermethylation of genes targeted by the Polycomb
Repressive Complex 2 (PRC2)—is crucial for preserving GSC
stemness and linking these epigenetic patterns to broader
contexts in stem cell biology and cancer (61). GBM exhibits
upregulation of enhancer of zest homolog 2 (EZH2), a key
Polycomb repressor, which is critical for maintaining GSCs.
EZH2 dysfunction in the bone morphogenetic protein
(BMP) pathway converts cytostatic signals into proprolifer-
ative signals, contributing to GSC tumorigenicity (62).
Specific genes like serine peptidase inhibitor (SPINT2), a
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putative tumor suppressor silenced in GSCs through pro-
moter hypermethylation, highlight the role of epigenetic
alterations in disrupting cancer cell signaling (63). In addi-
tion, noncanonical DNA demethylation at the sixth position
of adenine bases [N6-methyladenine (N6-mA)], regulated by
the demethylase AlkB homolog 1 (ALKBH]1), plays a signifi-
cant role in maintaining GSC properties (64). Lysine demeth-
ylase 2B (KDM2B), another GSC-specific DNA demethylase,
acts as an epigenetic remodeler for glioma initiator cells, fur-
ther underscoring the importance of precise DNA methyla-
tion regulation (65). Epigenetic regulation of differentiation
capacity in GSCs involves factors such as Achaete-Scute
family BHLH transcription factor 1 (ASCL1), a pioneer tran-
scription factor and master regulator of neuronal lineage dif-
ferentiation. ASCL1’s role becomes particularly critical in
the context of Notch inhibitor treatments, emphasizing its
therapeutic relevance (66).

Noncoding RNAs (ncRNAs), including microRNAs (miRNAs)
and long noncoding RNAs (IncRNAs), regulate gene expres-
sion posttranscriptionally. Aberrant expression of ncRNAs
influences key processes like apoptosis, metastasis, and pro-
liferation in GSCs. For instance, LINC00461 promotes cell
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cycle progression, whereas Integrative Hepatocyte Growth
Factor Signaling Enhancer Gene (INHEG) enhances GSC
self-renewal and tumorigenicity by regulating rRNA modifi-
cations (67, 68). The long noncoding RNA, nuclear enriched
abundant transcript 1 (NEAT1) has an essential role in EGFR-
driven glioblastomas, especially GSC, triggering p-catenin in
WNT signaling by controlling the EZH2. Recent studies
show that some noncoding RNA, like IncRNA Metastasis
Associated Lung Adenocarcinoma Transcript 1 (MALATI),
and miR-129, can be worked for maintaining the expression
of SOX2, and is a potential biomarker for GSCs (29808528).
The other IncRNA difference between GBM and GSC is gli-
oma stem cell association long noncoding RNA (GSCAR;
ENSG00000250377), which is a 676-bp IncRNA that is signif-
icantly increased in glioma malignant tissues and cell lines,
particularly in GSCs, and has been linked with poor clinical
outcomes (69).

Tumor microenvironment and niche qualities.

The microenvironment of GSCs plays a crucial role in tumor
progression and therapeutic resistance. A key component of
this microenvironment is the tumor vascular niche, which
supports GSC self-renewal and survival (70). Conversely, GSCs
also exert influence on the tumor vasculature, promoting tu-
mor angiogenesis and vasculogenesis (71). GBM vasculature is
structurally abnormal, exhibiting irregular architecture, high
permeability, and severe hypoxia (72). Unlike normal vessels,
GBM vasculature forms through unique processes, including
vascular co-option and vasculogenic mimicry (73).

GSCs secrete proangiogenic factors like vascular endothe-
lial growth factor (VEGF) and hepatoma-derived growth fac-
tor (HDGF), which promote endothelial cell migration and
tube formation (74, 75).

They can also transdifferentiate into endothelial cells, con-
tributing directly to tumor vasculogenesis and vessel-like net-
work formation through vasculogenic mimicry (76, 77). In
addition, GSCs differentiate into pericytes, stabilizing tumor
blood vessels and facilitating tumor growth. Recruitment and
differentiation of GSCs into pericytes are mediated by
signaling pathways such as the stromal cell-derived fac-
tor 1 (SDF-1)/CXCR4 axis and transforming growth factor
B (TGF-pB) secretion (8).

High Mobility Group AT-Hook 2 (HMGA?2), expressed in
GSCs and pericytes, regulates self-renewal and differentiation
into pericytes, highlighting its dual role in GSC maintenance
and vascular niche stabilization (78). Overall, GSCs shape the
tumor vascular niche by driving angiogenesis, vasculogene-
sis, and pericyte differentiation. Understanding these inter-
actions provides critical insights for developing therapies
that target the tumor microenvironment to combat GBM.

Immune system.

GBM has distinctive features, including a suppressive tu-
mor microenvironment, the presence of tumor-associated
microglia and macrophages (TAMs), and dysfunctional T
cell populations (79-82). GSCs contribute to immunosup-
pression, preventing effective immune-modulating thera-
pies (83). GSCs secrete soluble modulators such as TGF-B,
interleukin-10 (IL-10), and prostaglandin E2 (PGE-2), which
exert immunosuppressive effects and evade immune surveil-
lance (84-86).
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IL-10 modulates immune cell activity, downregulating
antigen-presenting molecules in TAMs and impairing
CD4 + T cell activation (87, 88). In addition, IL-10 pro-
motes the differentiation of Treg cells, inducing a sup-
pressive immune phenotype (89). Similarly, TGF-B drives
the conversion of CD4 + T cells into Tregs while inhibi-
ting cytotoxic gene expression and downregulating acti-
vating receptors like NKG2D on CD8 + T and natural killer
(NK) cells (90-92). GSCs also express immune checkpoint
molecules like PDL-1, which interact with PD-1 on T cells,
leading to T cell exhaustion and suppression of immune
responses (93, 94). This interaction increases resistance to
T cell-mediated Kkilling, further contributing to GSC-medi-
ated immune evasion.

Targeted Therapy Strategies for Glioma Stem Cells

Targeting GBM is challenging due to its chemo-resistant
nature and high recurrence rates. Therapeutic efforts focus
on targeting GSCs, the key drivers of recurrence and cancer
persistence. Approaches include molecular pathway inhibi-
tion, biomarker-targeted therapies, chronotherapy, immu-
notherapies, and stem cell-based delivery systems.

Blocking of glioma stem cell-related molecular
pathways.

Several GSC markers and related signaling pathways have
been identified as therapeutic targets, including Wnt, Notch,
Hedgehog (Hh), JAK/STAT, EGFR, and circadian clock genes
(Fig. 2).

Blocking of the following pathways may lead to target
GCSs at the molecular level.

Wnt signaling. Dysregulated Wnt signaling plays a cru-
cial role in GSC self-renewal, tumor invasion, and therapy re-
sistance (95). This pathway facilitates interactions between
GSCs and the tumor microenvironment, enhancing their
invasiveness and survival under stress conditions. The
Semaphorin 3C (Sema3C) pathway acts as an alternative acti-
vator of canonical Wnt signaling by promoting the nuclear
translocation of B-catenin, bypassing upstream Wnt pathway
blockages. Sema3C expression is elevated in ~85% of GBM
cases and enhances GSC invasion, self-renewal, and survival
through the Sema3C/plexinD1/racl/B-catenin/Wnt signaling
axis (96, 97). These findings suggest that dual inhibition
strategies, such as blocking the Wnt pathway with LGK974 (a
Porcupine inhibitor) and suppressing Sema3C using shRNA,
significantly reduce GSC self-renewal and gliomagenesis
(98). A connection between B-catenin and the transcription
factor FoxM1 has also been identified, where FoxM1 regulates
GSC self-renewal and stemness. FoxM1 is upregulated in sev-
eral cancers, including GBM, and contributes to fatty acid
synthesis (FAS), which supports GSC survival and reduces
the expression of stemness markers. Targeting FoxMl1, along-
side inhibiting FAS, offers a promising strategy for reducing
GSC-driven tumor progression.

Notch signaling. In both normal neural stem cells (NSCs)
and GSCs, the Notch signaling system is essential for regulat-
ing differentiation, preserving cellular quiescence, increasing
proliferation, and promoting metastasis. Activation of the
Notch pathway triggers transcription-dependent proc-
esses by releasing the intracellular domains of Notch
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Figure 2. Glioma stem cell (GSC) targeting strategies at the molecular level. Schematic representation of molecular pathways for targeting GSCs, includ-
ing Wnt, Notch, Hedgehog, JAK/STAT, epidermal growth factor receptor (EGFR), and circadian clock pathways. Black lines show normal activities,
whereas the red lines indicate targets that have the ability to reduce or block the activity of related pathways. Red boxes represent inhibition (x) or activa-
tion (v') of certain pathways upon GSC targeting. CK2, casein kinase 2; CLOCK, circadian locomotor output cycles kaput; IFITM3, interferon-induced
transmembrane protein 3; mTOR, mammalian target of rapamycin; NICD, intracellular domains of Notch receptors; PI3K, phosphatidylinositol 3-kinase;

PTEN, phosphatase and tensin homolog; Sema3C, semaphorin 3C.

receptors (NICDs), which mediate downstream signaling
(99). Compounds like RO4929097 effectively inhibit Notch1
by targeting the y-secretase complex, which performs the
final proteolytic step required for NICD release (100).
y-Secretase inhibitors block Notch cleavage, disrupting GSC
maintenance and differentiation. The proneural GSC sub-
type, which expresses higher levels of Notch pathway genes,
shows significantly reduced viability following treatment with
R0O4929097 (101). Furthermore, N-[N-(3,5-difluorophenacetyl-
L-alanyl)]-S-phenylglycine t-butyl ester (DAPT), another y-sec-
retase inhibitor, enhances the therapeutic efficacy of temozo-
lomide (TMZ). By suppressing Notchl signaling, combined
DAPT and TMZ treatment reduces tumorsphere proliferation
and recurrence, underscoring the therapeutic potential of tar-
geting the Notch pathway in glioblastoma (102). Other studies
highlight the broader significance of Notch signaling in GSC
biology. For example, Lim domain only 2 (LMO2), a gene
prominently expressed in GSCs, plays an oncolytic role by
maintaining stem cell properties through Notch pathway acti-
vation (103).
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Hedgehog signaling. The Hedgehog (Hh) signaling sys-
tem assumes a crucial role in the comprehension and man-
agement of glioblastoma, as it is essential for embryonic
development, cell differentiation, proliferation, and tissue
patterning. Key components of this pathway include patched
(Ptch) and smoothened (Smo), which regulate a cascade that
activates the glioma-associated oncogene (Gli) transcription
factors, promoting GSC tumorigenesis (104). Abnormal activa-
tion of Hh-Gli signaling is strongly linked to GSC aggression
and enhanced self-renewal capacity. Studies show that over-
expression of Glil in the central nervous system of model
organisms, such as tadpoles, induces brain tumor formation.
Conversely, Hh signaling inhibitors like cyclopamine effec-
tively suppress glioma cell proliferation and prevent primary
tumor regrowth (105). LDE225, a Smo antagonist, disrupts Gli
protein activation, induces autophagic cell death in GSCs, and
reduces tumor spheroid formation more effectively in GSCs
than in non-GSCs (106). Casein kinase 2 (CK2) also supports
Hh/Gli signaling and GSC maintenance through p-catenin
activation. CX-4945, a selective CK2 inhibitor, reduces MGMT
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expression and increases the sensitivity of tumor cells to
temozolomide (TMZ), highlighting its therapeutic potential
(107). Combining Hh pathway inhibitors with other therapies
has shown synergistic effects; for example, coadministration
of cyclopamine, Notch inhibitors (GSI), and TMZ significantly
enhances cytotoxicity against CD133-positive GSCs (108).

JAK/STAT pathways. The JAK/STAT pathway is cru-
cial for cell survival, proliferation, and tumorigenesis in
GSCs (6). Targeting this pathway has shown therapeutic
potential in glioblastoma. STAT3 inhibitors, such as STX-
0119 and WP1066, reduce GSC proliferation in vitro and in-
hibit tumor growth in vivo. STX-0119 has demonstrated ef-
ficacy in subcutaneous xenograft models, significantly
reducing GSC marker expression, including CD44, NANOG,
Nestin, CD133, and SOX2. It also downregulates STAT3 target
genes, such as MMP9, TGFB1, VEGF, c-Myc, survivin, and
cyclin D1, effectively curtailing tumor progression (109).
Similarly, WP1066 inhibits both JAK2 and STAT3, improving
survival in GBM xenograft models and reducing tumor bur-
den (110). Arsenic trioxide (ATO), another JAK/STAT pathway
inhibitor, decreases STAT3 activation, inducing apoptosis
and reducing GSC stemness. However, clinical translation
has proven challenging; a phase II trial combining ATO with
radiation and temozolomide did not show significant survival
benefits (NCT: 28510787). GSC-derived interferon-inducible
transmembrane protein 3 (IFITM3) stimulates JAK2/STAT3
signaling, driving angiogenesis through robust release of basic
fibroblast growth factor (bFGF). A multitargeted approach
combining anti-VEGF drugs with IFITM3 inhibition could
effectively reduce angiogenesis and therapy resistance
in GBM (111). Other small-molecule inhibitors, such as
0ODZ10117 and Napabucasin, target STAT3-related mecha-
nisms. ODZ10117 inhibits the SH2 domain of STATS3,
whereas Napabucasin disrupts nuclear factor-«B hetero-
dimer formation. Both significantly reduce tumor growth
and compromise GSC stemness in preclinical models (112).
Recent studies highlight the role of X-linked nonreceptor
tyrosine kinase BMX in STAT3 activation. BMX bypasses
suppressor of cytokine signaling 3 (SOCS3)-mediated reg-
ulation, enabling GSCs to maintain malignant pheno-
types. BMX inhibitor ibrutinib disrupts GSC viability and
decreases GBM tumor growth with minimal effects on nor-
mal brain progenitor cells, representing a promising ther-
apeutic strategy (113). In addition, ribosomal S6 protein
kinase 4 (RSK4) contributes to EZH2 inhibitor resistance
in GBM. RSK4 phosphorylates EZH2, activating the EZH2/
STAT3 pathway and promoting drug resistance. RSK4
knockdown restores sensitivity to EZH2 inhibitors and
reduces GSC marker expression. Combining RSK4 inhibitors,
such as BI-D1870, with EZH2 inhibitors has shown significant
efficacy in preventing GBM progression in vivo and in vitro
(114).

EGFR signaling. GSC regulation relies heavily on the
epidermal growth factor receptor (EGFR), whose overexpres-
sion drives self-renewal and tumorigenicity. The most com-
mon EGFR mutation in GBM is EGFR variant III (EGFRVIII),
found in 25%-33% of cases. Targeted therapies using bispe-
cific antibodies against EGFRVIII and CD133 have demon-
strated increased cytotoxicity toward EGFRVIII/CD133-
positive GSCs, highlighting their therapeutic potential (6).
EGFR inhibitors offer a promising strategy for halting GSC
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growth and promoting apoptosis. However, first-generation
EGFR inhibitors, such as erlotinib and gefitinib, have shown
limited efficacy, with less than 20% of patients responding
favorably when these agents are used as initial therapy for
glioma (115). Despite this, EGFR blockade sensitizes glioma
GSCs to radiation and chemotherapy, suggesting its value in
combination therapies. The tumor suppressor phosphatase
and tensin homolog (PTEN), often lost or mutated in glio-
mas, is thought to underlie the limited response to EGFR
inhibitors. PTEN is essential for maintaining neural precur-
sor cells through mTOR pathway activation. Promising
results from rapamycin clinical trials indicate that combin-
ing rapamycin with EGFR inhibitors may overcome TMZ
resistance in GBM cells (116). ZR2002, a novel “combi-mole-
cule,” irreversibly blocks EGFR tyrosine Kinase activity and
induces DNA damage via its chlorethyl moiety. In preclin-
ical studies, ZR2002 exhibited potent antiproliferative
effects on GSCs while sparing healthy astrocytes. It signif-
icantly reduced EGFR, Erkl/2, and AKT phosphorylation
and improved survival in mice bearing intracranial mes-
enchymal TMZ-resistant GSC lines (117).

Biomarker discovery.

Although ongoing studies present several GSC-related mo-
lecular markers, further research is needed to understand
the molecular basis of GSC biology and its connection to tu-
mor recurrence. Such insights could drive the discovery of
novel biomarkers and therapeutic targets.

Long noncoding RNA INHEG: a guardian of GSC
self-renewal. Long noncoding RNAs (IncRNAs) are Key reg-
ulators in various malignancies, including GBM. INHEG, a
IncRNA, has been shown to enhance GSC self-renewal
and gliomagenesis. CRISPR/Cas9-mediated overactiva-
tion of INHEG in GSC cell lines increases their prolifera-
tive capacity, making INHEG a potential therapeutic
target for halting GBM progression (68).

MEIS1 and CREBS: important roles in GSC function.
Myeloid ecotropic viral integration site 1 (MEIS1) is upregu-
lated in gliomas and is critical for cellular proliferation and
growth. Silencing MEISI1 reduces GSC proliferation and cor-
relates with improved patient outcomes, making it a
potential biomarker and therapeutic target (118). Similarly,
cAMP response element-binding protein (CREBS) is highly
expressed in undifferentiated GSCs and associated with
poor prognosis. Suppression of CREBS limits GSC prolifer-
ation and self-renewal, presenting another viable thera-
peutic target (119).

NRF?2 signaling: a double-edged sword in cancer stem-
ness. Nuclear factor E2-related factor 2 (NRF2) enhances
cancer stem cell traits, including treatment resistance, in
various cancers. In GSCs, NRF2 silencing reduces stemness
markers and GSC numbers. Targeting NRF2, particularly
its interactions with mitochondrial NIX and the hypoxia-
induced VEGF-GSC axis, offers a promising therapeutic
approach (120).

IL-6: a glioma development catalyst. Interleukin-6 (IL-
6), a senescence-associated secretory phenotype (SASP) fac-
tor, plays a key role in GSC-driven glioma progression, espe-
cially after chemotherapy and radiation. Targeting IL-6 or its
receptors using short hairpin RNAs reduces GSC develop-
ment and neurosphere-forming ability, providing a potential
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strategy to slow GBM progression and improve patient sur-
vival (121).

miRNA therapeutics: a tool for control of cancerous
gene expression. Micro RNA (miRNA) based therapeutics
have great potential, as evidenced by the finding of miRNAs
like miR-17-3p, miR-222, and miR-340 that are linked to poor
survival. These miRNAs may be targets for various treatment
approaches intended to prevent the formation of tumors and
impair the viability of GBM stem cells (122).

Chronotherapy.

Mammal physiology and behavior are regulated by the cir-
cadian rhythm, which orchestrates various biological
functions across organs, tissues, and cells, including tu-
mor cells. Central clock proteins, such as aryl hydrocar-
bon receptor nuclear translocator-like protein 1 (BMAL1)
and circadian locomotor output cycles kaput (CLOCK), form
heterodimers that bind to E-box sequences in the promoter
regions of circadian genes, such as PER1, PER2, PER3 (period
genes) and CRY1, CRY2 (cryptochrome genes), initiating
their transcription (123). Variations in clock gene expression
influence glioma biology. According to the Cancer Genome
Atlas, BMALI is upregulated in high-grade gliomas but is
downregulated in patient-derived GSCs. Reduced BMAL1
expression decreases mitochondrial metabolic activity and
tricarboxylic acid cycle (TCA) enzyme levels, leading to cell-
cycle arrest and apoptosis in GSCs (124). In mouse models,
BMAL1 knockdown inhibited tumor formation, extended
lifespan, and suppressed GSC proliferation without affecting
normal neural stem cell growth. This suggests that BMALI is
essential for GSC survival and a promising therapeutic tar-
get. Its role in regulating metabolic processes like glycolysis
and the TCA cycle demonstrates how GSCs adapt their
metabolism via circadian and epigenetic alterations
(124). CLOCK is another critical circadian regulator.
Depleting CLOCK impairs GSC renewal, reduces glycoly-
sis and TCA cycle enzyme expression, and induces apo-
ptosis and cell-cycle arrest, further supporting its role in
GSC metabolism and survival (125). PER2, a circadian pro-
tein, also plays a key role in gliomagenesis. GSCs exhibit
reduced PER2 mRNA and protein levels. Overexpression of
PER2 inhibits GSC growth by arresting cells in the GO/G1
phase of the cell cycle. PER2 downregulates proteins linked
to GSC invasiveness and stemness, such as Wnt7b, p-catenin,
MMP2, MMP9, and c-Myc, through targeting the Wnt/p-cate-
nin signaling pathway (126). Therapeutic approaches tar-
geting circadian proteins have shown promise. KLOO1
and its derivative SHP656 stabilize CRY1/2 levels and ex-
hibit antitumor effects in GSCs. Administration of KL0OO1
enhances GSC apoptosis and reduces migration and pro-
liferation. In addition, SR9009, a circadian rhythm-mod-
ulating drug, alters tumor metabolism by increasing lipid
droplet size in T98G cells and reducing the expression of
genes involved in glycolysis, the TCA cycle, and lipid me-
tabolism in GSCs (127, 128).

Immunotherapy.

Cancer’s ability to suppress the immune response is a key
hallmark, and GBM exemplifies this through its immuno-
suppressive tumor microenvironment. Although the brain
possesses immune surveillance mechanisms that activate
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under pathogenic conditions, brain tumors like GBM actively
suppress these responses (129-131). GBM is classified as a
“cold” tumor due to its limited immune response, enriched
with cells that inhibit antitumor immunity by reducing T cell
and dendritic cell migration and activity. These adaptations
allow GBM to escape immune detection and develop resist-
ance (132). Among GBM cells, GSCs exhibit unique features,
including self-renewal, tumor progression, and resistance to
standard treatments, making them particularly challenging
therapeutic targets (133-135). The pathways driving GSC re-
sistance and tumorigenesis vary among patients, complicat-
ing the development of universal treatment strategies. These
challenges have spurred interest in next-generation cancer
therapies like immunotherapy, which offers a promising alter-
native for targeting GSCs by leveraging the immune system.

Immunotherapy reduces and eliminates the immunosup-
pressive effects of GSCs through approaches such as mono-
clonal antibodies (mAbs) or by stimulating the patient’s
immune response. Rather than directly targeting tumor
cells, immunotherapy enhances the immune system’s speci-
ficity and strength against cancer cells (136). Numerous clinical
trials have demonstrated the potential of immunotherapeutic
approaches in GBM treatment. These include monoclonal
antibodies, cytokines, vaccines, immune checkpoint inhibi-
tors, oncolytic viruses, and cell-based delivery systems.
Their effectiveness may stem from enhanced suppression of
GSCs and the targeted engagement of stem cell antigens to
bolster antitumor immunity (137-139). Immunotherapeutic
strategies for glioblastoma have been extensively examined
in previous literature (140, 141). In this review, we concen-
trate on studies and trials specifically targeting cancer stem
cells and GSCs (Table 1).

T and NK cell-based therapies. Adoptive immunother-
apy involves manipulating a patient’s immune cells ex vivo
to target glioma antigens before reintroducing them into the
patient. This strategy leverages the body’s immune system
to combat GSCs and prevent tumor growth and progression
(142, 143). The use of cytotoxic T lymphocytes (CTLs) has
shown promise in targeting tumor-associated antigens. CTLs
are isolated from the patient, selected for antitumor specific-
ity, expanded ex vivo, and then reintroduced into the patient
to attack cancer cells (Fig. 3). However, the effectiveness of
CTL-mediated GSC targeting has not yet been evaluated in
a large-scale clinical trials (144, 145). NK cell-based thera-
pies are less common but hold significant promise due to
NK cells’ ability to recognize transformed cells without the
need for specific antigens. This broad recognition mini-
mizes damage to healthy cells (146). CAR-NK cells, which
are genetically engineered to target cancer-specific antigens
like chimeric antigen receptor-T (CAR-T) cells (Fig. 3), repre-
sent an emerging strategy to combat chemotherapy-resistant
GSC populations (147-149).

Chimeric antigen receptor (CAR)-T cell therapy has been
intensively studied in cancer immunotherapy in recent years
(150). This strategy involves engineering T cells with CARs to
recognize specific antigens, enhancing their ability to bind
and destroy cancer cells. CARs combine antigen-binding
and T cell-activating properties, enabling precise targeting of
tumor cells (151). CAR-T cell therapy works by increasing the
interaction between malignant cells and T cells and regulat-
ing the secretion of various interleukins (ILs) in the tumor
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Table 1. Recent clinical trials focusing on targeting glioma stem cells

Category Intervention ROA Disease Phase Trial Number
Mapping tumor Glioma stem cell marker N/A High-grade glioma Obs. NCT 05556486
stem cells GlioStem
Vaccine Dendritic cells loaded with Intradermal Recurrent gioblas- Phase | NCT 01171469
brain tumor stem cells toma, ependymoma,
or medulloblastoma
Dendritic cell vaccine Intradermal Newly diagnosed or Phase | NCT 02010606
recurrent
glioblastoma
Dendritic cells transfected with Intradermal Glioblastoma Phase II/1ll NCT 03548571
mRNA from autologous tu-
mor stem cells
Dendritic cell vaccine with Intradermal Glioblastoma Phase I/l NCT 00846456
mRNA from tumor stem cells
Dendritic cell vaccine with Intradermal Glioblastoma Phase | NCT 00890032
mRNA from tumor stem cells
Dendritic cell vaccine with Intradermal Glioblastoma Phase I/l NCT 00846456
mRNA from tumor stem cells
Dendritic vaccine, allogeneic DC: subcutaneous Glioblastoma Phase II/1ll NCT 01759810
hematopoietic stem cells, cy- HSC: intervertal
totoxic lymphocytes CTL: intrathecal
Immunotherapy + PD-1 antibody (Carilizumab) + N/A Glioblastoma Phase Il NCT 04888611
vaccine autologous glioblastoma
stem-like cell antigens-
primed dentiritic cell
vaccines
Chemotherapy Liposomal encapsulated Ara-C Intraventricular Glioblastoma Phase I/l NCT 01044966
(DepoCyt)
Diagnostic ChemolD assay + Intravenous Glioblastoma Phase llI NCT 03632135
chemotherapy
Cancer stem cell high-through- N/A Glioblastoma Phase | NCT 02654964
put drug screening + com-
bination drug therapy
Cancer stem cell high-through- N/A Newly diagnosed Early Phase | NCT 05380349
put drug screening + com- glioblastoma
bination drug therapy
Cancer stem cell high-through- N/A Glioblastoma Early Phase | NCT 05043701

put drug screening + com-
bination drug therapy

CTL, cytotoxic T lymphocytes; DC, dendritic cells; HSC, hematopoietic stem cell; ROA, route of administration.

microenvironment (152). Extensive research over many years
has led to modification and improvement of the CAR struc-
ture. These modifications aim to strengthen signaling path-
ways and promote targeted cytokine release. Each CAR-T
generation contains different stimulatory components that
can elicit different cytokine responses (153).

Due to the high incidence of hematological malignancies
and their specific cell surface markers (CD19), these malig-
nancies have become the focus of CAR-T cell therapy.
Although initial CAR-T clinical trials focused on hematologi-
cal malignancies, recent studies have explored CAR-T ther-
apy in solid tumors like glioblastoma. There are many CAR-
T cell therapy clinical trials performed on solid tumors,
including glioblastoma (154), hepatocarcinoma (155), gastric
cancer (156), lung cancer (157), renal cancer (158), and pros-
tate cancer (159).

In CAR-T cell therapy for solid tumors, many antigens
such as human epidermal growth factor receptor 2 (HER2),
interleukin-13 receptor subunit o-2 (IL-13Rs2), GD2, ROR1,
EGFR, EGFRVIII, CEA, CD133, and MUCI1 have been targeted
in clinical studies (154, 160-162). Targeted studies of CAR-T
cell therapy specifically for glioblastoma have revealed
promising results on the targetability of brain tumors. This
therapy targets glioblastoma-specific antigens, including

C1052

EGFR wt, EGFRVIII, and interleukin-13 receptor subunit o-2
(IL-13Ro2) (163, 164). CAR-T cells can infiltrate glioblas-
toma, become activated in the glioblastoma microenviron-
ment, and activate a variety of adaptive cellular responses
in patients. However, due to the heterogeneity of glioblas-
toma, loss of tumor antigens during tumor progression,
exhaustion of CAR-T cells in the TME, activation of compen-
satory adaptive resistance mechanisms, and upregulation of
immunosuppression, CAR-T cells need to be combined with
other treatments. In addition to CAR-T therapy being given
in combination with other treatments, CAR-T cells targeting
multiple different antigens also offer an improved treatment
option. Preclinical studies show that trivalent CAR-T cells
that together target human epidermal growth factor receptor
2 (HER2), IL-13Ro2, and EPH receptor A2 (EphA2) are more
effective than bivalent or monovalent CAR-T cells (165-167).

Stem cell-based therapies.

Stem cell-based therapies are emerging as innovative and
promising strategies, particularly for solid tumors like
GBM. These therapies aim to overcome the limitations of
conventional treatments by combining targeted therapeu-
tic approaches with cell-based delivery systems to enhance
clinical outcomes (168). Using genetic engineering tools—

AJP-Cell Physiol « doi:10.1152/ajpcell.00344.2024 - www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


http://www.ajpcell.org

() TARGETING GLIOMA STEM CELLS TO ERADICATE TUMOR RECURRENCE

j i Surgery

Cé @ Chemotherapy

Blood is taken from
the patient to collect
white blood cells /

Patient Derived
T or NK cells

Infusion of CAR-T
cells back into the
patient's bloodstream

s S
' IL13-Ra2 k
' EGFRVIII
" HER2
Dual Tandem
CAR CAR
CAR plasmid

~

T cells engineered to
express CAR on their cell
surface can recognize
cancer cells

CAR gene is
introduced into T
cells using viral
vectors

CAR-T/NK cells

Transcription

CAR
7,\/, Promoter 7,\' Gene A"/ N7,

Figure 3. Potential chimeric antigen receptor-T (CAR-T)/natural killer (NK) cell therapy route to target glioma stem cells (GSCs). Chimeric antigen recep-
tor-T/NK cell therapy is a treatment method in which T/NK cells obtained from the patient are genetically modified in a laboratory environment to bind to
certain antigens on cancer cells and kill them. The pioneering approach can be adapted to target GSCs. Therapy schedule composed of subsequent
procedures. Primarily, standard treatment methods including surgery, chemotherapy, and radiotherapy are applied to the patients (7). Blood is taken
from the patient to collect white blood cells (2). CAR gene is introduced into T cells using viral vectors (3). T cells engineered to express CAR (variable)
on their cell surface can recognize cancer cells (4). Infusion of CAR-T cells back into the patient’s bloodstream (5).

such as viral or nonviral delivery of targeted therapeutics,
SshRNA/miRNA regulation, CRISPR/Cas gene editing, onco-
lytic virotherapy, nanoparticles, and photodynamic therapy—
this approach seeks to reduce tumor burden and improve sur-
vival of patients with GBM, either directly or as an adjuvant
therapy (Fig. 4).

In this context, stem cell-based therapies may potentially
be effective to address challenges hard to treat GSCs due to
the feasible properties of stem cells such as tumor tropism,
multimodality, and continuous onsite microfabrication of
therapeutics.

Stem cells can be modified and served as a vehicle to target
GSCs in several ways such as anti-GSC micro RNA (miRNA)
delivery. One possible candidate is miR-302-367 cluster to
decrease tumors. Primary glioma cells have been modified
to express miR-302-367 consistently under cancer-against-
cancer approaches. Surprisingly, these cells changed the
expression of stemness markers, the proliferation, and the
tumorigenicity of nearby glioblastoma cells in a paracrine-
dependent manner. Additional analysis of the secretome
produced by cells expressing miR-302-367 revealed that a
significant portion of the protein was encased in exo-
somes, which the nearby glioblastoma cells ingested.
Targets of miR-302-367, including CXCR4/SDF1, SHH,
cyclin D, cyclin A, and E2F1, were inhibited as a result of
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this cell-to-cell transfer. Mice brain tumor development
was effectively redirected by an orthotopic xenograft of
glioblastoma stem-like cells coexpressing miR-302-367
(169).

Bone morphogenetic protein 4 (BMP4), a pivotal factor
during embryogenesis, has demonstrated efficacy in sup-
pressing GSC tumorigenicity. Direct delivery of BMP4 into
the tumor microenvironment using BMP4-coated acrylic
beads improved survival in glioma-bearing animals. In one
study, more than 75% of tumor-bearing mice became tumor-
free after systemic injection of human adipose-derived mes-
enchymal stem cells (hAMSCs) transduced with a retroviral
vector expressing BMP4 (170).

Recent approaches focus on engineering stem cells to deliver
bacterial toxin fusions that disrupt cellular translation machin-
ery. Pseudomonas exotoxin (PE)-fused recombinant proteins
have been explored as treatments for GBM, but systemic toxic-
ity, short therapeutic half-life, and off-target effects have hin-
dered clinical translation. To address these challenges, toxin-
resistant human neural stem cells were engineered to secrete
PE-cytotoxins targeting EGFR (Nb-PE) or IL13Ro2 (IL13-PE),
which are expressed on GBM cells, including GSCs. Stem cell-
based delivery of IL13-PE significantly improved long-term sur-
vival in a GBM resection mouse model compared with direct
infusion of recombinant IL13-PE. This strategy effectively

C1053

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


http://www.ajpcell.org

() TARGETING GLIOMA STEM CELLS TO ERADICATE TUMOR RECURRENCE

Standard Therapy |

Gliomas resistance and recurrence

Glioblastoma

)

%\ ........ Potential GSCs biomarkers
=S « SOX-2
« NANOG
CRISPR/Cas 3 : e CHRDL1
Genome Editing : o OCT-4
. shRNA/miRNA e CD133
g e
=i 4"\. L * Nestin )
N - Tt'\ ! Prolong Patient Survival
anoparticule

&

g

=

(¢}
A _

Macrophage ="t Fibroblast * Mesenchymal

stem cell

:‘ Chemotherapy @ Radiotherapy

____________________________________________________________________________________________________________________________________________

Figure 4. Stem cell-based glioma stem cell (GSC) targeting therapy approach. Stem cells can be engineered to target GSCs using several technical tools
such as CRISPR/Cas gene editing, shRNAs, miRNAs, nanoparticles etc., which may block or lower the rate of tumor relapse and result in prolonged

patient survival.

targets residual GSC populations responsible for tumor recur-

rence, highlighting its clinical potential (171).

DISCUSSION

Conventional GBM treatments often fail to achieve dura-
ble outcomes, particularly regarding recurrence and long-

term survival. Despite initial responses to surgery, radiation,
and chemotherapy, GBM frequently recurs, resulting in a
dismal prognosis. This recurrence is largely driven by GSCs,
which possess unique cellular and molecular characteristics
that confer therapy resistance and promote tumor regrowth.
GSCs contribute to recurrence through enhanced DNA repair
mechanisms, activation of prosurvival signaling pathways
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(e.g., PI3BK/AKT and Notch), and evasion of apoptosis. In
addition, their ability to exploit the tumor microenviron-
ment and undergo epithelial-mesenchymal transition (EMT)
enables invasion and resistance to conventional treatments.

Targeting GSCs is pivotal for improving GBM outcomes by
addressing the root cause of recurrence. Developing thera-
pies that specifically disrupt GSC survival and signaling
pathways could significantly enhance survival rates.

Several innovative approaches have been explored to com-
bat GBM recurrence. For instance, a prospective biomedical
study (NCT01872221) demonstrated that magnetic resonance
spectroscopy imaging can identify metabolic tumor regions
likely to recur, marked as Choline-to-N-Acetylaspartate
Index (CNI)+ areas. Biopsies from CNI+ areas generated
GSC-enriched neurospheres faster than those from CNI—
regions and were associated with poorer patient outcomes.
This study underscores the importance of detecting glioma
stem cell burden and tailoring treatments accordingly (172).

Similarly, a randomized phase III clinical trial (NCT03632135)
evaluated the ChemoID assay, a clinically validated personal-
ized tool for identifying CSC-targeted cytotoxic therapies.
This assay enhances survival by identifying optimal chemo-
therapeutic agents or combinations targeting both bulk tu-
mor cells and GSCs. Additional studies have corroborated the
utility of ChemolID in improving survival outcomes in recur-
rent and advanced gliomas (173-176).

Other clinical trials (NCT02654964, NCT05380349, and
NCTO05043701) have investigated Cancer Stem Cell High-
Throughput Drug Screening (CSC-HTS), which facilitates
personalized drug combinations to target CSCs and delay tu-
mor progression. Personalized approaches revealed by HTS
could serve as a critical step in precision medicine, address-
ing patient-specific drug sensitivities (177-179).

FUTURE PERSPECTIVES

Future research should focus on multitargeted therapies
to address the interconnected and redundant signaling path-
ways within GSCs. Simultaneous suppression of multiple
pathways could enhance therapeutic efficacy and circum-
vent resistance mechanisms. Moreover, integrating targeted
therapies with standard treatments like radiation and chem-
otherapy may vyield synergistic effects, improving patient
outcomes.

Overcoming the blood-brain barrier (BBB) remains a sig-
nificant challenge in delivering effective drugs to GSCs.
Innovative strategies to improve BBB penetration, such as
nanoparticle-based delivery systems, could enhance ther-
apeutic efficiency. In addition, the development of nonin-
vasive biomarkers for early detection and monitoring
treatment response will play a crucial role in optimizing
GBM management.

Emerging therapies targeting circadian clock genes, such
as those involving miR-302-367, BMP4, and stem cell-medi-
ated delivery of Pseudomonas exotoxin (PE)-cytotoxins,
show substantial promise. These approaches have demon-
strated potential not only for slowing tumor progression but
also for improving survival rates. Their practical implemen-
tation could transform current treatment paradigms into
more focused, less toxic strategies.
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Personalized medicine is crucial for tackling the heteroge-
neity of GBM and GSC biomarkers. Molecular profiling has
revealed significant variability in genetic alterations and sig-
naling pathways among patients. Techniques such as tran-
scriptomics, immunophenotyping, and epigenetic profiling
expand the scope of precision medicine beyond traditional
genomic approaches. These innovations enable the develop-
ment of therapies tailored to individual patient profiles,
improving efficacy while minimizing off-target effects.

In addition, CAR-T/NK immunotherapy models and stem
cell-based delivery options offer new avenues for combating
GBM recurrence. CAR-engineered immune cells can directly
or indirectly target GSCs, whereas stem cells can serve as
multimodal delivery vehicles. Used as adjuvant therapies,
these strategies may significantly enhance primary treat-
ments, paving the way for improved survival rates.

In conclusion, advancing basic research and clinical trials
focused on GSCs will provide innovative solutions to over-
come GBM recurrence. These efforts have the potential to
transform glioblastoma management, offering patients more
effective, tailored treatment options that address the under-
lying molecular drivers of this challenging disease.

ACKNOWLEDGMENTS

We thank istanbul Medipol University, Research Institute for
Health Sciences and Technologies (SABITA) for providing
research facilities. The figures were created by the authors using
BioRender and publishing licences were provided.

GRANTS

We thank the Scientific and Technological Research
Council of Turkey (TUBITAK) for supporting our preclinical
anticancer research studies. We also thank Istanbul Medipol
University Scientific Research Project Commission for sup-
porting the undergraduate research studies of B.S.K. and B.S.
under Project Numbers 1919B012000558 and 1919B012220136,
respectively.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

S.M.E, B.SK, and N.K. conceived and designed research; SM.E.,
B.SK, RK, and H.B.S. prepared figures; SM.E.,, BSK, RK, HB.S.,
B.S., and N.K. drafted manuscript; S.M.E.,, B.S K, RK, HB.S., and N.K.
edited and revised manuscript; S.M.E,, BSK, RK, HB.S., B.S,, and
N.K. approved final version of manuscript.

REFERENCES

1. Ostrom QT, Gittleman H, Truitt G, Boscia A, Kruchko C, Barnholtz-
Sloan JS. CBTRUS statistical report: primary brain and other central
nervous system tumors diagnosed in the United States in 2011-2015.
Neuro Oncol 20, Suppl 4: iv1—-iv86, 2018 [Erratum in Neuro Oncol 23:
508-522, 2018]. doi:10.1093/NEUONC/NOY131.

2. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ,
Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger K, Hau P,
Brandes AA, Gijtenbeek J, Marosi C, Vecht CJ, Mokhtari K,
Wesseling P, Villa S, Eisenhauer E, Gorlia T, Weller M, Lacombe D,
Cairncross JG, Mirimanoff RO; European Organisation for Research

C1055

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


https://doi.org/10.1093/NEUONC/NOY131
http://www.ajpcell.org

10.

.

12.

13.

14.

15.

16.

C1056

() TARGETING GLIOMA STEM CELLS TO ERADICATE TUMOR RECURRENCE

and Treatment of Cancer Brain Tumour and Radiation Oncology
Groups, National Cancer Institute of Canada Clinical Trials Group.
Effects of radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a randomised
phase Il study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol
10: 459-466, 2009. doi:10.1016/51470-2045(09)70025-7.

Weller M, Cloughesy T, Perry JR, Wick W. Standards of care for
treatment of recurrent glioblastoma—are we there yet? Neuro Oncol
15:4-27,2013. doi:10.1093/NEUONC/NOS273.

Wen PY, Weller M, Lee EQ, Alexander BM, Barnholtz-Sloan JS,
Barthel FP, et al. Glioblastoma in adults: a Society for Neuro-
Oncology (SNO) and European Society of Neuro-Oncology (EANO)
consensus review on current management and future directions.
Neuro Oncol 22:1073-1113, 2020. doi:10.1093/NEUONC/NOAA106.
Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB,
Dewhirst MW, Bigner DD, Rich JN. Glioma stem cells promote
radioresistance by preferential activation of the DNA damage
response. Nature 444:756-760, 2006. doi:10.1038/NATUREO05236.
Kang H, Lee H, Kim D, Kim B, Kang J, Kim HY, Youn H, Youn B.
Targeting glioblastoma stem cells to overcome chemoresistance: an
overview of current therapeutic strategies. Biomedicines 10: 1308,
2022. doi:10.3390/BIOMEDICINES10061308.

Chen R, Nishimura MC, Bumbaca SM, Kharbanda S, Forrest WF,
Kasman IM, Greve JM, Soriano RH, Gilmour LL, Rivers CS,
Modrusan Z, Nacu S, Guerrero S, Edgar KA, Wallin JJ, Lamszus K,
Westphal M, Heim S, James CD, VandenBerg SR, Costello JF,
Moorefield S, Cowdrey CJ, Prados M, Phillips HS. A hierarchy of
self-renewing tumor-initiating cell types in glioblastoma. Cancer Cell
17: 362-375, 2010. doi:10.1016/J.CCR.2009.12.049.

Cheng L, Huang Z, Zhou W, Wu Q, Donnola S, Liu JK, Fang X,
Sloan AE, Mao Y, Lathia JD, Min W, McLendon RE, Rich JN, Bao S.
Glioblastoma stem cells generate vascular pericytes to support ves-
sel function and tumor growth. Cel/153: 139-152, 2013. doi:10.1016/J.
CELL.2013.02.021.

Lathia JD, Mack SC, Mulkearns-Hubert EE, Valentim CLL, Rich JN.
Cancer stem cells in glioblastoma. Genes Dev 29: 1203-1217, 2015.
doi:10.1101/GAD.261982.115.

Mattei V, Santilli F, Martellucci S, Monache SD, Fabrizi J,
Colapietro A, Angelucci A, Festuccia C. Molecular sciences the im-
portance of tumor stem cells in glioblastoma resistance to therapy.
Int J Mol Sci 22: 3863, 2021. doi:10.3390/ijms22083863.

Chan JL, Lee SW, Fraass BA, Normolle DP, Greenberg HS, Junck
LR, Gebarski SS, Sandler HM. Survival and failure patterns of high-
grade gliomas after three-dimensional conformal radiotherapy. J
Clin Oncol 20:1635-1642, 2002. doi:10.1200/JC0.2002.20.6.1635.
Bregy A, Shah AH, Diaz MV, Pierce HE, Ames PL, Diaz D, Komotar
RJ. The role of Gliadel wafers in the treatment of high-grade glio-
mas. Expert Rev Anticancer Ther 13: 1453-1461, 2013. doi:10.1586/
14737140.2013.840090.

Stupp R, Brada M, van den Bent MJ, Tonn JC, Pentheroudakis G;
ESMO Guidelines Working Group. High-grade glioma: ESMO
Clinical Practice Guidelines for diagnosis, treatment and follow-up.
Ann Oncol 25, Suppl 3: iii93—iii101, 2014. doi:10.1093/ANNONC/
MDUOS50.

Gilbert MR, Wang M, Aldape KD, Stupp R, Hegi ME, Jaeckle KA,
Armstrong TS, Wefel JS, Won M, Blumenthal DT, Mahajan A, Schultz
CJ, Erridge S, Baumert B, Hopkins Kl, Tzuk-Shina T, Brown PD,
Chakravarti A, Curran WJ Jr, Mehta MP. Dose-dense temozolomide
for newly diagnosed glioblastoma: a randomized phase lll clinical trial.
J Clin Oncol 31: 4085-4091, 2013. doi:10.1200/JC0O.2013.49.6968.
Hoogstrate Y, Draaisma K, Ghisai SA, van Hijfte L, Barin N, de
Heer |, Coppieters W, van den Bosch TPP, Bolleboom A, Gao Z,
Vincent AJPE, Karim L, Deckers M, Taphoorn MJB, Kerkhof M,
Weyerbrock A, Sanson M, Hoeben A, Lukacova S, Lombardi G,
Leenstra S, Hanse M, Fleischeuer REM, Watts C, Angelopoulos N,
Gorlia T, Golfinopoulos V, Bours V, van den Bent MJ, Robe PA,
French PJ. Transcriptome analysis reveals tumor microenvironment
changes in glioblastoma. Cancer Cell 41: 678-692.e7, 2023. doi:10.1016/
J.CCELL.2023.02.019.

Draaisma K, Chatzipli A, Taphoorn M, Kerkhof M, Weyerbrock A,
Sanson M, Hoeben A, Lukacova S, Lombardi G, Leenstra S, Hanse
M, Fleischeuer R, Watts C, McAbee J, Angelopoulos N, Gorlia T,
Golfinopoulos V, Kros JM, Verhaak RGW, Bours V, van den Bent
MJ, McDermott U, Robe PA, French PJ. Molecular evolution of IDH

20.

21

22.

23.

24.

25.

26.

27.

28.

wild-type glioblastomas treated with standard of care affects survival
and design of precision medicine trials: a report from the EORTC 1542
study. J Clin Oncol 38: 81-99, 2020. doi:10.1200/JC0.19.00367.
Wang Q, Hu B, Hu X, Kim H, Squatrito M, Scarpace L, deCarvalho
AC, Lyu S, Li P, Li Y, Barthel F, Cho HJ, Lin YH, Satani N, Martinez-
Ledesma E, Zheng S, Chang E, Sauvé CG, Olar A, Lan ZD,
Finocchiaro G, Phillips JJ, Berger MS, Gabrusiewicz KR, Wang G,
Eskilsson E, Hu J, Mikkelsen T, DePinho RA, Muller F, Heimberger
AB, Sulman EP, Nam DH, Verhaak RGW. Tumor evolution of gli-
oma-intrinsic gene expression subtypes associates with immu-
nological changes in the microenvironment. Cancer Cell 32: 42—
56.e6, 2017 [Erratum in Cancer Cell 33: 152, 2018]. doi:10.1016/J.
CCELL.2017.06.003.

Hunter C, Smith R, Cahill DP, Stephens P, Stevens C, Teague J et
al. A hypermutation phenotype and somatic MSH6 mutations in
recurrent human malignant gliomas after alkylator chemotherapy.
Cancer Res 66: 3987-3991, 2006. doi:10.1158/0008-5472.CAN-06-
0127.

Yip S, Miao J, Cahill DP, lafrate AJ, Aldape K, Nutt CL, Louis DN.
MSH6 mutations arise in glioblastomas during temozolomide ther-
apy and mediate temozolomide resistance. Clin Cancer Res 15:
4622-4629, 2009 [Erratum in Clin Cancer Res 19: 4543-4544,
2013]. doi:10.1158/1078-0432.CCR-08-3012.

Cahill DP, Levine KK, Betensky RA, Codd PJ, Romany CA, Reavie
LB, Batchelor TT, Futreal PA, Stratton MR, Curry WT, Lafrate AJ,
Louis DN. Loss of the mismatch repair protein MSH6 in human glio-
blastomas is associated with tumor progression during temozolo-
mide treatment. Clin Cancer Res 13: 2038-2045, 2007. doi:10.1158/
1078-0432.CCR-06-2149.

Kim H, Zheng S, Amini SS, Virk SM, Mikkelsen T, Brat DJ, Grimsby
J, Sougnez C, Muller F, Hu J, Sloan AE, Cohen ML, Van Meir EG,
Scarpace L, Laird PW, Weinstein JN, Lander ES, Gabriel S, Getz G,
Meyerson M, Chin L, Barnholtz-Sloan JS, Verhaak RGW. Whole-ge-
nome and multisector exome sequencing of primary and post-treat-
ment glioblastoma reveals patterns of tumor evolution. Genome Res
25:316-327, 2015. doi:10.1101/GR.180612.114.

Wang J, Cazzato E, Ladewig E, Frattini V, Rosenbloom DIS, Zairis
S, Abate F, Liu Z, Elliott O, Shin YJ, Lee JK, Lee IH, Park WY, Eoli M,
Blumberg AJ, Lasorella A, Nam DH, Finocchiaro G, lavarone A,
Rabadan R. Clonal evolution of glioblastoma under therapy. Nat
Genet 48:768-776, 2016. doi:10.1038/NG.3590.

Chen C, Jing W, Chen Y, Wang G, Abdalla M, Gao L, Han M, Shi C,
Li A, Sun P, Jiang X, Yang Z, Zhang S, Zhang J, Tang C, Liu Y,
Zhang R, Xu F, Dong B, Li X, Liu M, Qiang B, Sun Y, Wei X, Li J, Hu
Q, Jiang X. Intracavity generation of glioma stem cell-specific CAR
macrophages primes locoregional immunity for postoperative glio-
blastoma therapy. Sci Trans!/ Med 14: eabn1128, 2022. doi:10.1126/
SCITRANSLMED.ABN1128.

Knudsen AM, Halle B, Cédile O, Burton M, Baun C, Thisgaard H,
Anand A, Hubert C, Thom 1 M, Michaelsen SR, Olsen BB,
Dahlirot RH, Bjerkvig R, Lathia JD, Kristensen BW. Surgical resec-
tion of glioblastomas induces pleiotrophin-mediated self-renewal of
glioblastoma stem cells in recurrent tumors. Neuro Oncol 24: 1074—
1087, 2022. doi:10.1093/NEUONC/NOAB302.

Suva ML, Rheinbay E, Gillespie SM, Patel AP, Wakimoto H, Rabkin
SD, Riggi N, Chi AS, Cahill DP, Nahed BV, Curry WT, Martuza RL,
Rivera MN, Rossetti N, Kasif S, Beik S, Kadri S, Tirosh I, Wortman |,
Shalek AK, Rozenblatt-Rosen O, Regev A, Louis DN, Bernstein BE.
Reconstructing and reprogramming the tumor-propagating potential
of glioblastoma stem-like cells. Cell 157: 580-594, 2014. doi:10.1016/
J.CELL.2014.02.030.

Wang Z, Zhang H, Xu S, Liu Z, Cheng Q. The adaptive transition of
glioblastoma stem cells and its implications on treatments. Signal
Transduct Target Ther 6:124, 2021. doi:10.1038/541392-021-00491-W.
Couturier CP, Nadaf J, Li Z, Baig S, Riva G, Le P, Kloosterman DJ,
Monlong J, Meyong AN, Allache R, Degenhard T, Al-Rashid M,
Guiot MC, Bourque G, Ragoussis J, Akkari L, Quintana FJ,
Petrecca K. Glioblastoma scRNA-seq shows treatment-induced,
immune-dependent increase in mesenchymal cancer cells and
structural variants in distal neural stem cells. Neuro Oncol 24: 1494—
1508, 2022. doi:10.1093/NEUONC/NOACO085.

Muthukrishnan SD, Kawaguchi R, Nair P, Prasad R, Qin Y,
Johnson M, Wang Q, VanderVeer-Harris N, Pham A, Alvarado AG,
Condro MC, Gao F, Gau R, Castro MG, Lowenstein PR, Deb A,

AJP-Cell Physiol « doi:10.1152/ajpcell.00344.2024 - www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1093/NEUONC/NOS273
https://doi.org/10.1093/NEUONC/NOAA106
https://doi.org/10.1038/NATURE05236
https://doi.org/10.3390/BIOMEDICINES10061308
https://doi.org/10.1016/J.CCR.2009.12.049
https://doi.org/10.1016/J.CELL.2013.02.021
https://doi.org/10.1016/J.CELL.2013.02.021
https://doi.org/10.1101/GAD.261982.115
https://doi.org/10.3390/ijms22083863
https://doi.org/10.1200/JCO.2002.20.6.1635
https://doi.org/10.1586/14737140.2013.840090
https://doi.org/10.1586/14737140.2013.840090
https://doi.org/10.1093/ANNONC/MDU050
https://doi.org/10.1093/ANNONC/MDU050
https://doi.org/10.1200/JCO.2013.49.6968
https://doi.org/10.1016/J.CCELL.2023.02.019
https://doi.org/10.1016/J.CCELL.2023.02.019
https://doi.org/10.1200/JCO.19.00367
https://doi.org/10.1016/J.CCELL.2017.06.003
https://doi.org/10.1016/J.CCELL.2017.06.003
https://doi.org/10.1158/0008-5472.CAN-06-0127
https://doi.org/10.1158/0008-5472.CAN-06-0127
https://doi.org/10.1158/1078-0432.CCR-08-3012
https://doi.org/10.1158/1078-0432.CCR-06-2149
https://doi.org/10.1158/1078-0432.CCR-06-2149
https://doi.org/10.1101/GR.180612.114
https://doi.org/10.1038/NG.3590
https://doi.org/10.1126/SCITRANSLMED.ABN1128
https://doi.org/10.1126/SCITRANSLMED.ABN1128
https://doi.org/10.1093/NEUONC/NOAB302
https://doi.org/10.1016/J.CELL.2014.02.030
https://doi.org/10.1016/J.CELL.2014.02.030
https://doi.org/10.1038/S41392-021-00491-W
https://doi.org/10.1093/NEUONC/NOAC085
http://www.ajpcell.org

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

() TARGETING GLIOMA STEM CELLS TO ERADICATE TUMOR RECURRENCE

Hinman JD, Pajonk F, Burns TC, Goldman SA, Geschwind DH,
Kornblum HI. P300 promotes tumor recurrence by regulating radia-
tion-induced conversion of glioma stem cells to vascular-like cells.
Nat Commun 13: 6202, 2022. doi:10.1038/S41467-022-33943-0.
Auffinger B, Spencer D, Pytel P, Ahmed AU, Lesniak MS. The role
of glioma stem cells in chemotherapy resistance and glioblastoma
multiforme recurrence. Expert Rev Neurother 15: 741-752, 2015.
doi:10.1586/14737175.2015.1051968.

Berglar I, Hehlgans S, Wehle A, Roth C, Herold-Mende C, Rodel F,
Kogel D, Linder B. CHRDL1 regulates stemness in glioma stem-like
cells. Cells 11: 3917, 2022. doi:10.3390/CELLS11233917.

Sher G, Masoodi T, Patil K, Akhtar S, Kuttikrishnan S, Ahmad A,
Uddin S. Dysregulated FOXM1 signaling in the regulation of cancer
stem cells. Semin Cancer Biol 86: 107-121, 2022. doi:10.1016/J.
SEMCANCER.2022.07.009.

Hattermann K, Fluh C, Engel D, Mehdorn HM, Synowitz M,
Mentlein R, Held-Feindt J. Stem cell markers in glioma progression
and recurrence. Int J Oncol 49: 1899-1910, 2016. doi:10.3892/
1J0.2016.3682.

Behnan J, Stangeland B, Hosainey SAM, Joel M, Olsen TK, Micci F,
Glover JC, Isakson P, Brinchmann JE. Differential propagation of
stroma and cancer stem cells dictates tumorigenesis and multipo-
tency. Oncogene 36: 570-584, 2017. doi:10.1038/ONC.2016.230.
Lee Y, Kim KH, Kim DG, Cho HJ, Kim Y, Rheey J, Shin K, Seo YJ,
Choi YS, Lee JI, Lee J, Joo KM, Nam DH. FoxM1 promotes stemness
and radio-resistance of glioblastoma by regulating the master stem
cell regulator Sox2. PLoS One 10: 0137703, 2015. doi:10.1371/
JOURNAL.PONE.0137703.

Gong A, Huang S. FoxM1 and Wnt/B-catenin signaling in glioma
stem cells. Cancer Res 72: 5658-5662, 2012. doi:10.1158/0008-
5472.CAN-12-0953.

Zhang J, Cai H, Sun L, Zhan P, Chen M, Zhang F, Ran Y, Wan J.
LGR5, a novel functional glioma stem cell marker, promotes EMT by
activating the Wnt/B-catenin pathway and predicts poor survival of
glioma patients. J Exp Clin Cancer Res 37: 225, 2018. doi:10.1186/
S13046-018-0864-6.

Gong AH, Wei P, Zhang S, Yao J, Yuan Y, Zhou AD, Lang FF,
Heimberger AB, Rao G, Huang S. FoxM1 drives a feed-forward
STAT3-activation signaling loop that promotes the self-renewal and
tumorigenicity of glioblastoma stem-like cells. Cancer Res 75: 2337—-
2348, 2015. doi:10.1158/0008-5472.CAN-14-2800.

Marziali G, Signore M, Buccarelli M, Grande S, Palma A, Biffoni M,
Rosi A, D’Alessandris QG, Martini M, Larocca LM, De Maria R,
Pallini R, Ricci-Vitiani L. Metabolic/proteomic signature defines two
glioblastoma subtypes with different clinical outcome. Sci Rep 6:
21557, 2016. doi:10.1038/SREP21557.

Pierce CW, Sorensen CM, Kapp JA. T cell subsets regulating anti-
body responses to L-glutamic acid60-L-alanine30-L-tyrosine10 (GAT)
in virgin and immunized nonresponder mice. J Immunol 134: 29-36,
1985.

Schulte A, Glinther HS, Phillips HS, Kemming D, Martens T,
Kharbanda S, Soriano RH, Modrusan Z, Zapf S, Westphal M,
Lamszus K. A distinct subset of glioma cell lines with stem cell-like
properties reflects the transcriptional phenotype of glioblastomas
and overexpresses CXCR4 as therapeutic target. Glia 59: 590-602,
2011. doi:10.1002/GLIA.21127.

Gorringe KL, Ramakrishna M, Williams LH, Sridhar A, Boyle SE,
Bearfoot JL, Li J, Anglesio MS, Campbell IG. Are there any more
ovarian tumor suppressor genes? A new perspective using ultra
high-resolution copy number and loss of heterozygosity analysis.
Genes Chromosomes Cancer 48: 931-942, 2009. doi:10.1002/
GCC.20694.

Zhu YH, FulL, Chen L, Qin YR, Liu H, Xie F, Zeng T, Dong SS, Li J, Li
Y, Dai Y, Xie D, Guan XY. Downregulation of the novel tumor sup-
pressor DIRAS1 predicts poor prognosis in esophageal squamous
cell carcinoma. Cancer Res 73: 2298-2309, 2013. doi:10.1158/0008-
5472 .CAN-12-2663.

Lleras RA, Adrien LR, Smith RV, Brown B, Jivraj N, Keller C, Sarta C,
Schlecht NF, Harris TM, Childs G, Prystowsky MB, Belbin TJ.
Hypermethylation of a cluster of Krlippel-type zinc finger protein genes
on chromosome 19913 in oropharyngeal squamous cell carcinoma. Am
J Pathol 178: 1965-1974, 2011. doi:10.1016/J. AJPATH.2011.01.049.
Akbani R, Ng PKS, Werner HMJ, Shahmoradgoli M, Zhang F, Ju Z,
Liu W, Yang JY, Yoshihara K, Li J, Ling S, Seviour EG, Ram PT,

AJP-Cell Physiol « doi:10.1152/ajpcell.00344.2024 - www.ajpcell.org

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Minna JD, Diao L, Tong P, Heymach JV, Hill SM, Dondelinger F,
Stadler N, Byers LA, Meric-Bernstam F, Weinstein JN, Broom BM,
Verhaak RGW, Liang H, Mukherjee S, Lu Y, Mills GB. A pan-cancer
proteomic perspective on The Cancer Genome Atlas. Nat Commun
5: 3887, 2014 [Erratum in Nat Commun 6: 4852, 2015]. doi:10.1038/
NCOMMS43887.

Zhao WJ, Fan YP, Ou GY, Qiao XY. LASS2 impairs proliferation of
glioma stem cells and migration and invasion of glioma cells mainly
via inhibition of EMT and apoptosis promotion. J Cancer 13: 2281—
2292, 2022. doi:10.7150/JCA.71256.

Velpula KK, Dasari VR, Tsung AJ, Dinh DH, Rao JS. Cord blood
stem cells revert glioma stem cell EMT by down regulating transcrip-
tional activation of Sox2 and Twist1. Oncotarget 2: 1028-1042, 2011.
doi:10.18632/ONCOTARGET.367.

Bao Z, Zhang N, Niu W, Mu M, Zhang X, Hu S, Niu C. Exosomal
miR-155-5p derived from glioma stem-like cells promotes mesenchy-
mal transition via targeting ACOT12. Cell Death Dis 13: 725, 2022.
doi:10.1038/S41419-022-05097-W.

Pallini R, Ricci-Vitiani L, Banna GL, Signore M, Lombardi D, Todaro
M, Stassi G, Martini M, Maira G, Larocca LM, De Maria R. Cancer
stem cell analysis and clinical outcome in patients with glioblastoma
multiforme. Clin Cancer Res 14: 8205-8212, 2008. doi:10.1158/1078-
0432.CCR-08-0644.

Lamszus K, Glinther HS. Glioma stem cells as a target for treatment.
Target Oncol 5: 211-215, 2010. doi:10.1007/511523-010-0155-4.

Fan X, Khaki L, Zhu TS, Soules ME, Talsma CE, Gul N, Koh C,
Zhang J, Li YM, Maciaczyk J, Nikkhah G, DiMeco F, Piccirillo S,
Vescovi AL, Eberhart CG. NOTCH pathway blockade depletes
CD133-positive glioblastoma cells and inhibits growth of tumor neu-
rospheres and xenografts. Stem Cells 28: 5-16, 2010. doi:10.1002/
STEM.254.

Linder B, Wehle A, Hehlgans S, Bonn F, Dikic I, Rodel F, Seifert V,
Kogel D. Arsenic trioxide and (—)-gossypol synergistically target gli-
oma stem-like cells via inhibition of hedgehog and notch signaling.
Cancers (Basel) 11: 350, 2019. doi:10.3390/CANCERS11030350.
Hovinga KE, Shimizu F, Wang R, Panagiotakos G, Van Der Heijden
M, Moayedpardazi H, Correia AS, Soulet D, Major T, Menon J,
Tabar V. Inhibition of notch signaling in glioblastoma targets cancer
stem cells via an endothelial cell intermediate. Stem Cells 28: 1019—
1029, 2010. doi:10.1002/STEM.429.

Yahyanejad S, King H, Iglesias VS, Granton PV, Barbeau LMO, van
Hoof SJ, Groot AJ, Habets R, Prickaerts J, Chalmers AJ, Eekers
DBP, Theys J, Short SC, Verhaegen F, Vooijs M. NOTCH blockade
combined with radiation therapy and temozolomide prolongs sur-
vival of orthotopic glioblastoma. Oncotarget 7: 41251-41264, 2016.
doi:10.18632/ONCOTARGET.9275.

Wu J, Ji Z, Liu H, Liu Y, Han D, Shi C, Shi C, Wang C, Yang G, Chen
X, Shen C, Li H, Bi Y, Zhang D, Zhao S. Arsenic trioxide depletes
cancer stem-like cells and inhibits repopulation of neurosphere
derived from glioblastoma by downregulation of Notch pathway.
Toxicol Lett 220: 61-69, 2013. doi:10.1016/J. TOXLET.2013.03.019.
Dai L, He J, Liu Y, Byun J, Vivekanandan A, Pennathur S, Fan X,
Lubman DM. Dose-dependent proteomic analysis of glioblastoma
cancer stem cells upon treatment with y-secretase inhibitor.
Proteomics 11: 4529-4540, 2011. doi:10.1002/PMIC.201000730.

Hou Y, Sun B, Liu W, Yu B, Shi Q, Luo F, Bai Y, Feng H. Targeting of
glioma stem-like cells with a parthenolide derivative ACTOO1
through inhibition of AEBP1/PI3K/AKT signaling. Theranostics 11:
555-566, 2021. doi:10.7150/THNO.49250.

Sun T, Patil R, Galstyan A, Klymyshyn D, Ding H, Chesnokova A,
Cavenee WK, Furnari FB, Ljubimov VA, Shatalova ES, Wagner S, Li
D, Mamelak AN, Bannykh SI, Patil CG, Rudnick JD, Hu J, Grodzinski
ZB, Rekechenetskiy A, Falahatian V, Lyubimov AV, Chen YL, Leoh
LS, Daniels-Wells TR, Penichet ML, Holler E, Ljubimov AV, Black KL,
Ljubimova JY. Blockade of a laminin-411-notch axis with CRISPR/Cas9
or a nanobioconjugate inhibits glioblastoma growth through tumor-
microenvironment cross-talk. Cancer Res 79: 1239-1251, 2019.
doi:10.1158/0008-5472.CAN-18-2725.

McCornack C, Woodiwiss T, Hardi A, Yano H, Kim AH. The function
of histone methylation and acetylation regulators in GBM pathophys-
iology. Front Oncol 13: 1144184, 2023. doi:10.3389/FONC.2023.
1144184.

Yang W, Liu Y, Gao R, Yu H, Sun T. HDACS inhibition induces gli-
oma stem cells differentiation and enhances cellular radiation

C1057

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


https://doi.org/10.1038/S41467-022-33943-0
https://doi.org/10.1586/14737175.2015.1051968
https://doi.org/10.3390/CELLS11233917
https://doi.org/10.1016/J.SEMCANCER.2022.07.009
https://doi.org/10.1016/J.SEMCANCER.2022.07.009
https://doi.org/10.3892/IJO.2016.3682
https://doi.org/10.3892/IJO.2016.3682
https://doi.org/10.1038/ONC.2016.230
https://doi.org/10.1371/JOURNAL.PONE.0137703
https://doi.org/10.1371/JOURNAL.PONE.0137703
https://doi.org/10.1158/0008-5472.CAN-12-0953
https://doi.org/10.1158/0008-5472.CAN-12-0953
https://doi.org/10.1186/S13046-018-0864-6
https://doi.org/10.1186/S13046-018-0864-6
https://doi.org/10.1158/0008-5472.CAN-14-2800
https://doi.org/10.1038/SREP21557
https://doi.org/10.1002/GLIA.21127
https://doi.org/10.1002/GCC.20694
https://doi.org/10.1002/GCC.20694
https://doi.org/10.1158/0008-5472.CAN-12-2663
https://doi.org/10.1158/0008-5472.CAN-12-2663
https://doi.org/10.1016/J.AJPATH.2011.01.049
https://doi.org/10.1038/NCOMMS4887
https://doi.org/10.1038/NCOMMS4887
https://doi.org/10.7150/JCA.71256
https://doi.org/10.18632/ONCOTARGET.367
https://doi.org/10.1038/S41419-022-05097-W
https://doi.org/10.1158/1078-0432.CCR-08-0644
https://doi.org/10.1158/1078-0432.CCR-08-0644
https://doi.org/10.1007/S11523-010-0155-4
https://doi.org/10.1002/STEM.254
https://doi.org/10.1002/STEM.254
https://doi.org/10.3390/CANCERS11030350
https://doi.org/10.1002/STEM.429
https://doi.org/10.18632/ONCOTARGET.9275
https://doi.org/10.1016/J.TOXLET.2013.03.019
https://doi.org/10.1002/PMIC.201000730
https://doi.org/10.7150/THNO.49250
https://doi.org/10.1158/0008-5472.CAN-18-2725
https://doi.org/10.3389/FONC.2023.1144184
https://doi.org/10.3389/FONC.2023.1144184
http://www.ajpcell.org

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

C1058

() TARGETING GLIOMA STEM CELLS TO ERADICATE TUMOR RECURRENCE

sensitivity through the SHH/GIi1 signaling pathway. Cancer Lett 415:
164-176, 2018. doi:10.1016/J.CANLET.2017.12.005.

Signaroldi E, Laise P, Cristofanon S, Brancaccio A, Reisoli E,
Atashpaz S, Terreni MR, Doglioni C, Pruneri G, Malatesta P, Testa
G. Polycomb dysregulation in gliomagenesis targets a Zfp423-de-
pendent differentiation network. Nat Commun 7: 10753, 2016.
doi:10.1038/NCOMMS10753.

Keyvani-Ghamsari S, Khorsandi K, Rasul A, Zaman MK. Current
understanding of epigenetics mechanism as a novel target in reduc-
ing cancer stem cells resistance. Clin Epigenetics 13: 120, 2021.
doi:10.1186/513148-021-01107-4.

Yi Y, Hsieh 1Y, Huang X, Li J, Zhao W. Glioblastoma stem-like cells:
characteristics, microenvironment, and therapy. Front Pharmacol 7:
477,2016. doi:10.3389/FPHAR.2016.00477.

Khater AR, Abou-Antoun T. Mesenchymal epithelial transition factor
signaling in pediatric nervous system tumors: implications for malig-
nancy and cancer stem cell enrichment. Front Cell Dev Biol 9:
654103, 2021. doi:10.3389/FCELL.2021.654103.

Xie Q, Wu TP, Gimple RC, Li Z, Prager BC, Wu Q, Yu Y, Wang P,
Wang Y, Gorkin DU, Zhang C, Dowiak AV, Lin K, Zeng C, Sui Y, Kim
LJY, Miller TE, Jiang L, Lee-Poturalski C, Huang Z, Fang X, Zhai K,
Mack SC, Sander M, Bao S, Kerstetter-Fogle AE, Sloan AE, Xiao AZ,
Rich JN. N6-methyladenine DNA modification in glioblastoma. Cell
175:1228-1243.€20, 2018. doi:10.1016/J.CELL.2018.10.006.

Staberg M, Rasmussen RD, Michaelsen SR, Pedersen H, Jensen
KE, Villingshgj M, Skjoth-Rasmussen J, Brennum J, Vitting-Seerup
K, Poulsen HS, Hamerlik P. Targeting glioma stem-like cell survival
and chemoresistance through inhibition of lysine-specific histone
demethylase KDM2B. Mol Oncol 12: 406-420, 2018. doi:10.1002/
1878-0261.12174.

Park NI, Guilhamon P, Desai K, McAdam RF, Langille E, O’Connor
M, Lan X, Whetstone H, Coutinho FJ, Vanner RJ, Ling E, Prinos P,
Lee L, Selvadurai H, Atwal G, Kushida M, Clarke ID, Voisin V,
Cusimano MD, Bernstein M, Das S, Bader G, Arrowsmith CH,
Angers S, Huang X, Lupien M, Dirks PB. ASCL1 reorganizes chro-
matin to direct neuronal fate and suppress tumorigenicity of glioblas-
toma stem cells. Cell Stem Cell 21: 209-224.e7, 2017 [Erratum in
Cell Stem Cell 21: 411, 2017]. doi:10.1016/J.STEM.2017.06.004.
Isachesku E, Braicu C, Pirlog R, Kocijancic A, Busuioc C, Pruteanu
LL, Pandey DP, Berindan-Neagoe I. The role of non-coding RNAs in
epigenetic dysregulation in glioblastoma development. Int J Mol Sci
24:16320, 2023. doi:10.3390/IJMS242216320.

Liu L, Liu Z, Liu Q, Wu W, Lin P, Liu X, Zhang Y, Wang D, Prager
BC, Gimple RC, Yu J, Zhao W, Wu Q, Zhang W, Wu E, Chen X, Luo
J, Rich JN, Xie Q, Jiang T, Chen R. LncRNA INHEG promotes glioma
stem cell maintenance and tumorigenicity through regulating rRNA
2’-O-methylation. Nat Commun 14: 7526, 2023. doi:10.1038/541467-
023-43113-5.

Jiang X, Zhang Y, Yuan Y, Jin Z, Zhai H, Liu B, Li Y, Zhang C, Chen
M, Shi Y, Yan D, Pu J, Chen Y, Yang C. LncRNA GSCAR promotes
glioma stem cell maintenance via stabilizing SOX2 expression. Int J
Biol Sci 19: 1681-1697, 2023. doi:10.7150/1JBS.80873.

Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B,
Oh EY, Gaber MW, Finklestein D, Allen M, Frank A, Bayazitov IT,
Zakharenko SS, Gajjar A, Davidoff A, Gilbertson RJ. A perivascular
niche for brain tumor stem cells. Cancer Cell 11: 69-82, 2007.
doi:10.1016/J.CCR.2006.11.020.

Jhaveri N, Chen TC, Hofman FM. Tumor vasculature and glioma
stem cells: contributions to glioma progression. Cancer Lett 380:
545-551, 2016. doi:10.1016/J.CANLET.2014.12.028.

Jain RK, Di Tomaso E, Duda DG, Loeffler JS, Sorensen AG,
Batchelor TT. Angiogenesis in brain tumours. Nat Rev Neurosci 8:
610-622, 2007. doi:10.1038/NRN2175.

Liebelt BD, Shingu T, Zhou X, Ren J, Shin SA, Hu J. Glioma stem
cells: signaling, microenvironment, and therapy. Stem Cells Int 2016:
7849890, 2016. doi:10.1155/2016/7849890.

Bao S, Wu Q, Sathornsumetee S, Hao Y, Li Z, Hjelmeland AB, Shi
Q, McLendon RE, Bigner DD, Rich JN. Stem cell-like glioma cells
promote tumor angiogenesis through vascular endothelial growth
factor. Cancer Res 66: 7843—-7848, 2006. doi:10.1158/0008-5472.
CAN-06-1010.

Thirant C, Galan-Moya EM, Gustavo Dubois L, Pinte S, Chafey P,
Broussard C, Varlet P, Devaux B, Soncin F, Gavard J, Junier MP,
Chneiweiss H. Differential proteomic analysis of human glioblastoma

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

and neural stem cells reveals HDGF as a novel angiogenic secreted
factor. Stem Cells 30: 845-853, 2012. doi:10.1002/STEM.1062.

Wang R, Chadalavada K, Wilshire J, Kowalik U, Hovinga KE, Geber
A, Fligelman B, Leversha M, Brennan C, Tabar V. Glioblastoma
stem-like cells give rise to tumour endothelium. Nature 468: 829—
833, 2010. doi:10.1038/NATURE09624.

El Hallani S, Boisselier B, Peglion F, Rousseau A, Colin C, Idbaih A,
Marie Y, Mokhtari K, Thomas JL, Eichmann A, Delattre JY,
Maniotis AJ, Sanson M. A new alternative mechanism in glioblas-
toma vascularization: tubular vasculogenic mimicry. Brain 133: 973—
982, 2010. doi:10.1093/BRAIN/AWQO044.

Zhong X, Liu X, Li Y, Cheng M, Wang W, Tian K, Mu L, Zeng T, Liu
Y, Jiang X, Yu L, Gao L, Zhou Y. HMGA?2 sustains self-renewal and
invasiveness of glioma-initiating cells. Oncotarget 7: 44365-44380,
2016. doi:10.18632/ONCOTARGET.9744.

Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: Can Treg
cells be a new therapeutic target? Cancer Sci 110: 2080-2089,
2019. doi:10.1111/CAS.14069.

Raychaudhuri B, Rayman P, Ireland J, Ko J, Rini B, Borden EC,
Garcia J, Vogelbaum MA, Finke J. Myeloid-derived suppressor cell
accumulation and function in patients with newly diagnosed glio-
blastoma. Neuro Oncol 13: 591-599, 2011. doi:10.1093/NEUONC/
NORO042.

Friebel E, Kapolou K, Unger S, Nunez NG, Utz S, Rushing EJ, Regli
L, Weller M, Greter M, Tugues S, Neidert MC, Becher B. Single-cell
mapping of human brain cancer reveals tumor-specific instruction of
tissue-invading leukocytes. Cell 181: 1626—-1642.e20, 2020. doi:10.1016/
J.CELL.2020.04.055.

Woroniecka K, Chongsathidkiet P, Rhodin K, Kemeny H, Dechant
C, Harrison FS, Elsamadicy AA, Cui X, Koyama S, Jackson C,
Hansen LJ, Johanns TM, Sanchez-Perez L, Chandramohan V, Yu
YRA, Bigner DD, Giles A, Healy P, Dranoff G, Weinhold KJ, Dunn
GP, Fecci PE. T-cell exhaustion signatures vary with tumor type and
are severe in glioblastoma. Clin Cancer Res 24: 4175-4186, 2018.
doi:10.1158/1078-0432.CCR-17-1846.

Mangani D, Weller M, Roth P. The network of immunosuppressive
pathways in glioblastoma. Biochem Pharmacol 130: 1-9, 2017.
doi:10.1016/J.BCP.2016.12.011.

Han J, Alvarez-Breckenridge CA, Wang QE, Yu J. TGF-f signaling
and its targeting for glioma treatment. Am J Cancer Res 5: 945-955,
2015.

Widodo SS, Dinevska M, Furst LM, Stylli SS, Mantamadiotis T. IL-
10 in glioma. Br J Cancer 125: 1466-1476, 2021. doi:10.1038/541416-
021-01515-6.

Jiang J, Qiu J, Li Q, Shi Z. Prostaglandin E2 signaling: alternative tar-
get for glioblastoma? Trends Cancer 3: 75-78, 2017. doi:10.1016/J.
TRECAN.2016.12.002.

Chen MN, Yamakawa K, Nakazawa S. [A study on the penetra-
tion of Sulfamethoxazole-Trimethoprim into the cerebrospinal
fluid]. Kansenshogaku Zasshi 57: 148-154, 1983. doi:10.11150/
KANSENSHOGAKUZASSHI1970.57.148.

Wu A, Wei J, Kong LY, Wang Y, Priebe W, Qiao W, Sawaya R,
Heimberger AB. Glioma cancer stem cells induce immunosuppres-
sive macrophages/microglia. Neuro Oncol 12: 1113-1125, 2010.
doi:10.1093/NEUONC/NOQ082.

Li Z, Liu X, Guo R, Wang P. CD4 + Foxp3- type 1regulatory T cells in
glioblastoma multiforme suppress T cell responses through multiple
pathways and are regulated by tumor-associated macrophages. Int
J Biochem Cell Biol 81: 1-9, 2016. doi:10.1016/J.BIOCEL.2016.09.013.

Chen WJ, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, McGrady G,
Wahl SM. Conversion of peripheral CD4 + CD25- naive T cells to
CD4 + CD25 + regulatory T cells by TGF-beta induction of transcrip-
tion factor Foxp3. J Exp Med 198: 1875-1886, 2003. doi:10.1084/
JEM.20030152.

Thomas DA, Massagué J. TGF-§3 directly targets cytotoxic T cell
functions during tumor evasion of immune surveillance. Cancer Cell
8:369-380, 2005. doi:10.1016/J.CCR.2005.10.012.

Crane CA, Han SJ, Barry JJ, Ahn BJ, Lanier LL, Parsa AT. TGF-3
downregulates the activating receptor NKG2D on NK cells and CD8 +
T cells in glioma patients. Neuro Oncol 12: 7-13, 2010. doi:10.1093/
NEUONC/NOPOO09.

Nduom EK, Wei J, Yaghi NK, Huang N, Kong LY, Gabrusiewicz K,
Ling X, Zhou S, Ivan C, Chen JQ, Burks JK, Fuller GN, Calin GA,
Conrad CA, Creasy C, Ritthipichai K, Radvanyi L, Heimberger AB.

AJP-Cell Physiol « doi:10.1152/ajpcell.00344.2024 - www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


https://doi.org/10.1016/J.CANLET.2017.12.005
https://doi.org/10.1038/NCOMMS10753
https://doi.org/10.1186/S13148-021-01107-4
https://doi.org/10.3389/FPHAR.2016.00477
https://doi.org/10.3389/FCELL.2021.654103
https://doi.org/10.1016/J.CELL.2018.10.006
https://doi.org/10.1002/1878-0261.12174
https://doi.org/10.1002/1878-0261.12174
https://doi.org/10.1016/J.STEM.2017.06.004
https://doi.org/10.3390/IJMS242216320
https://doi.org/10.1038/S41467-023-43113-5
https://doi.org/10.1038/S41467-023-43113-5
https://doi.org/10.7150/IJBS.80873
https://doi.org/10.1016/J.CCR.2006.11.020
https://doi.org/10.1016/J.CANLET.2014.12.028
https://doi.org/10.1038/NRN2175
https://doi.org/10.1155/2016/7849890
https://doi.org/10.1158/0008-5472.CAN-06-1010
https://doi.org/10.1158/0008-5472.CAN-06-1010
https://doi.org/10.1002/STEM.1062
https://doi.org/10.1038/NATURE09624
https://doi.org/10.1093/BRAIN/AWQ044
https://doi.org/10.18632/ONCOTARGET.9744
https://doi.org/10.1111/CAS.14069
https://doi.org/10.1093/NEUONC/NOR042
https://doi.org/10.1093/NEUONC/NOR042
https://doi.org/10.1016/J.CELL.2020.04.055
https://doi.org/10.1016/J.CELL.2020.04.055
https://doi.org/10.1158/1078-0432.CCR-17-1846
https://doi.org/10.1016/J.BCP.2016.12.011
https://doi.org/10.1038/S41416-021-01515-6
https://doi.org/10.1038/S41416-021-01515-6
https://doi.org/10.1016/J.TRECAN.2016.12.002
https://doi.org/10.1016/J.TRECAN.2016.12.002
https://doi.org/10.11150/KANSENSHOGAKUZASSHI1970.57.148
https://doi.org/10.11150/KANSENSHOGAKUZASSHI1970.57.148
https://doi.org/10.1093/NEUONC/NOQ082
https://doi.org/10.1016/J.BIOCEL.2016.09.013
https://doi.org/10.1084/JEM.20030152
https://doi.org/10.1084/JEM.20030152
https://doi.org/10.1016/J.CCR.2005.10.012
https://doi.org/10.1093/NEUONC/NOP009
https://doi.org/10.1093/NEUONC/NOP009
http://www.ajpcell.org

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

() TARGETING GLIOMA STEM CELLS TO ERADICATE TUMOR RECURRENCE

PD-L1 expression and prognostic impact in glioblastoma. Neuro
Oncol 18: 195-205, 2016. doi:10.1093/NEUONC/NOV172.

Davidson TB, Lee A, Hsu M, Sedighim S, Orpilla J, Treger J,
Mastall M, Roesch S, Rapp C, Galvez M, Mochizuki A, Antonios J,
Garcia A, Kotecha N, Bayless N, Nathanson D, Wang A, Everson R,
Yong WH, Cloughesy TF, Liau LM, Herold-Mende C, Prins RM.
Expression of PD-1 by T cells in malignant glioma patients reflects
exhaustion and activation. Clin Cancer Res 25: 1913-1922, 2019.
doi:10.1158/1078-0432.CCR-18-1176.

Rajakulendran N, Rowland KJ, Selvadurai HJ, Ahmadi M, Park NI,
Naumenko S, Dolma S, Ward RJ, So M, Lee L, Macleod G, Pasiliao
C, Brandon C, Clarke ID, Cusimano MD, Bernstein M, Batada N,
Angers S, Dirks PB. Wnt and Notch signaling govern self-renewal
and differentiation in a subset of human glioblastoma stem cells.
Genes Dev 33: 498-510, 2019. doi:10.1101/GAD.321968.118.

Christie SM, Hao J, Tracy E, Buck M, Yu JS, Smith AW. Interactions
between semaphorins and plexin-neuropilin receptor complexes in the
membranes of live cells. J Biol Chem 297: 100965, 2021. doi:10.1016/J.
JBC.2021.100965.

Man J, Shoemake J, Zhou W, Fang X, Wu Q, Rizzo A, Prayson R,
Bao S, Rich JN, Yu JS. Sema3C promotes the survival and tumorige-
nicity of glioma stem cells through Rac1 activation. Cell Rep 9: 1812—
1826, 2014. doi:10.1016/J.CELREP.2014.10.055.

Hao J, Han X, Huang H, Yu X, Fang J, Zhao J, Prayson RA, Bao S,
Yu JS. Sema3C signaling is an alternative activator of the canonical
WNT pathway in glioblastoma. Nat Commun 14: 2262, 2023
[Erratum in Nat Commun 14: 6018, 2023]. doi:10.1038/S41467-023-
37397-W.

Wu J, Bresnick EH. Bare rudiments of notch signaling: how receptor
levels are regulated. Trends Biochem Sci 32: 477-485, 2007.
doi:10.1016/J.TIBS.2007.09.002.

Saito N, Fu J, Zheng S, Yao J, Wang S, Liu DD, Yuan Y, Sulman EP,
Lang FF, Colman H, Verhaak RG, Yung WKA, Koul D. A high Notch
pathway activation predicts response to y secretase inhibitors in
proneural subtype of glioma tumor-initiating cells. Stem Cells 32:
301-312, 2014. doi:10.1002/STEM.1528.

Dantas-Barbosa C, Bergthold G, Daudigeos-Dubus E, Blockus
H, Boylan JF, Ferreira C, Puget S, Abely M, Vassal G, Grill J,
Geoerger B. Inhibition of the NOTCH pathway using y-secretase
inhibitor RO4929097 has limited antitumor activity in established
glial tumors. Anticancer Drugs 26: 272-283, 2015. doi:10.1097/
CAD.0000000000000190.

Gilbert CA, Daou MC, Moser RP, Ross AH. Gamma-secretase inhibi-
tors enhance temozolomide treatment of human gliomas by inhibi-
ting neurosphere repopulation and xenograft recurrence. Cancer
Res 70: 6870—6879, 2010. doi:10.1158/0008-5472.CAN-10-1378.

Kim SH, Kim EJ, Hitomi M, Oh SY, Jin X, Jeon HM, Beck S, Jin X,
Kim JK, Park CG, Chang SY, Yin J, Kim T, Jeon YJ, Song J, Lim YC,
Lathia JD, Nakano |, Kim H. The LIM-only transcription factor LMO2
determines tumorigenic and angiogenic traits in glioma stem cells.
Cell Death Differ 22:1517-1525, 2015. doi:10.1038/CDD.2015.7.

Liu Y, Liu X, Chen L-C, Du W-Z, Cui Y-Q, Piao X-Y, Li Y-L, Jiang C-L.
Targeting glioma stem cells via the Hedgehog signaling pathway.
Neuroimmunol Neuroinflamm 1. 51-59, 2014. doi:10.4103/2347-
8659.139715.

Takezaki T, Hide T, Takanaga H, Nakamura H, Kuratsu J. I, Kondo
T. Essential role of the Hedgehog signaling pathway in human gli-
oma-initiating cells. Cancer Sci 102: 1306-1312, 2011. doi:10.1111/J.1349-
7006.2011.01943.X.

Hung HC, Liu CC, Chuang JY, Su CL, Gean PW. Inhibition of
sonic hedgehog signaling suppresses glioma stem-like cells
likely through inducing autophagic cell death. Front Oncol 10:
1233, 2020. doi:10.3389/FONC.2020.01233.

Nitta RT, Bolin S, Luo E, Solow-Codero DE, Samghabadi P, Purzner
T, Aujla PS, Nwagbo G, Cho YJ, Li G. Casein kinase 2 inhibition sen-
sitizes medulloblastoma to temozolomide. Oncogene 38: 6867—
6879, 2019 [Erratum in Oncogene 39: 2029, 2020]. doi:10.1038/
S41388-019-0927-Y.

Ulasov IV, Nandi S, Dey M, Sonabend AM, Lesniak MS. Inhibition
of sonic hedgehog and notch pathways enhances sensitivity of
CD133(+) glioma stem cells to temozolomide therapy. Mol Med 17:
103-112, 2011. doi:10.2119/MOLMED.2010.00062.

Ashizawa T, Miyata H, lizuka A, Komiyama M, Oshita C, Kume A,
Nogami M, Yagoto M, Ito I, Oishi T, Watanabe R, Mitsuya K,

AJP-Cell Physiol « doi:10.1152/ajpcell.00344.2024 - www.ajpcell.org

110.

m.

12.

13.

14.

115.

116.

17.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Matsuno K, Furuya T, Okawara T, Otsuka M, Ogo N, Asai A, Nakasu
Y, Yamaguchi K, Akiyama Y. Effect of the STAT3 inhibitor STX-
0119 on the proliferation of cancer stem-like cells derived from
recurrent glioblastoma. Int J Oncol 43: 219-227, 2013. doi:10.3892/
1J0O.2013.1916.

Stechishin OD, Luchman HA, Ruan Y, Blough MD, Nguyen SA,
Kelly JJ, Cairncross JG, Weiss S. On-target JAK2/STAT3 inhibition
slows disease progression in orthotopic xenografts of human glio-
blastoma brain tumor stem cells. Neuro Oncol 15: 198-207, 2013.
doi:10.1093/NEUONC/NOS302.

Xiong Z, Xu X, Zhang Y, Ma C, Hou C, You Z, Shu L, Ke Y, Liu Y.
IFITM3 promotes glioblastoma stem cell-mediated angiogenesis via
regulating JAK/STAT3/bFGF signaling pathway. Cell Death Dis 15:
45, 2024. doi:10.1038/541419-023-06416-5.

Kim BH, Lee H, Park CG, Jeong AJ, Lee SH, Noh KH, Park JB, Lee
CG, Paek SH, Kim H, Ye SK. STAT3 inhibitor ODZ10117 suppresses
glioblastoma malignancy and prolongs survival in a glioblastoma
xenograft model. Cells 9: 722, 2020. doi:10.3390/CELLS9030722.
Chen L, Xu T, Jia Q, Wang X, Li M, Liang G. RSK4: a new prognostic
factor in glioma. Pathol Res Pract 216: 153020, 2020. doi:10.1016/J.
PRP.2020.153020.

Pang F, Zhang L, Li M, Yi X, Wang Y, Yang P, Wen B, Jiang J, Teng
Y, Yang X, Chen L, Xu J, Wang L. Ribosomal S6 protein kinase 4
promotes resistance to EZH2 inhibitors in glioblastoma. Cancer
Gene Ther 30:1636-1648, 2023. doi:10.1038/S41417-023-00666-3.
Pang LY, Saunders L, Argyle DJ. Epidermal growth factor receptor
activity is elevated in glioma cancer stem cells and is required to
maintain chemotherapy and radiation resistance. Oncotarget 8:
72494-72512,2017. doi:10.18632/ONCOTARGET.19868.

Woo Y, Lee HJ, Jung YM, Jung YJ. mTOR-mediated antioxidant
activation in solid tumor radioresistance. J Oncol 2019: 5956867,
2019. doi:10.1155/2019/5956867.

Sharifi Z, Abdulkarim B, Meehan B, Rak J, Daniel P, Schmitt J,
Lauzon N, Eppert K, Duncan HM, Petrecca K, Guiot MC, Jean-
Claude B, Sabri S. Mechanisms and antitumor activity of a binary
EGFR/DNA-targeting strategy overcomes resistance of glioblastoma
stem cells to temozolomide. Clin Cancer Res 25: 7594-7608, 2019.
doi:10.1158/1078-0432.CCR-19-0955.

Kim HJ, Batara DC, Jeon YJ, Lee S, Beck S, Kim SH. The impact of
MEIS1 TALE homeodomain transcription factor knockdown on gli-
oma stem cell growth. Anim Cells Syst (Seoul) 28: 93-109, 2024.
doi:10.1080/19768354.2024.2327340.

Kim HJ, Jeon HM, Batara DC, Lee S, Lee SJ, Yin J, Park SI, Park M,
Seo JB, Hwang J, Oh YJ, Suh SS, Kim SH. CREB5 promotes the pro-
liferation and self-renewal ability of glioma stem cells. Cell Death
Discov 10: 103, 2024. doi:10.1038/541420-024-01873-Z.

Zhu J, Wang H, Sun Q, Ji X, Zhu L, Cong Z, Zhou Y, Liu H, Zhou M.
Nrf2 is required to maintain the self-renewal of glioma stem cells.
BMC Cancer 13: 380, 2013 [Erratum in BMC Cancer 21: 582, 2021].
doi:10.1186/1471-2407-13-380.

Wang H, Lathia JD, Wu Q, Wang J, Li Z, Heddleston JM, Eyler CE,
Elderbroom J, Gallagher J, Schuschu J, MacSwords J, Cao Y,
McLendon RE, Wang XF, Hjelmeland AB, Rich JN. Targeting inter-
leukin 6 signaling suppresses glioma stem cell survival and tumor
growth. Stem Cells 27: 2393-2404, 2009. doi:10.1002/STEM.188.
Shi L, Fei X, Wang Z, You Y. PI3K inhibitor combined with miR-125b
inhibitor sensitize TMZ-induced anti-glioma stem cancer effects
through inactivation of Wnt/B-catenin signaling pathway. In Vitro Cell
Dev Biol Anim 51: 1047-1055, 2015. doi:10.1007/511626-015-9931-X.
Petkovié M, Henis M, Heese O, Relégio A. Chronotherapy in glio-
blastoma: state of the art and future perspectives. EBioMedicine 89:
104470, 2023. doi:10.1016/J.EBIOM.2023.104470.

Dong Z, Zhang G, Qu M, Gimple RC, Wu Q, Qiu Z, Prager BC,
Wang X, Kim LJY, Morton AR, Dixit D, Zhou W, Huang H, Li B, Zhu
Z, Bao S, Mack SC, Chavez L, Kay SA, Rich JN. Targeting glioblas-
toma stem cells through disruption of the circadian clock. Cancer
Discov 9:1556-1573, 2019. doi:10.1158/2159-8290.CD-19-0215.
Chen P, Hsu WH, Chang A, Tan Z, Lan Z, Zhou A, Spring DJ, Lang
FF, Wang YA, Depinho RA. Circadian regulator CLOCK recruits
immune-suppressive microglia into the GBM tumor microenviron-
ment. Cancer Discov 10: 371-381, 2020. doi:10.1158/2159-8290.CD-
19-0400.

Ma D, Hou L, Xia H, Li H, Fan H, Jia X, Niu Z. PER2 inhibits prolifera-
tion and stemness of glioma stem cells via the Wnt/B-catenin

C1059

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


https://doi.org/10.1093/NEUONC/NOV172
https://doi.org/10.1158/1078-0432.CCR-18-1176
https://doi.org/10.1101/GAD.321968.118
https://doi.org/10.1016/J.JBC.2021.100965
https://doi.org/10.1016/J.JBC.2021.100965
https://doi.org/10.1016/J.CELREP.2014.10.055
https://doi.org/10.1038/S41467-023-37397-W
https://doi.org/10.1038/S41467-023-37397-W
https://doi.org/10.1016/J.TIBS.2007.09.002
https://doi.org/10.1002/STEM.1528
https://doi.org/10.1097/CAD.0000000000000190
https://doi.org/10.1097/CAD.0000000000000190
https://doi.org/10.1158/0008-5472.CAN-10-1378
https://doi.org/10.1038/CDD.2015.7
https://doi.org/10.4103/2347-8659.139715
https://doi.org/10.4103/2347-8659.139715
https://doi.org/10.1111/J.1349-7006.2011.01943.X
https://doi.org/10.1111/J.1349-7006.2011.01943.X
https://doi.org/10.3389/FONC.2020.01233
https://doi.org/10.1038/S41388-019-0927-Y
https://doi.org/10.1038/S41388-019-0927-Y
https://doi.org/10.2119/MOLMED.2010.00062
https://doi.org/10.3892/IJO.2013.1916
https://doi.org/10.3892/IJO.2013.1916
https://doi.org/10.1093/NEUONC/NOS302
https://doi.org/10.1038/S41419-023-06416-5
https://doi.org/10.3390/CELLS9030722
https://doi.org/10.1016/J.PRP.2020.153020
https://doi.org/10.1016/J.PRP.2020.153020
https://doi.org/10.1038/S41417-023-00666-3
https://doi.org/10.18632/ONCOTARGET.19868
https://doi.org/10.1155/2019/5956867
https://doi.org/10.1158/1078-0432.CCR-19-0955
https://doi.org/10.1080/19768354.2024.2327340
https://doi.org/10.1038/S41420-024-01873-Z
https://doi.org/10.1186/1471-2407-13-380
https://doi.org/10.1002/STEM.188
https://doi.org/10.1007/S11626-015-9931-X
https://doi.org/10.1016/J.EBIOM.2023.104470
https://doi.org/10.1158/2159-8290.CD-19-0215
https://doi.org/10.1158/2159-8290.CD-19-0400
https://doi.org/10.1158/2159-8290.CD-19-0400
http://www.ajpcell.org

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

C1060

() TARGETING GLIOMA STEM CELLS TO ERADICATE TUMOR RECURRENCE

signaling pathway. Oncol Rep 44: 533-542, 2020. doi:10.3892/
OR.2020.7624.

Wagner PM, Monjes NM, Guido ME. Chemotherapeutic effect of
SR9009, a REV-ERB agonist, on the human glioblastoma T98G cells.
ASN Neuro 11: 1759091419892713, 2019. doi:10.1177/1759091419892713.
Wagner PM, Prucca CG, Caputto BL, Guido ME. Adjusting the mo-
lecular clock: the importance of circadian rhythms in the develop-
ment of glioblastomas and its intervention as a therapeutic strategy.
Int J Mol Sci 22: 8289, 2021. doi:10.3390/1JMS22158289.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next genera-
tion. Cell 144: 646—674, 2011. doi:10.1016/J.CELL.2011.02.013.
Takeyama M, Noumi T, Maeda M, Futai M. Fo portion of
Escherichia coli H+ -ATPase. Carboxyl-terminal region of the b sub-
unit is essential for assembly of functional Fo. J Biol Chem 263:
16106-16112, 1988. doi:10.1016/S0021-9258(18)37564-1.

Fecci PE, Mitchell DA, Whitesides JF, Xie W, Friedman AH, Archer
GE, Herndon JE, Bigner DD, Dranoff G, Sampson JH. Increased
regulatory T-cell fraction amidst a diminished CD4 compartment
explains cellular immune defects in patients with malignant glioma.
Cancer Res 66: 3294-3302, 2006. doi:10.1158/0008-5472.CAN-05-
3773.

Bonaventura P, Shekarian T, Alcazer V, Valladeau-Guilemond J,
Valsesia-Wittmann S, Amigorena S, Caux C, Depil S. Cold tumors:
a therapeutic challenge for immunotherapy. Front Immunol 10: 168,
2019. doi:10.3389/FIMMU.2019.00168.

Tang X, Zuo C, Fang P, Liu G, Qiu Y, Huang Y, Tang R. Targeting
glioblastoma stem cells: a review on biomarkers, signal pathways
and targeted therapy. Front Oncol 11: 701291, 2021. doi:10.3389/
FONC.2021.701291.

Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen J, Oefner
PJ, Aigner L, Brawanski A, Bogdahn U, Beier CP. CD133(+) and
CD133(—) glioblastoma-derived cancer stem cells show differential
growth characteristics and molecular profiles. Cancer Res 67: 4010—
4015, 2007. doi:10.1158/0008-5472.CAN-06-4180.

Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De Vitis S, Fiocco
R, Foroni C, Dimeco F, Vescovi A. Isolation and characterization of
tumorigenic, stem-like neural precursors from human glioblastoma.
Cancer Res 64: 7011-7021, 2004. doi:10.1158/0008-5472.CAN-04-
1364.

Piper K, DePledge L, Karsy M, Cobbs C. Glioma stem cells as immu-
notherapeutic targets: advancements and challenges. Front Oncol
11: 615704, 2021. doi:10.3389/FONC.2021.615704.

Medikonda R, Dunn G, Rahman M, Fecci P, Lim M. A review of glio-
blastoma immunotherapy. J Neurooncol 151: 41-53, 2021. doi:10.1007/
S11060-020-03448-1.

Burger MC, Zhang C, Harter PN, Romanski A, Strassheimer F,
Senft C, Tonn T, Steinbach JP, Wels WS. CAR-engineered NK cells
for the treatment of glioblastoma: turning innate effectors into preci-
sion tools for cancer immunotherapy. Front Immunol 10: 2683, 2019.
doi:10.3389/FIMMU.2019.02683.

Martikainen M, Essand M. Virus-based immunotherapy of glioblas-
toma. Cancers (Basel) 11: 186, 2019. doi:10.3390/CANCERS11020186.
Ren AL, Wu JY, Lee SY, Lim M. Translational models in glioma immu-
notherapy research. Curr Oncol 30: 5704-5718, 2023. doi:10.3390/
CURRONCOL30060428.

Wang G, Wang W. Advanced cell therapies for glioblastoma. Front
Immunol 13: 904133, 2022. doi:10.3389/FIMMU.2022.904133.
Miyaguchi K, Wang H, Black KL, Shiao SL, Wang R, Yu JS.
Activated T cell therapy targeting glioblastoma cancer stem cells.
Sci Rep 13:196, 2023. doi:10.1038/541598-022-27184-W.

Tseng HC, Inagaki A, Bui VT, Cacalano N, Kasahara N, Man YG,
Jewett A. Differential targeting of stem cells and differentiated glio-
blastomas by NK cells. J Cancer 6: 866-876, 2015. doi:10.7150/
JCANM527.

Cordell EC, Alghamri MS, Castro MG, Gutmann DH. T lymphocytes
as dynamic regulators of glioma pathobiology. Neuro Oncol 24:
1647-1657, 2022. doi:10.1093/NEUONC/NOACO55.

Woroniecka KI, Rhodin KE, Chongsathidkiet P, Keith KA, Fecci PE.
T-cell dysfunction in glioblastoma: applying a new framework. Clin
Cancer Res 24: 3792-3802, 2018. doi:10.1158/1078-0432.CCR-18-
0047.

Bald T, Krummel MF, Smyth MJ, Barry KC. The NK cell-cancer cycle:
advances and new challenges in NK cell-based immunotherapies.
Nat Immunol 21: 835-847, 2020. doi:10.1038/S41590-020-0728-Z.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Hosseinalizadeh H, Habibi Roudkenar M, Mohammadi Roushandeh
A, Kuwahara Y, Tomita K, Sato T. Natural killer cell immunotherapy in
glioblastoma. Discov Oncol 13: 113, 2022. doi:10.1007/512672-022-
00567-1.

Breznik B, Ko MW, Tse C, Chen PC, Senjor E, Majc B, Habic A,
Angelillis N, Novak M, 2upunski V, Mlakar J, Nathanson D, Jewett
A. Infiltrating natural killer cells bind, lyse and increase chemother-
apy efficacy in glioblastoma stem-like tumorospheres. Commun Biol
5:436, 2022. doi:10.1038/5S42003-022-03402-Z.

Wang M, Zhou Z, Wang X, Zhang C, Jiang X. Natural killer cell
awakening: unleash cancer-immunity cycle against glioblastoma.
Cell Death Dis 13: 588, 2022. doi:10.1038/541419-022-05041-Y.
Srivastava S, Riddell SR. Engineering CAR-T cells: design concepts.
Trends Immunol 36: 494-502, 2015. doi:10.1016/J.1T.2015.06.004.
Sadelain M, Riviere |, Riddell S. Therapeutic T cell engineering.
Nature 545: 423-431, 2017. doi:10.1038/NATURE22395.

Mata M, Gottschalk S. Engineering for success: approaches to
improve chimeric antigen receptor T cell therapy for solid tumors.
Drugs 79: 401-415, 2019. doi:10.1007/S40265-019-01071-7.
Bridgeman JS, Hawkins RE, Bagley S, Blaylock M, Holland M,
Gilham DE. The optimal antigen response of chimeric antigen
receptors harboring the CD3zeta transmembrane domain is de-
pendent upon incorporation of the receptor into the endogenous
TCR/CD3 complex. J Immunol 184: 6938-6949, 2010. doi:10.4049/
JIMMUNOL.0901766.

Ahmed N, Brawley V, Hegde M, Bielamowicz K, Kalra M, Landi D,
Robertson C, Gray TL, Diouf O, Wakefield A, Ghazi A, Gerken C, Yi
Z, Ashoori A, Wu MF, Liu H, Rooney C, Dotti G, Gee A, Su J, Kew Y,
Baskin D, Zhang YJ, New P, Grilley B, Stojakovic M, Hicks J,
Powell SZ, Brenner MK, Heslop HE, Grossman R, Wels WS,
Gottschalk S. HER2-specific chimeric antigen receptor-modified vi-
rus-specific T cells for progressive glioblastoma: a phase 1 dose-
escalation trial. JAMA Oncol 3: 1094-1101, 2017. doi:10.1001/
JAMAONCOL.2017.0184.

Batra SA, Rathi P, Guo L, Courtney AN, Fleurence J, Balzeau J,
Shaik RS, Nguyen TP, Wu MF, Bulsara S, Mamonkin M, Metelitsa
LS, Heczey A. Glypican-3-specific CAR T cells coexpressing IL15
and IL21 have superior expansion and antitumor activity against he-
patocellular carcinoma. Cancer Immunol Res 8: 309-320, 2020.
doi:10.1158/2326-6066.CIR-19-0293.

Jiang H, Shi Z, Wang P, Wang C, Yang L, Du G, Zhang H, Shi B, Jia
J, Li Q, Wang H, Li Z. Claudin18.2-specific chimeric antigen receptor
engineered t cells for the treatment of gastric cancer. J Nat/ Cancer
Inst 111: 409-418, 2019. doi:10.1093/JNCI/DJY134.

Hu Z, Zheng X, Jiao D, Zhou Y, Sun R, Wang B, Tian Z, Wei H.
LunX-CAR T cells as a targeted therapy for non-small cell lung
cancer. Mol Ther Oncolytics 17: 361-370, 2020. doi:10.1016/J.
OMT0.2020.04.008.

Li H, Ding J, Lu M, Liu H, Miao Y, Li L, Wang G, Zheng J, Pei D,
Zhang Q. CAIX-specific CAR-T cells and sunitinib show synergistic
effects against metastatic renal cancer models. J Immunother 43:
16-28, 2020. doi:10.1097/CJI.0000000000000301.

Gorchakov AA, Kulemzin SV, Kochneva GV, Taranin AV.
Challenges and prospects of chimeric antigen receptor T-cell
therapy for metastatic prostate cancer. Eur Urol 77: 299-308,
2020. doi:10.1016/J.EURURO.2019.08.014.

Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A,
Ostberg JR, Blanchard MS, Kilpatrick J, Simpson J, Kurien A,
Priceman SJ, Wang X, Harshbarger TL, D’Apuzzo M, Ressler
JA, Jensen MC, Barish ME, Chen M, Portnow J, Forman SJ,
Badie B. Regression of glioblastoma after chimeric antigen re-
ceptor T-cell therapy. N Engl J Med 375: 2561-2569, 2016.
doi:10.1056/NEJMOA1610497.

Louis CU, Savoldo B, Dotti G, Pule M, Yvon E, Myers GD, Rossig C,
Russell HV, Diouf O, Liu E, Liu H, Wu MF, Gee AP, Mei Z, Rooney
CM, Heslop HE, Brenner MK. Antitumor activity and long-term fate
of chimeric antigen receptor-positive T cells in patients with neuro-
blastoma. Blood 118: 6050-6056, 2011. doi:10.1182/BLOOD-2011-05-
354449.

Dai H, Tong C, Shi D, Chen M, Guo Y, Chen D, Han X, Wang H,
Wang Y, Shen P. Efficacy and biomarker analysis of CD133-directed
CAR T cells in advanced hepatocellular carcinoma: a single-arm, open-
label, phase I trial. Oncoimmunology 9: 1846926, 2020. doi:10.1080/
2162402X.2020.1846926.

AJP-Cell Physiol « doi:10.1152/ajpcell.00344.2024 - www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


https://doi.org/10.3892/OR.2020.7624
https://doi.org/10.3892/OR.2020.7624
https://doi.org/10.1177/1759091419892713
https://doi.org/10.3390/IJMS22158289
https://doi.org/10.1016/J.CELL.2011.02.013
https://doi.org/10.1016/S0021-9258(18)37564-1
https://doi.org/10.1158/0008-5472.CAN-05-3773
https://doi.org/10.1158/0008-5472.CAN-05-3773
https://doi.org/10.3389/FIMMU.2019.00168
https://doi.org/10.3389/FONC.2021.701291
https://doi.org/10.3389/FONC.2021.701291
https://doi.org/10.1158/0008-5472.CAN-06-4180
https://doi.org/10.1158/0008-5472.CAN-04-1364
https://doi.org/10.1158/0008-5472.CAN-04-1364
https://doi.org/10.3389/FONC.2021.615704
https://doi.org/10.1007/S11060-020-03448-1
https://doi.org/10.1007/S11060-020-03448-1
https://doi.org/10.3389/FIMMU.2019.02683
https://doi.org/10.3390/CANCERS11020186
https://doi.org/10.3390/CURRONCOL30060428
https://doi.org/10.3390/CURRONCOL30060428
https://doi.org/10.3389/FIMMU.2022.904133
https://doi.org/10.1038/S41598-022-27184-W
https://doi.org/10.7150/JCA.11527
https://doi.org/10.7150/JCA.11527
https://doi.org/10.1093/NEUONC/NOAC055
https://doi.org/10.1158/1078-0432.CCR-18-0047
https://doi.org/10.1158/1078-0432.CCR-18-0047
https://doi.org/10.1038/S41590-020-0728-Z
https://doi.org/10.1007/S12672-022-00567-1
https://doi.org/10.1007/S12672-022-00567-1
https://doi.org/10.1038/S42003-022-03402-Z
https://doi.org/10.1038/S41419-022-05041-Y
https://doi.org/10.1016/J.IT.2015.06.004
https://doi.org/10.1038/NATURE22395
https://doi.org/10.1007/S40265-019-01071-7
https://doi.org/10.4049/JIMMUNOL.0901766
https://doi.org/10.4049/JIMMUNOL.0901766
https://doi.org/10.1001/JAMAONCOL.2017.0184
https://doi.org/10.1001/JAMAONCOL.2017.0184
https://doi.org/10.1158/2326-6066.CIR-19-0293
https://doi.org/10.1093/JNCI/DJY134
https://doi.org/10.1016/J.OMTO.2020.04.008
https://doi.org/10.1016/J.OMTO.2020.04.008
https://doi.org/10.1097/CJI.0000000000000301
https://doi.org/10.1016/J.EURURO.2019.08.014
https://doi.org/10.1056/NEJMOA1610497
https://doi.org/10.1182/BLOOD-2011-05-354449
https://doi.org/10.1182/BLOOD-2011-05-354449
https://doi.org/10.1080/2162402X.2020.1846926
https://doi.org/10.1080/2162402X.2020.1846926
http://www.ajpcell.org

163.

164.

165.

166.

167.

168.

169.

170.

171.

() TARGETING GLIOMA STEM CELLS TO ERADICATE TUMOR RECURRENCE

O’Rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, Mansfield K,
Morrissette JJD, Martinez-Lage M, Brem S, Maloney E, Shen A,
Isaacs R, Mohan S, Plesa G, Lacey SF, Navenot J-M, Zheng Z,
Levine BL, Okada H, June CH, Brogdon JL, Maus MV. A single
dose of peripherally infused EGFRVIII-directed CAR T cells mediates
antigen loss and induces adaptive resistance in patients with recur-
rent glioblastoma. Sci Trans/ Med 9: eaaa0984, 2017. doi:10.1126/
SCITRANSLMED.AAA0984.

Salinas RD, Durgin JS, O’Rourke DM. Potential of glioblastoma-tar-
geted chimeric antigen receptor (CAR) T-cell therapy. CNS Drugs
34:127-145, 2020. doi:10.1007/S40263-019-00687-3.

Bielamowicz K, Fousek K, Byrd TT, Samaha H, Mukherjee M,
Aware N, Wu MF, Orange JS, Sumazin P, Man TK, Joseph SK,
Hegde M, Ahmed N. Trivalent CAR T cells overcome interpatient anti-
genic variability in glioblastoma. Neuro Oncol 20: 506-518, 2018
[Erratum in Neuro Oncol 25:1727-1728, 2023]. doi:10.1093/NEUONC/
NOX182.

Hegde M, Mukherjee M, Grada Z, Pignata A, Landi D, Navai SA,
Wakefield A, Fousek K, Bielamowicz K, Chow KKH, Brawley VS,
Byrd TT, Krebs S, Gottschalk S, Wels WS, Baker ML, Dotti G,
Mamonkin M, Brenner MK, Orange JS, Ahmed N. Tandem CAR T
cells targeting HER2 and IL13Ra2 mitigate tumor antigen escape. J
Clin Invest 131: 152477, 2021. doi:10.1172/JCI1152477.

Lin YJ, Mashouf LA, Lim M. CAR T cell therapy in primary brain
tumors: current investigations and the future. Front Immunol 13:
817296, 2022. doi:10.3389/FIMMU.2022.817296.

Secondino S, Canino C, Alaimo D, Muzzana M, Galli G, Borgetto S,
Basso S, Bagnarino J, Pulvirenti C, Comoli P, Pedrazzoli P. Clinical
trials of cellular therapies in solid tumors. Cancer (Basel) 15: 3667,
2023. doi:10.3390/cancers15143667.

Fareh M, Almairac F, Turchi L, Burel-Vandenbos F, Paquis P,
Fontaine D, Lacas-Gervais S, Junier MP, Chneiweiss H, Virolle T.
Cell-based therapy using miR-302-367 expressing cells represses
glioblastoma growth. Cell Death Dis 8: €2713, 2017. doi:10.1038/
CDDIS.2017.117.

Mangraviti A, Tzeng SY, Gullotti D, Kozielski KL, Kim JE, Seng M,
Abbadi S, Schiapparelli P, Sarabia-Estrada R, Vescovi A, Brem H,
Olivi A, Tyler B, Green JJ, Quinones-Hinojosa A. Non-virally engi-
neered human adipose mesenchymal stem cells produce BMP4, tar-
get brain tumors, and extend survival. Biomaterials 100: 53-66, 2016.
doi:10.1016/J.BIOMATERIALS.2016.05.025.

Stuckey DW, Hingtgen SD, Karakas N, Rich BE, Shah K. Engineering
toxin-resistant therapeutic stem cells to treat brain tumors. Stem Cells
33:589-600, 2015. doi:10.1002/STEM.1874.

AJP-Cell Physiol « doi:10.1152/ajpcell.00344.2024 - www.ajpcell.org

172.

173.

174.

175.

176.

177.

178.

179.

Lemarié A, Lubrano V, Delmas C, Lusque A, Cerapio JP, Perrier M,
Siegfried A, Arnauduc F, Nicaise Y, Dahan P, Filleron T, Mounier
M, Toulas C, Cohen-Jonathan Moyal E. The STEMRI trial: magnetic
resonance spectroscopy imaging can define tumor areas enriched in
glioblastoma stem-like cells. Sci Adv 9: eadiO114, 2023. doi:10.1126/
SCIADV.ADIO114.

Ranjan T, Sengupta S, Glantz MJ, Green RM, Yu A, Aregawi D,
Chaudhary R, Chen R, Zuccarello M, Lu-Emerson C, Moulding HD,
Belman N, Glass J, Mammoser A, Anderson M, Valluri J, Marko N,
Schroeder J, Jubelirer S, Chow F, Claudio PP, Alberico AM, Lirette
ST, Denning KL, Howard CM. Cancer stem cell assay-guided chem-
otherapy improves survival of patients with recurrent glioblastoma in
a randomized trial. Cell Rep Med 4: 101025, 2023. doi:10.1016/J.
XCRM.2023.101025.

Ranjan T, Howard CM, Yu A, Xu L, Aziz K, Jho D, Leonardo J,
Hameed MA, Karlovits SM, Wegner RE, Fuhrer R, Lirette ST,
Denning KL, Valluri J, Claudio PP. Cancer stem cell chemotherapeu-
tics assay for prospective treatment of recurrent glioblastoma and
progressive anaplastic glioma: a single-institution case series. Trans/
Oncol 13: 100755, 2020. doi:10.1016/J. TRANON.2020.100755.

Ranjan T, Yu A, Elhamdani S, Howard CM, Lirette ST, Denning KL,
Valluri J, Claudio PP. Treatment of unmethylated MGMT-promoter
recurrent glioblastoma with cancer stem cell assay-guided chemo-
therapy and the impact on patients’ healthcare costs. Neurooncol
Adv 5: vdad055, 2023. doi:10.1093/NOAJNL/VDADOS55.

Howard CM, Valluri J, Alberico A, Julien T, Mazagri R, Marsh R,
Alastair H, Cortese A, Griswold M, Wang W, Denning K, Brown L,
Claudio PP. Analysis of chemopredictive assay for targeting cancer
stem cells in glioblastoma patients. Trans/ Oncol 10: 241-254, 2017.
doi:10.1016/J.TRANON.2017.01.008.

Quereda V, Hou S, Madoux F, Scampavia L, Spicer TP, Duckett D.
A cytotoxic three-dimensional-spheroid, high-throughput assay
using patient-derived glioma stem cells. SLAS Discov 23: 842-849,
2018. doi:10.1177/2472555218775055.

Skaga E, Kulesskiy E, Brynjulvsen M, Sandberg CJ, Potdar S,
Langmoen IA, Laakso A, Gaal-Paavola E, Perola M, Wennerberg K,
Vik-Mo EO. Feasibility study of using high-throughput drug sensitiv-
ity testing to target recurrent glioblastoma stem cells for individual-
ized treatment. Clin Trans! Med 8: 33, 2019. doi:10.1186/S40169-019-
0253-6.

Skaga E, Kulesskiy E, Fayzullin A, Sandberg CJ, Potdar S, Kyttala
A, Langmoen IA, Laakso A, Gadl-Paavola E, Perola M, Wennerberg
K, Vik-Mo EO. Intertumoral heterogeneity in patient-specific drug
sensitivities in treatment-naive glioblastoma. BMC Cancer 19: 628,
2019. doi:10.1186/512885-019-5861-4.

C1061

Downloaded from journals.physiology.org/journal/ajpcell (212.154.017.074) on April 9, 2026.


https://doi.org/10.1126/SCITRANSLMED.AAA0984
https://doi.org/10.1126/SCITRANSLMED.AAA0984
https://doi.org/10.1007/S40263-019-00687-3
https://doi.org/10.1093/NEUONC/NOX182
https://doi.org/10.1093/NEUONC/NOX182
https://doi.org/10.1172/JCI152477
https://doi.org/10.3389/FIMMU.2022.817296
https://doi.org/10.3390/cancers15143667
https://doi.org/10.1038/CDDIS.2017.117
https://doi.org/10.1038/CDDIS.2017.117
https://doi.org/10.1016/J.BIOMATERIALS.2016.05.025
https://doi.org/10.1002/STEM.1874
https://doi.org/10.1126/SCIADV.ADI0114
https://doi.org/10.1126/SCIADV.ADI0114
https://doi.org/10.1016/J.XCRM.2023.101025
https://doi.org/10.1016/J.XCRM.2023.101025
https://doi.org/10.1016/J.TRANON.2020.100755
https://doi.org/10.1093/NOAJNL/VDAD055
https://doi.org/10.1016/J.TRANON.2017.01.008
https://doi.org/10.1177/2472555218775055
https://doi.org/10.1186/S40169-019-0253-6
https://doi.org/10.1186/S40169-019-0253-6
https://doi.org/10.1186/S12885-019-5861-4
http://www.ajpcell.org

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5
	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8

	bkmk_bookmark_9
	bkmk_bookmark_10
	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14
	bkmk_bookmark_15

	bkmk_bookmark_16
	bkmk_bookmark_17
	bkmk_bookmark_18
	bkmk_bookmark_19
	bkmk_bookmark_20
	bkmk_bookmark_21

	bkmk_bookmark_22
	bkmk_bookmark_23
	bkmk_bookmark_24

	bkmk_bookmark_25


	bkmk_bookmark_26
	bkmk_bookmark_27
	bkmk_bookmark_AC
	bkmk_bookmark_28
	bkmk_bookmark_29
	bkmk_bookmark_30
	bkmk_bookmark_31


