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Abstract. Glioblastoma multiforme (GBM) is a primary brain
tumor with a high mortality rate and a median survival time of
~14 months from the initial diagnosis. Although progress has
been made in the currently available therapies, the treatment
of GBM remains palliative. GBM contains subsets of GBM
stem cells (GSCs) that share numerous neural stem/progenitor
cell characteristics, such as expression of stem cell markers,
self-renewal and multi-lineage differentiation capacity, thus
contributing to the heterogeneity and complexity of these
tumors. GSCs are potentially associated with tumor initiation
and they are considered as the driving force behind tumor
formation, as they possess tumor-propagating potential and
exhibit preferential resistance to radiotherapy and chemo-
therapy. Targeting self-renewal signaling pathways in cancer
stem cells may effectively reduce tumor recurrence and
significantly improve prognosis. The aim of the present review
was to summarize the current knowledge on the self-renewal
signaling pathways of GSCs and discuss potential future
targeting strategies for the design of differentiation therapies.
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1. Introduction

Gliomas are the most common primary malignant tumors in
the brain. Glioblastoma multiforme (GBM), also known as
World Health Organization grade IV glioma, is a disease with
a high mortality rate worldwide, for which there is currently
no effective therapy (1). The current standard treatments
for GBM include maximal surgical resection, radiotherapy
and temozolomide chemotherapy. However, GBM tends to
recur despite therapy, with a recurrence rate as high as 90%.
The median overall survival is 15-18 months according to
population-based studies, and <10% of patients remain alive at
5 years post-diagnosis (2).

GBM is a heterogeneous tumor that is characterized by
high resistance to therapy, which is promoted by GBM stem
cells (GSCs) (1). Cancer stem cells constitute a small cell
population that is highly involved in the malignant behavior
of numerous types of cancer (3), and they are defined by their
functionality, including maintenance of stemness, tumor
formation, tumor relapse and resistance to therapy (4). GBM
follows a cellular hierarchy model, with GSCs at the top and
differentiated offspring cells at the bottom of the model (5,6).

There are significant similarities between neural
stem/progenitor cells (NSCs) and GSCs, such as the expression
of stem cell markers (CD133,SOX2, oligodendrocyte transcrip-
tion factor 2 and nestin), and the ability to differentiate into
oligodendrocytes, astrocytes and neurons. However, GSCs are
characterized by the expression of multiple lineage markers in
one differentiated cell (7,8). GSCs harbor genetic abnormali-
ties, which contribute to tumor invasion (9), angiogenesis (10)
and radio-resistance (11). The main characteristics of GSCs
are their capacity for self-renewal and differentiation (3). In a
xenograft assay, GSCs displayed greater tumorigenic capacity
compared with non-stem tumor cells (6). GSCs play a pivotal
role in the growth and therapeutic resistance of adult human
GBM (7), suggesting that GSCs may lead to tumor recurrence
and, eventually, death. Thus, exploring the signaling pathways
regulating GSC self-renewal and the design of therapies
targeting these signaling pathways are important research
objectives. In recent years, numerous different signaling
pathways and potential therapeutic targets for GBM have been
identified, including TGF-f, Notch, Wnt, Hedgehog (HH)
and STAT3, which also play important roles in normal stem
cell development and differentiation. The focus of the present


https://www.spandidos-publications.com/10.3892/ijo.2021.5225

2 JIN et al: SIGNALING AND STEM CELL-BASED THERAPY FOR GLIOBLASTOMA

review was these five key self-renewal GSC signaling path-
ways and the corresponding differentiation therapies, with the
aim of providing novel insight and promoting advances in the
clinical therapy of GBM.

2. TGF-p signaling pathway

The TGF-p family includes polypeptides that regulate GSC
maintenance and tumor differentiation (12,13). In addition,
TGF-p signaling is involved in carcinogenesis and tumor
development (12).

The TGF-f family comprises TGF-fs, bone morphoge-
netic proteins (BMPs) and other associated proteins (14). The
TGF-p signaling cascade is a linear pathway from type II to
type I receptor kinase to SMAD activation, resulting in the
transcription of target genes in the cell nucleus. On the cell
surface, TGF-P ligands bind to the transmembrane receptor
serine/threonine kinase (type I and II) complex, and then
type II receptor kinases [BMP receptor (BMPR)II, activin
receptor (ActR)II, ActRIIB, TGF-f receptor (TBR)II and
anti-Miillerian hormone receptor] and trans-phosphorylate
type I receptors [anaplastic lymphoma kinase (ALK);
ALKS5/1/2 for TPR and ALK?2/3/6 for BMPR]. The conse-
quently activated type I receptors trigger phosphorylation of
SMAD and receptor-regulated SMAD (R-SMAD) (TGF-p,
R-SMAD2/3/1/5; BMP, R-SMAD1/5/8), which then form
a complex with common mediator SMAD4 (Co-SMAD).
The activated R-SMAD/Co-SMAD complex translocates to
the nucleus to regulate gene transcription. The activation of
R-SMAD is inhibited by SMAD6 or SMAD7 (14,15). It was
previously demonstrated that TGF-f signaling regulates cell
fate (16), and that blockade of this signaling pathway can
inhibit proliferation of cancer cells and the GSC subpopu-
lation (17). Thus, targeting the TGF-f3 pathway may be a
meaningful treatment for GBM. The current clinical trials on
drugs targeting the TGF-f signaling pathway are summarized
in Table I.

BMPs. BMPs comprise a subfamily of the TGF-f superfamily,
and they are secreted signaling molecules that regulate embry-
onic development (18). BMPRs, acting as paracrine tumor
suppressors, have a flexible oligomerization pattern, which
allows a greater variety of responses to ligands (19). BMPs
and growth differentiation factors (GDFs) form a cystine-knot
cytokine family, which shares the characteristics of the TGF-f3
superfamily. GDFs are extracellular factors containing a
potential signaling sequence for secretion and a proteolytic
processing site (20,21). BMP/GDFs exist as homodimers
and heterodimers, and interact with complexes of type I and
type II receptor dimers, leading to the activation of one of two
competing sets of R-SMAD (22).

BMPs can cause a significant reduction in stem cell numbers
in GBM. BMPs induce GSC differentiation, attenuate the
expression of stemness markers, reduce self-renewal and block
tumor initiation (23-25). Thus, BMPs have been proposed as
potential differentiation therapies targeting GSCs, which may
be used to prevent GBM growth and recurrence (26).

Gremlin 1. BMPs can influence astrocyte fate and induce
loss of tumorigenicity, and they are considered as a GSC

differentiation targeted therapy; however, paradoxically,
tumors express high levels of BMPs (24,27). Gremlin, a protein
of 184 amino acids, contains a highly conserved cysteine knot
domain shared by the TGF-f superfamily (28). The antagonist
gremlin 1 has been demonstrated to be specifically expressed by
GSC:s to protect against endogenous BMPs. Gremlin 1 blocks
the differentiation effects of BMPs on GSCs and promotes the
maintenance of cancer cell stemness, thereby increasing tumor
formation ability. Targeting gremlin 1 results in impaired cell
proliferation and self-renewal. Mechanistically, gremlin 1
mediates the downregulation of the cyclin-dependent kinase
inhibitor p21WAF1/CIP1, a key GSC signaling node (29).
Thus, inhibition of gremlin 1 may act synergistically with
BMPs in GBM treatment. One therapy option is to engineer
a BMP variant that does not bind to gremlin 1 (30). Another
option is combined therapy of antibodies against gremlin 1
alongside BMP-based therapy.

TGF-p.Previous studies have demonstrated that TGF-[ activity
is present in aggressive and highly proliferative gliomas (31).
TGF-f has been shown to induce self-renewal capacity and
prevent differentiation in GSCs. Furthermore, TGF-[3 may play
a role in GSC-mediated oncogenesis via leukemia inhibitory
factor induction in vivo (32). Thus, blocking TGF-f signaling
in GBM may be of therapeutic value.

Snail family transcriptional repressor 1 (Snail). Snail increases
GBM cell proliferation and invasiveness (33). However, Snail
has been shown to abolish sphere formation and tumor growth
in glioma (34). It has been hypothesized that the signaling
pathway through which Snail impairs self-renewal, represses
stemness and promotes differentiation of GSCs involves the
Snail-mediated control of the activities of the TGF-f pathway
at the transcriptional level. Snail interacts with SMAD
and represses TGFB1 gene expression to decrease TGF-f31
signaling activity and suppress GBM tumorigenesis (35).
Thus, Snail may be a key player in TGF-f-targeted therapies.

Heme oxygenase 1 (HMOX]I). The expression of HMOX1, one
of the cell surface transmembrane proteins, is increased in
GBM, and a high expression level is associated with increased
stemness and poor prognosis in GBM (36). HMOXI1 regulates
differentiation through the TGF-p signaling pathway (37).
Specifically, TGF-f regulates HMOX1 expression on the cell
surface, and endogenous activators (such as EGFR) and inhibi-
tors (such as PTEN) of TGF-p signaling may also interfere
with the expression of HMOXI1. These findings indicate that
targeting HMOX1 may be a novel therapeutic approach to
GBM.

Four-and-a-half LIM domains 3 (FHL3). The expression of
FHL3 is downregulated in glioma (38). FHL3 is the negative
target gene of poly(C)-binding protein 2 (PCBP2); knockdown
of PCBP2 enhances the expression of FHL3, whereas over-
expression of FHL3 attenuates cell proliferation and induces
apoptosis (38). FHL3 exerts an anti-proliferative effect on
GSCs and suppresses their stemness. FHL3 can inhibit the
transcriptional activity of SOX4 by recruiting protein phos-
phatase Mg2*/Mn2* dependent 1A, which downregulates
SOX2 expression to suppress GSC tumor sphere formation
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Table I. Clinical trials on compounds that target the TGF-§ pathway.

Compound Country Design (Refs.)

TGF-a-PE38 USA TP-38 toxin for the treatment of young patients (124,125)

immunotoxin with recurrent or progressive

(biological) supratentorial high-grade glioma

AP12009 Austria Phase IIb clinical trial with TGF-32 antisense compound (126)
AP120009 for recurrent or refractory high-grade glioma

LY2157299 USA A study combining LY2157299 with (127-129)
temozolomide-based radiochemotherapy in patients
with newly diagnosed malignant glioma

GC1008 TGF-p The Netherlands Safety and imaging study of GC1008 in glioma (133)

(neutralizing antibody)

AP12009 USA Efficacy and safety of AP12009 in patients with recurrent (126)

or refractory anaplastic astrocytoma or secondary glioblastoma

and self-renewal, and promotes differentiation (39,40). Thus,
FHL3 plays a key role in suppressing stemness by regulating
the SMAD?2/3/SOX4/SOX?2 pathway in glioma.

3. Notch signaling pathway

Notch proteins (Notch 1-4) are transmembrane receptors that
mediate cell-cell signaling. Notch signaling can amplify and
consolidate molecular differences, eventually dictating cell
growth, proliferation, survival and differentiation. Notch
activity affects cell differentiation, proliferation and apoptotic
programs (41). Both the receptors and ligands of the Notch
family are cell surface type I transmembrane proteins. Notch
ligands include delta (Dl) and Serrate. Upon ligand binding,
Notch receptors undergo three proteolytic cleavages. The first
cleavage, S1, generates fragments and forms a heterodimeric
receptor, which is inserted in the cell membrane (42). S2
occurs after the heterodimers bind to the ligand (DI-like-1, -3
and -4, and Jagged-1 and -2). S3 is mediated by the y-secretase
complex, leading to the release of Notch intracellular
domain (NICD) into the nucleus (43).

The Notch signaling pathway, including NICD, hairy/
enhancer-of-split (Hes)l and Hes related family basic
helix-loop-helix (bHLH) transcription factor with YRPW
motif 1 (Heyl), regulates cell stemness and differentiation.
Activation of the Notch receptor rapidly inhibits the death of
NSCs (44). Inhibitors and activators targeting Notch receptors
and ligands that exert antitumor effects have been developed.
Notch stimulation results in poorly infiltrative but highly vascu-
larized grafts, in contrast to the highly infiltrative and poorly
vascularized characteristics of GBM stem cells. This indicates
that the Notch pathway is crucial for regulating GSC fate (45).

During the early stages of embryogenesis, Notch signaling
serves as a critical quality control pathway to prevent prema-
ture neurogenesis and maintain pools of progenitor cells in
the developing central nervous system. In the perinatal stages,
Notch signaling increases progenitor cell proliferation and
drives astrocyte differentiation, thereby serving a critical
function in human brain development. The Notch pathway is
involved in maintaining adult neural stem cells bivalently by

promoting self-renewal and repressing differentiation (46,47).
The activity of the Notch signaling pathway plays an instru-
mental role in regulating self-renewal and determining cell
fate of normal NSCs (48). The Notch pathway is active in NSCs
during neurogenesis, gliogenesis and tumorigenesis (49,50). It
has been demonstrated that the Notch target genes Hesl and
Hes5 are strongly associated with the regulation of neurogen-
esis and gliomagenesis in the brain (51).

The self-renewal capacity of GSCs relies on the activity of
the Notch signaling pathway. The expression level of the Notch
receptor gene and its downstream activation cascade of events
are associated with the phenotypic plasticity and intratumor
heterogeneity of GBM cells (49). A previous study that used
computational modeling methods demonstrated that the stem
cell renewal induced by the Notch pathway and the antago-
nistic effects exerted on the p53 pathway are highly involved
in maintaining the regenerative properties of the NSCs (49,52).
In agreement with this, previous in vitro and in vivo studies
on glioma cell lines have indicated that CD133-positive GSCs
are particularly sensitive to y-secretase inhibitors or Notch1/2
knockdown compared with CD133-negative glioma cells (53).
Blocking Notch signaling or recombination signal-binding
protein for immunoglobulin kJ region (RBP-«J), which is a
major transcriptional effector of this pathway, reduced clono-
genicity potential in tumor sphere assays and engraftment
capacity in glioma xenograft models (48). Notch activity may
contribute to intratumor heterogeneity by promoting stem cell
behavior in poorly differentiated subpopulations of glioma
cells. Notch signaling potentially regulates multiple steps of
gliomagenesis, including tumor initiation, progression and
recurrence.

However, the actual sequence of regulating events and the
exact mechanisms through which Notch activity controls stem-
ness and tumorigenicity remain to be elucidated. Since Notch
can promote and maintain the stem cell characteristics of brain
tumors, it may represent a promising target for developing
more effective therapies against glioma. A phase I clinical
trial investigating the use of y-secretase/Notch inhibition in
combination with temozolomide and radiotherapy in newly
diagnosed GBM or anaplastic astrocytoma demonstrated that
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Table II. Clinical trials on drugs that directly target the Notch signaling pathway.

Drug Country Design (Refs.)

R0O4929097 USA R0O4929097, temozolomide and radiation therapy (131)
for the treatment of patients
with newly diagnosed malignant glioma

R0O4929097 Canada R0O4929097 for the treatment of patients with (130)
recurrent invasive gliomas

R0O4929097 US R0O4929097 and bevacizumab for the treatment of patients (54,130)
with progressive or recurrent malignant glioma

R0O4929097 USA Gamma-secretase/Notch signaling pathway inhibitor RO4929097 (130)
for the treatment of patients with recurrent
or progressive glioblastoma

R0O4929097 USA Gamma-secretase inhibitor RO4929097 for the treatment (132)

of young patients with relapsed

or refractory solid tumors, central nervous
system tumors, lymphoma, or T-cell leukemia

the addition of Notch inhibition to standard treatment was
associated with certain benefits (Table II) (54), although it also
clearly demonstrated that Notch inhibition, alone or combined
with radiation and chemotherapy, may be insufficient for
fully controlling tumor progression. However, those findings
indicated that Notch may serve as a targeted biological tool
that counteracts tumor stem cell-like behavior by preventing
self-renewal and, possibly, angiogenesis (55).

NICD (active NOTCH). NICD regulates transcription in
the cell nucleus, and is directly involved in transcriptional
control by associating with the DNA-binding protein CBF1,
Suppressor of Hairless, Lag-1 (also known as RBP-xJ) (48).
It was previously reported that Notchl is overexpressed in
GSCs (41,45). Enhancing the protein expression and nuclear
transport of NICD may upregulate Notch signaling. The
canonical importin a/f3 pathway, which targets proteins to the
nuclear pore complex and facilitates their translocation across
the nuclear envelope (56), can regulate the transport of NICD
into the nucleus, thus being directly involved in the Notch
signaling pathway (57).

Tripartite motif-containing protein (TRIM)3. TRIM3 gene
and protein expression levels are markedly reduced in
GBM (58). TRIM3 expression was demonstrated to attenuate
stem cell marker expression, reduce neurosphere formation
and lead to an increased percentage of cells that divide asym-
metrically in GBM (58). These effects of TRIM3 are mediated
by downregulation of Notch signaling. In human GBM,
TRIM3 suppresses Notchl signaling, attenuates cell stemness
and suppresses tumor growth. The molecular mechanism
underlying the suppression of the nuclear transport of NICD
involves the direct binding of TRIM3 to the importin complex
o and P to reduce the nuclear import of NICD (59).

C-X-C motif chemokine ligand (CXCL)I12/C-X-C chemokine
receptor (CXCR)4. CXCR4 is a cell surface chemokine

receptor that is closely associated with glioma growth. It is
overexpressed in GSCs and plays a critical role in regulating
carcinogenesis (60). CXCLI12, which is a CXCR4-stimulating
factor, was highly expressed in glioma cells. Blockade of
the CXCLI12/CXCR4 signaling axis induces apoptosis and
inhibits cell cycle progression, thus promoting the survival of
GBM cells (61). In GBM, Notchl and CXCR4 are enriched in
GSCs, and are co-expressed with stemness markers (41,45,60).
Blocking the Notchl signaling pathway may suppress the
proliferation of GSCs, and this effect may be reversed by
upregulation of CXCL12. In addition, Notchl could directly
enhance the transcription of CXCR4 (62). Decreasing Notchl
expression levels may downregulate CXCR4 expression,
leading to the inhibition of the PI3K/AKT/mTOR signaling
pathway, and attenuation of the ability of GSC self-renewal
and GBM growth (62). Therefore, investigating the crosstalk
between Notchl and the CXCL12/CXCR4 axis may uncover
more effective therapies for Notchl-targeted treatment of
GBM.

Hes. The Hes family comprises bHLH-type transcriptional
repressors that negatively regulate the expression of down-
stream target genes (such as tissue-specific transcription
factors). In the nucleus, NICD associates with the nuclear
proteins of the RBP-«J family and activates the transcrip-
tion of primary target genes of the Notch signaling pathway,
such as Hesl-7 (63). Members of the Hes family are the best
characterized transcriptional targets of Notch signaling, and
negatively regulate downstream target gene expression. Thus,
Hes directly affects cell differentiation (63).

Cytoplasmic polyadenylation element-binding protein 1
(CPEBI). CPEBI is a highly conserved RNA-binding protein
that specifically binds to CPE, which is indirectly involved
in translational repression and activation. Previous studies
demonstrated that CPEB1 could reduce sphere formation
ability, downregulate the expression of stemness markers and
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control cell differentiation in GSCs, and it was positively asso-
ciated with the overall survival of patients with glioma (64,65).
The detailed molecular mechanism of action of CPEBI is by
specifically suppressing the translation of Hesl, inducing the
differentiation of GSCs at the post-transcriptional level. Thus,
CPEBI is as a critical factor involved in the Notch signaling
pathway and may provide novel approaches to GSC differen-
tiation therapy.

Hey. Hey [also known as Hes-related repressor protein (Herp),
and Hey/Hesr/Hrt/CHF/gridlock], is a member of the bHLH
protein family and is associated with Hes. Hey expression is
directly upregulated by Notch ligand binding and has intrinsic
transcriptional repression activity (63). Hes and Hey form
a stable heterodimer that has DNA-binding and transcrip-
tion-suppressive activities, thus regulating Notch signaling and
target gene expression (66,67).

4. Wnt signaling pathway

The canonical Wnt/B-catenin pathway is a highly evolution-
arily conserved signaling pathway that regulates pluripotency
in stem cells (68). Frizzled proteins are receptors involved in
Whnt signaling (69) that interact as co-receptors with Arrow,
a low-density lipoprotein receptor-related protein that forms
part of a receptor complex with Frizzled protein (70). When
the Wnt ligand is activated by binding to the co-receptors, the
AKT/glycogen synthase kinase (GSK)3[/adenomatous polyp-
osis coli (APC) complex separates. The AKT/GSK3p/APC
complex promotes the degradation of 3-catenin, an intracel-
lular signaling molecule. APC antagonizes the Wnt signaling
pathway directly at the p-catenin effector level in several
different ways: It acts as an adaptor between B-catenin and
C-terminal binding protein, removes [-catenin, abrogates
transcriptional transactivation, and inhibits the binding
of the lymphoid enhancer-binding factor (LEF)/T-cell
factor (TCF) proteins to 3-catenin (71,72). Therefore, through
the degradation of the AKT/GSK3B/APC complex, intracy-
toplasmic -catenin becomes stable, and non-phosphorylated
[-catenin accumulates in the cytoplasm and translocates to
the nucleus to facilitate the transcription of target genes by
interacting with the TCF and LEF transcription factors (71).
The XTC-3 transcription factor mediates [3-catenin-induced
axis formation in Xenopus embryos. Functional interaction
of B-catenin with the transcription factor LEF-1 leads to the
nuclear localization of f-catenin (73-75). Wnt plays a key
role in maintaining stemness in GBM cells (76,77). Thus,
abnormal activation of the Wnt pathway may promote GSC
self-renewal.

AKT/GSK3B. AKT is a significant driver in GBM (78). The
AKT/GSK3p complex regulates the transport of B-catenin into
the nucleus (71), and the separation of the complex is controlled
by Wnt signaling ligands. The AKT2/GSK3p pathway gener-
ally promotes GBM cell proliferation and survival, and
contributes to GSC maintenance.

Astrocyte elevated gene-1 (AEGI). The architectural
transcription factor LEF-1 interacts with [-catenin (thus
forming a localized complex in the nucleus), and regulates
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transcriptional activation and tumor growth. The complex
forms a ternary complex with DNA that displays an altered
DNA bend (74,79,80). AEG-1 is an oncogene that is upregulated
in GBM, which plays a key role in cancer cell metastasis and
regulates tumorigenesis (81). In GBM cells, the internal domain
of AEG-1 directly interacts with the pleckstrin homology
domain of AKT?2, thus contributing to tumor cell survival and
proliferation (82). It has been reported that the expression level
of AEG-1 is strongly associated with the presence of stem-
ness markers in GBM. AEG-1 promotes the translocation of
[-catenin into the nucleus by forming a complex with LEF1
and [(-catenin, and then activating Wnt signaling in GSCs via
the AEG-1/AKT/GSK3p signaling axis (83). Thus, AEG-1 acts
as a critical regulator of Wnt/B-catenin signaling to control
GSC stemness and differentiation.

CD163/casein kinase (CK)2. CD163 has been reported
to act as a receptor that scavenges hemoglobin by regulating
the endocytosis of haptoglobin-hemoglobin complexes (84).
CD163 is considered to be a marker of the tumor-associated
macrophage (TAM) M2 phenotype (85). TAMs are reported
to secrete pleiotrophin to stimulate GSCs and promote GBM
growth through its receptor protein tyrosine phosphatase
receptor type Z1 (86). A high expression level of CD163 in
glioma has been demonstrated to be correlated with poor
prognosis (85).

CDI63 cannot directly phosphorylate AKT, since it lacks a
kinase group. CK2, whose constitutive phosphorylation is
required for AKT activation, can interact with CD163 and
plays an essential role in CD163 signaling (87,88). CD163 is
necessary for maintaining GSC stemness, and downregula-
tion of CD163 decreases stemness marker expression in GBM
by interacting directly with CK2 and then inhibiting the
CK2/AKT/GSK3p/B-catenin pathway. A previous study found
that anti-CD163 antibodies induce cytotoxicity against glioma
cells, indicating that CD163 may serve as a therapeutic target
for glioma cells, specifically GSCs (89).

Inhibitor of growth (ING)5. The ING family of epigenetic
regulators (ING1-5) can target histone acetyltransferase and
histone deacetylase complexes to alter histone acetylation and
gene expression. The ectopic expression of INGS increases
stemness, promotes self-renewal and prevents differentiation
of GSCs by enhancing PI3K/AKT activity. This suggests that
INGS5 may represent a valuable target for therapeutic strategies
in GBM (90).

f-catenin. B-catenin, a cytoplasmic protein, has two func-
tions: Linking cadherin-mediated cell-adhesion molecules
with the cytoskeleton and participating in the Wnt signaling
pathway (74). A previous study has shown that the content of
[B-catenin affects the Wnt signaling pathway (74). When the
AKT/GSK3p/APC complex is degraded, f-catenin becomes
stable and translocates into the nucleus to facilitate the tran-
scription of target genes (91).

Cyclophilin A (CypA). CypA belongs to the peptidyl-prolyl
isomerase family. CypA is a specific cytosolic protein and
can form a complex with cyclosporin A to induce immuno-
suppression (92). It was previously demonstrated that CypA
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Table III. Clinical trials on drugs that target the STAT3 transcription factor.

Drug Country Design (Refs.)
STAT?3 inhibitor WP1066 USA STAT3 inhibitor WP1066 for the treatment of patients (122,123)
with recurrent malignant glioma or
progressive metastatic melanoma in the brain
STAT?3 inhibitor WP1066 USA Investigational treatment with the novel JAK2/STAT3 inhibitor (122,123)

WP1066 of pediatric patients with any progressive
or recurrent malignant brain tumor that is refractory
to standard treatment and is without known cure

is associated with GBM growth (93). CypA has been found
to promote GSC stemness, self-renewal and proliferation (94).
Mechanistically, CypA binds to f-catenin and increases the
interaction between [3-catenin and TCF4 to regulate gene
transcription (94). Thus, CypA is a potential target for glioma
therapy.

5. HH signaling pathway

Classical HH signaling is required to maintain stem cell
niches in the adult brain (95). HH has three gene homologs:
Sonic HH (SHH), Desert HH and Indian HH. Upon inhibiting
SHH signaling, the number of neural progenitors is reduced.
Activation of the HH protein requires Rasp-dependent acyla-
tion (96). HH ligands initiate signaling pathways by binding
to the transmembrane receptor protein patched homolog
(PTCH). The HH-PTCH complex is internalized, and the
inhibition of the receptor Smoothened (Smo) is abolished, thus
allowing Smo activation, which induces the activation of the
glioma-associated oncogene homolog (Gli) family. As a result,
Gli translocates to the nucleus to regulate the transcription of
target genes (97).

Gli. The Gli family consists of zinc-finger transcription
factors, including Glil, Gli2 and Gli3. Gli3 and SHH repress
each other, while Gli2 and Glil are the SHH signaling targets.
However, only Glil can mediate SHH-induced cell differentia-
tion. Gli3 mostly acts as a repressor, whereas Gli2 has both
activator and repressor functions (98).

Histone deacetylase (HDAC)6. HDACs are epigenetic
modifiers that can affect the acetylation status (99). HDAC6
is upregulated in GSCs and plays a key role in maintaining
GSC traits and reducing irradiation-induced DNA damage in
GBM (100). Inhibiting HDAC6 downregulates Glil, PTCH
receptor expression and SHH signaling in GSCs. The detailed
mechanism involves the inhibition of HDAC6, which inactivates
the SHH/Glil signaling pathway, decreases GSC proliferation
and induces cell differentiation (101). Furthermore, HDAC6
inhibition degrades checkpoint kinase 1 via downregulation
of X-linked inhibitor of apoptosis, a transcriptional target of
Gli, thus causing GSCs to differentiate, inducing cell death,
decreasing DNA damage repair capacity and enhancing radio-
sensitivity (101,102). These findings may provide promising
novel drug targets to overcome GSC stemness.

6. STAT3 signaling pathway

The STAT3 signaling pathway is involved in multiple
biological processes, including cell proliferation, differentia-
tion and self-renewal of GSCs. Cytokines and growth factors
bind to their receptor, which, once dimerized, activates Janus
kinase (JAK). JAK induces STATs phosphorylation, and
activated STATs translocate into the nucleus to regulate target
gene expression. Previous studies found that phosphorylated
STAT3 interacts with the switch/sucrose non-fermentable
complex in the nucleus (91,103). TRIMS, the expression of
which is highly correlated with stem cell markers, is reported
to activate STAT3 signaling to maintain the stemness and
self-renewal of GSCs. TRIMS activates STAT3 by suppressing
the expression of the protein inhibitor of activated STATS3,
and STATS3 activation can upregulate TRIMS, demonstrating
that bidirectional TRIM8/STAT?3 signaling is involved in the
regulation of the stemness of GSCs (104).

Tetraspanin CD9, a regulator of cell adhesion, stabilizes
the IL-6 receptor glycoprotein 130 (gp130) by preventing its
ubiquitin-dependent lysosomal degradation, thus promoting
bone marrow tyrosine kinase gene on chromosome X/STAT3
signaling in GSCs. Disrupting CD9 or gp130 can inhibit the
self-renewal of GSCs and promote their differentiation (105).
Currently, there are various ongoing clinical trials in USA
investigating the targeting of STAT3 with the small molecule
inhibitor WP1066 (Table III).

7. Inhibitor of differentiation 1 (ID1) and its association
with other pathways in GSCs

ID1 is highly expressed in GSCs and is involved in the
TGF-B, Wnt and SHH signaling pathways. ID proteins
are transcriptional regulators that are implicated in
cell fate determination and differentiation of stem-like
cells (106). Ubiquitination-specific proteases and cycloox-
ygenase-2-derived prostaglandin E2 have been reported
to positively regulate the stability of ID1, and to promote
GSC maintenance and treatment resistance (107,108). ID1
induces cell proliferation and promotes self-renewal through
increasing cyclin E, the target molecule of cullin 3. Cullin 3
interacts with Gli2 and dishevelled segment polarity protein 2,
and induces their degradation through ubiquitination. Loss of
cullin 3 is the common signaling node in the Wnt and SHH
signaling pathways through IDI1 (109).
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Figure 1. Schematic diagram of dysregulated signaling pathways in glioblastoma stem cells. Proteins highlighted in red, including gremlin 1, HOMXI1,
CXCL12/CXCR4, AEGI, CD163/CK2,INGS, CypA,HDAC6,CD9 and TRIMS, play a role in stemness maintenance. Proteins highlighted in blue, including Snail,
FHL3, TRIM3 and CPEBI, play a role in stem cell differentiation. HOMX1, heme oxygenase 1; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C
chemokine receptor 4; AEGI, astrocyte elevated gene-1; INGS, inhibitor of growth 5; CypA, cyclophilin A; HDACS, histone deacetylase 6; TRIMS, tripartite
motif containing 8; FHL3, Four-and-a-half LIM domains 3; TRIM3, tripartite motif containing 3; CPEBI1, cytoplasmic polyadenylation element-binding protein 1;
Hes, hairy/enhancer-of-split; Hey, Hes related family bHLH transcription factor with YRPW motif; TCF, T-cell factor; LEF, lymphoid enhancer-binding factor.

ID1 was previously found to inhibit BMP-mediated
GSC differentiation through BMPRII and to maintain
GSC traits (110). BMPs bind to a cognate high-affinity
type II receptor (BMPRII) to phosphorylate the type I
receptor (BMPRI). Activated BMPRI initiates downstream
signaling by phosphorylating R-SMAD. IDI could decrease
BMPRII expression and the phosphorylation of its down-
stream signaling molecules SMADI1, SMADS and SMADS in
cells (15,16). These results indicate that targeting ID1-driven
intrinsic stemness signaling may be an effective therapeutic
strategy for GBM.

8. Conclusion

GBM is a primary brain tumor with a high mortality rate,
for which there is currently no effective therapy. Previous
studies have found that GSCs promote the heterogeneity and
treatment resistance of GBM. The main characteristics of
GSCs are their capacity for self-renewal and differentiation.
Therefore, elucidating the mechanism through which GSCs
regulate the self-renewal response is meaningful in order
to design therapeutic approaches targeting the self-renewal
signaling pathways. The focus of the present review was
five key self-renewal GSC signaling pathways, including
TGF-f, Notch, Wnt, HH and STAT?3, and the corresponding
therapeutic targets, and the aim was to provide novel insight

to enable advances in clinical therapy. Among these signaling
pathways, gremlin 1, HMOX1, CXCL12/CXCR4, AEGI,
CD163/CK2, INGS, CypA, HDAC6, CD9 and TRIMS8 can
increase stemness, promote self-renewal and prevent differ-
entiation of GSCs. Therefore, their corresponding inhibitors
may represent a novel type of therapeutic approach to glioma.
On the other hand, Snail, FHL3, TRIM3 and CPEBI1 may
promote differentiation of GSCs. Thus, their corresponding
agonists should be further investigated in this context. The
aforementioned self-renewal pathways and corresponding
differentiation-targeting treatments of GSCs are summarized
in Fig. 1. Considering its complexity, the crosstalk between
these pathways is not shown in Fig. 1. The current clinical
trials targeting the TGF-p, Notch and STAT3 pathways are
summarized in Tables I-III.

Based on the aforementioned findings, there are numerous
potential treatments that are currently being explored. There
are also emerging signaling pathways under investigation
that may uncover potential treatment targets for GBM. In
GSCs, lysine demethylase (KDM)1A (111), the transcription
factors forkhead box G1 and transducin-like enhancer of
split 1 (40,112), hypoxia-inducible factors (113), proliferating
cell nuclear antigen (PCNA)-associated factor (PAF) (114),
MEK partner-1 (MP1) (115), erythropoietin-producing
hepatocellular receptors (116), progranulin (PGRN) (117)
and DNA polymerase delta subunit 2 (POLD2) (118) are all
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overexpressed, and maintain GSC self-renewal capacity and
stemness. In addition to the aforementioned classical path-
ways, the molecular mechanisms through which these factors
maintain stemness require deeper and more comprehensive
investigation. For example, PAF promotes the maintenance
of self-renewal ability and stemness by interacting with
PCNA, and regulates PCNA-associated DNA translesion
synthesis (114), while MP1 contributes to GSC stemness by
driving ERK activity (115).

Other factors play a unique role in the damage and repair of
DNA, such as POLD2 and PGRN (117,118). Previous studies
have demonstrated that PGRN promotes DNA repair through
activator protein 1 transcription factor, cFos and JunB (117).
In terms of their relevance to treatment, the knockdown of
these molecules can reduce GSC stemness and induce their
differentiation. Based on the identification of these factors that
maintain stemness, corresponding inhibitors may be developed
to target GSCs. For example, a series of inhibitors have already
been developed and evaluated. Two novel KDM1A-specific
inhibitors (NCL-1 and NCD-38) were found to significantly
reduce GSCs-driven tumor progression by inducing the
activation of the unfolded protein response pathway (111).
GLPG1790, a small-molecule ephrin receptor inhibitor,
completely blocks ephrin type-A receptor 2 signaling and
exerts antitumor effects (116). Similarly, GSC gap junctions
also have pro-tumorigenic effects depending on connexin
expression (119). However, to the best of our knowledge, the
detailed mechanisms remain elusive and further research is
needed in this field.

In addition to the aforementioned factors that maintain
stemness, other factors promote differentiation, and regulating
their activity may be of value in the context of differentia-
tion therapy. For example, MAPK phosphatase 1 (MKP1), a
dual-specificity phosphatase, acts as a negative inhibitor
of JNK, ERK1/2 and p38 MAPK. High levels of MKP1
expression impair self-renewal and induce differentiation in
GSCs (120). The let-7 miRNA family has also been shown to
induce GSC differentiation. The mechanism is as follows: Its
recognition elements may be bound by insulin-like growth
factor 2 mRNA-binding protein 2, which prevents let-7 target
gene silencing and impairs the maintenance of GSC stem-
ness (121).

In summary, inhibitors of the factors found to maintain
stemness may be developed in the future to provide possible
differentiation therapies. For the factors that can promote
differentiation, increasing their expression levels is an impor-
tant method for targeting GSCs. It is expected that more
clinically feasible differentiation treatments will be developed
in the future in order to improve GBM treatment efficacy and
prognosis.
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