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Abstract: Glioblastoma multiforme (GBM) is the most aggressive form of glioma and the most
common primary tumor of the central nervous system. Despite significant advances in clinical
management strategies and diagnostic techniques for GBM in recent years, it remains a fatal disease.
The current standard of care includes surgery, radiation, and chemotherapy, but the five-year survival
rate for patients is less than 5%. The search for a more precise diagnosis and earlier intervention
remains a critical and urgent challenge in clinical practice. The Notch signaling pathway is a critical
signaling system that has been extensively studied in the malignant progression of glioblastoma.
This highly conserved signaling cascade is central to a variety of biological processes, including
growth, proliferation, self-renewal, migration, apoptosis, and metabolism. In GBM, accumulating
data suggest that the Notch signaling pathway is hyperactive and contributes to GBM initiation,
progression, and treatment resistance. This review summarizes the biological functions and molecular
mechanisms of the Notch signaling pathway in GBM, as well as some clinical advances targeting the
Notch signaling pathway in cancer and glioblastoma, highlighting its potential as a focus for novel
therapeutic strategies.
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1. Introduction

GBM, which originates from glial cells in the brain, is a malignant tumor known as
the most deadly and invasive primary brain tumor [1]. It typically arises in the brain and is
a relatively common type of neurological tumor [2]. Treatment of GBM presents significant
challenges due to its deep-seated location within the brain tissue, making complete removal
difficult [3]. In addition, the highly invasive nature of tumor cells often leads to their spread
into surrounding healthy tissues, making surgical intervention difficult [4]. As a result, the
5-year survival rate for patients is only 5%, and the median survival time is 14.6 months,
ultimately resulting in a mortality rate of nearly 100% [5]. Current treatment modalities
primarily involve curative approaches, including surgical resection, radiotherapy, and
chemotherapy, but several emerging adjuvant therapeutic approaches are also on the
rise [6]. Different people with GBM have different symptoms [6]. This is because genetic
and molecular differences can make treatments less or more effective, making it more
difficult to target specific tumor cells [7]. Therefore, there is an urgent need for a deeper
understanding and exploration of the mechanisms that drive the malignant progression of
GBM. This review has the potential to provide new methods for the therapy of GBM.
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The Notch signaling pathway is an evolutionarily conserved cellular signaling mecha-
nism that contributes to diverse biological processes and tissue formation [8]. It governs
cell proliferation, apoptosis, tissue homeostasis, survival of stem cells, and cell decisions
about cell destiny [9–12]. The Notch signaling pathway initiates a sequence of signaling
occurrences by binding to ligands and activating Notch receptors [13]. GBM development
and occurrence have been revealed to be tightly correlated with the Notch signaling path-
way [14]. Activation of Notch signaling in GBM promotes cell proliferation and boosts
survival capabilities [15]. In certain situations, the initiation of Notch signaling may lead
to the differentiation of tumor stem cells, giving rise to various cell types [16], potentially
influencing tumor heterogeneity and treatment resistance [17]. Simultaneously, Notch
signaling activation may impact surrounding cells, angiogenesis, and immune responses,
thereby influencing tumor growth and dissemination [18]. This study aims to present an
in-depth review of the molecular mechanisms and biological roles of the Notch signaling
system in the malignant progression of GBM in recent years. Although there are numerous
Notch inhibitors and other molecular drugs that can effectively slow the growth of GBM
by inhibiting the Notch signaling pathway, ongoing clinical trials are still limited. Thus,
this review may offer valuable insights into targeted therapeutics and clinical applications
of GBM.

2. Notch

Notch receptors and their corresponding ligands make up the Notch signaling pathway
(Figure 1). Mammals possess four different types of Notch receptors, called Notch1-4. These
receptors bind two different families of ligands, the Delta-like ligand (DLL) family and the
Jagged (JAG) family. The ligand families consist of DLL1/3/4 Jagged1/2 [19]. Receptors
and ligands are transmembrane proteins that can only cross the cell membrane once and
interact through extracellular structural domains.
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Several repeating epidermal growth factor (EGF)-like structures and the Lin-12/Notch
repeats comprise the extracellular domain of the Notch receptor [20–22]. This area facilitates
the non-covalent bonding between membrane-anchored intracellular Notch and extracel-
lular Notch [23]. The Notch intracellular domain (NICD) comprises a transcriptionally
active domain (TAD), an ankyrin repeat domain (ANK) with several repeating ankyrin
units, a RBPJK-associated molecule (RAM), and a PEST region that facilitates faster NICD
degradation [24]. Unlike the Notch receptor, Delta and Jagged ligands exhibit remarkable
similarity: they do not have intracellular domains, and their extracellular portions consist of
two parts, 6-16 EGF-like repeats [20] and a distant cysteine Delta/Serrate/Lag-2 (DSL)-rich
region [21]. The DSL domain is accountable for interacting with the Notch receptor [25].
Additionally, Jagged1/2 similarly has a region close to the cell membrane that is rich in
cysteines [26].

In the canonical Notch signaling pathway, the initiation of Notch signaling involves a
series of complex mechanisms and processes (Figure 2). Notch receptor protein is produced
in the endoplasmic reticulum (ER) and subsequently transported to a type I transmembrane
protein in the trans-Golgi apparatus. Here, through cleavage by a furin-like enzyme, it is
divided into two fragments [27]. The initial cleavage site (S1) facilitates Notch receptor mat-
uration, forming heterodimers for translocation to the cell membrane [27]. During transloca-
tion, the receptor undergoes a conformational alteration, which reveals the second cleavage
site (S2) to ADAM10 or ADAM17/TACE metalloproteinases [28]. As a result, the Notch
receptor is cleaved into a cytoplasmic extracellular fragment (Notch extracellular structural
domain, NECD) and a membrane-anchored fragment (Notch transmembrane structural do-
main, NTM) [29]. The membrane-anchored Notch truncated (NEXT) fragments are further
processed by the γ-secretase transmembrane component at two sites (S3 and S4) [30,31].
The process of cleavage leads to the liberation of the active form of NICD into the cytoplasm.
Upon further translocation to the nucleus [32], NICD immediately binds to CSL proteins
(CBF1/KBPF2/RBPJK in mammals), transforming the “co-repressor component” into a
“co-activator component”, thereby forming a multi-protein-DNA complex. The complex is
capable of recruiting nuclear transcriptional coactivators such as Ski-interacting protein
(SKIP), mastermind-type (MAML) protein, and the histone acetyltransferases PCAF/GCN5
and CBP/p300 [33–35]. This promotes the transcriptional repressor hair enhancement
splitter protein (Hes) family and HES-related proteins (Hey), which play a crucial role
in determining cell lineage commitment [36,37]. Other Notch target factors include NF-
κB, IGF1-R, Cyclin D1 and D3, p21/Waf1, c-Myc, HER2, Notch-regulated amygdaloid
repeat-sequence protein (NRAR), pre-Tα, SLUG, survivin, SOX2, and PAX5 [38–42]. The
Notch-mediated transcriptional activation process culminates in the degradation of the
NICD [43]. This degradation mechanism entails the phosphorylation of a designated re-
gion known as the degron, situated within the PEST region of NICD. Cyclin-dependent
kinase 8 (CDK8) facilitates this phosphorylation, and subsequently, E3 ubiquitin ligases
SEL10 (or FBW7) target the phosphorylated NICD for degradation through the proteasome
pathway [44].

Another form of Notch signaling activation occurs in the non-canonical Notch sig-
naling pathway. Mature Notch receptors can be returned to the cell membrane by endo-
cytosis, degraded in lysosomes, or activated in introns through interaction with certain
proteins lacking the DSL domain [45], which include membrane-integral proteins such as
membrane-linked glycosylphosphatidylinositol (GPI) proteins like NB3/Contactin6 [46],
Delta/Notch-like EGF Repeat-containing Receptor (DNER) [47], and secreted proteins such
as MAGP1 and MAGP2 [48]. This mode of activation can upregulate immune-related genes
and significantly impact T cell development [49]. Furthermore, NICD has the ability to di-
rectly engage with the NF-κB, PTEN, PI3/AKT, Hippo, Wnt, or TGF-β signaling pathways
both in the cytoplasmic and nuclear domains. This enables the regulation of target gene
transcription without the necessity of CSL involvement [50].
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Figure 2. Schematic representation of the Notch signaling pathway. The inactive monopeptide
precursor is synthesized in the endoplasmic reticulum and transported to the Golgi where it is
cleaved by furin converting enzyme (S1 cleavage) and transported to the cell membrane, where it
binds to the ligand, where it is cleaved a second time by a member of the ADAM family (S2) to form
the membrane-bound Notch Exhaustive Notch Transcript (NEXT), which is further processed by
the precursor-independent γ-secretase complex at two sites (S3 and S4) to generate the active form
of the Notch receptor. This fragment is further processed by the precursor-independent γ-secretase
complex at two sites (S3 and S4) to generate the Notch intracellular structural domain (NICD), the
active form of the Notch receptor, which enters the nucleus and exerts its transcriptional activity
in the transcriptional regulation of downstream target genes. Ubiquitylation of the NICD leads to
its proteasomal degradation. In addition, mature Notch receptors can return to the cytoplasm via
endocytosis, activate introns by interacting with certain proteins lacking the DSL structural domain,
and directly participate in other signaling pathways.

Moreover, upon S3 cleavage and the subsequent release of NICD, membrane-bound
Notch has the potential to activate the PI3K-AKT pathway [51]. This activation, in turn,
promotes the transcription of Interleukin-10 and Interleukin-12 [52]. NOTCH3 can induce
apoptosis in tumor endothelium cells, regardless of the processes of cleavage and transcrip-
tional regulation [53]. In the absence of binding to Notch receptors, the intracellular region
of JAG1 displays the ability to promote epithelial–mesenchymal transition (EMT) and tu-
mor growth [54]. The non-canonical pathways of the Notch signaling cascade offer distinct
biological functions, highlighting the diversity within this intricate signaling network.
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3. Notch Is Involved in Development and Progression of Glioblastoma
3.1. Proliferation and Growth

Tumor cells have the ability to replicate indefinitely [55]. Notch signaling is essential
to regulating the normal growth and proliferation of many tissues and cell types [56]. In
human cancers, one of the most characteristic oncogenic functions of the Notch pathway is
its ability to activate the transcription of genes that support cell proliferation. For example,
Notch can enhance the expression of Myc, a global regulatory factor that promotes growth
metabolism [57,58]. Additionally, Notch signaling has been proven to interact with many
other pro-growth pathways with oncogenic activity [59], such as NOTCH1 regulates
PTEN expression and PI3K-AKT signaling pathway activity in normal thymocytes through
transcriptional networks [60].

Research has shown that both Notch1 and its ligands are highly expressed in nu-
merous cell lines of glioma and primary human glioma [61,62]. Targeting Notch1 and its
ligands with siRNA can impair the proliferation and growth capabilities of GBM cells [63].
Furthermore, the proliferative capacity of glioma stem cells can be reduced by inhibiting
Notch signaling through the use of γ-secretase inhibitors, which act as blockers of this
pathway [64,65].

Some genes have been confirmed to impact the growth and proliferation of GBM by
affecting the Notch pathway. For instance, CRMP5 promotes GBM growth by blocking
the lysosome-dependent degradation pathway of Notch pathway-related receptors [66].
RND3, an endogenous inhibitor of the Notch transcriptional complex, can enhance the
signaling activity of the Notch pathway through its downregulation, thereby promoting
the proliferation of glioblastoma cells [67]. MiR-34a can inhibit GBM growth by targeting
and inhibiting Notch1 and Notch2 gene expression [68]. Leptin promotes glioblastoma cell
growth by activating its downstream effectors and target molecules through upregulation
of the Notch 1 receptor [69]. NICD is upregulated in human GBM, and it promotes
glioblastoma cell proliferation through the Notch signaling pathway [70]. LINC01152
can recruit SRSF1 and sponge miR-466 to activate MAML2, thereby promoting GBM
progression through the Notch signaling pathway [71]. DLL4 expression in GBM activates
host stroma/endothelial Notch signaling, improves intratumoral vascular function, and
promotes tumor growth [72]. ZSP inhibits GBM growth in vitro and reduces the stem
cell markers Nestin and CD133 by downregulating the Notch2 receptor, which targets
Hairy/Enhancer of Split 1 (Hes1) to induce apoptosis. [73]. MiR-148a and miR-31 can target
a common factor of Hypoxia-Inducible Factor 1 Inhibitor α through Notch signaling to
promote GBM growth [74].

Chemical substances and hypoxic conditions can also affect the proliferation and
growth of GBM through the Notch pathway. For example, arsenic trioxide (ATO) can
decrease the phosphorylation and activation of STAT3 and AKT through the Notch pathway,
thereby reducing the proliferation of glioblastoma cells [75]. Hypoxic conditions can induce
the expression of TRPC6 via the Notch pathway. The increase in intracellular calcium ions
mediated by TRPC6 leads to enhanced NFAT activation and increased proliferation of GBM
cells [76].

In summary, there is consistent evidence that aberrant Notch signaling promotes GBM
cell proliferation and expansion by regulating downstream effectors or other pathways.

3.2. Migration and Invasion

Aberrant Notch signaling plays an important role in the migration and invasion of
GBM. Notch1 may affect the invasiveness of GBM through the action of the downstream
target gene Hes1 [77]. Hey1, a downstream effector of the Notch pathway, enhances the
invasive and migratory capacities of glioblastoma by suppressing the transcription of the
deubiquitinase USP11, which is associated with promyelocytic leukaemia (PML) [78–80].
Notch2 transactivates TNC genes and promotes GBM invasion in an RBPJK-dependent
manner [81]. Combining Notch inhibitors with resveratrol to target CDK4 can modulate
the invasiveness of glioblastoma [82,83]. The downregulation of CBF1, a primary tran-
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scriptional regulator [84], can reduce Notch signaling activity and thereby attenuate GBM
invasion [85].

Specific genes can impact the ability of GBM to migrate and invade by influencing
the activity of the Notch pathway. Downregulation of uPA/uPAR can inhibit cleavage
of the Notch receptor between the Gly1743 and Val1744 sites, thereby suppressing Notch
pathway activity. This inhibition also leads to the downregulation of NF-κB, ERK, and
AKT pathways induced by Notch signaling, further inhibiting the migration and invasion
of glioblastoma [86]. RBM8A can enhance the invasive capabilities of glioblastoma by
stimulating the transcriptional activation of Notch1 and STAT3, thereby activating the
Notch/STAT signaling pathway [87,88]. EIF44A3 can promote GBM growth and invasion
by regulating Notch1 expression through the STAT3-related pathway [89].

Notch signaling can also affect the invasion and migration capabilities of GBM by
influencing other signaling pathways. Notch1 can activate the AKT pathway, thereby
enhancing the signaling of β-catenin and NF-κB to promote glioma cell migration and inva-
sion [90,91], and the CXCL1/CXCR4 system can also enhance the migration and invasion
capacity of GICs [92]. RBPJ, a key transcription factor in the Notch pathway [93], can en-
hance the migration and invasion capacity of glioblastoma cells. It does this by augmenting
the IL-6-STAT3 pathway and activating primary mesenchymal transformation (PMT) [94].
Additionally, Notch signaling can promote EMT, thereby enhancing the invasiveness and
migratory capabilities of tumor cells [95,96]. Activation of the Notch signaling pathway
can enhance the expression of Snail and Slug [97].

3.3. Apoptosis

The high growth potential and reduced susceptibility to apoptosis in GBM cells
are mainly attributed to gene amplification or mutation of oncogenes or pro-apoptotic
genes [98]. DLL3 regulates Notch signaling in a negative or modulatory manner within
the cell [99]. Downregulation of fibulin-3 mediates an antagonistic interaction with DLL3,
leading to diminished Notch signaling and increased apoptosis in glioblastoma cells [100].
LINC01152 regulates GBM cell apoptosis by positively modulating RBPJ/MAML2 through
sponging miR-466 and recruiting SRSF1 [71]. Overexpression of Notch-1 and EGFR induces
apoptosis in glioblastoma cells [101].

Some studies suggest that microRNAs can regulate Notch signaling to induce apopto-
sis in glioblastoma cells. For example, miR-326, which is ectopically expressed in glioma
stem cells and gliomas, targets the Notch signaling pathway, induces apoptosis, and reduces
its metabolic activity [102]. The overexpression of miR-34c-3p leads to the upregulation of
Notch pathway members, causes S-phase arrest, shortens the G0/G1 phase and induces
apoptosis in U251 and U87 cells [103]. MiR-145 targets BNIP3, and Notch signaling to
induce apoptosis in glioma cells [104].

In addition, inhibitors of Notch signaling and some other drugs can also induce
apoptosis in glioblastoma cells. For example, DAPT completely blocked trans-4-[4-(3-
adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB)-induced phosphorylation
of p38 MAPK, MAPKAPK2, and Hsp27 in glioblastoma cells [105]. U-87 MG cells ex-
press Fas receptors on their cell membrane, and γ-secretase inhibitors can reduce Fas
activation-induced apoptosis mediated by p75(NTR)–Fas receptor interactions [106]. ATO
simultaneously inhibits Notch and Hedgehog target genes and promotes apoptosis [107].
Bacoside A leads to a 0.05-fold decrease in Notch1 gene expression and a 25-fold increase
in Hes1 gene expression in U-87 MG cells, inducing cell cycle arrest and apoptosis [108].
Hypocretin-1 treatment effectively reduces the expression of NCID in glioblastoma cells
and induces apoptosis [109]. RSV leads to the expression of low-activity Notch-1 and
heterozygous p53 mutations in A172 and T98G cells, inducing apoptosis [110].

3.4. Regulation of Stemness

Cell stemness refers to a group of cells that are characterized by their ability to self-
renew and differentiate into multiple lineages [111]. Upon activation, Notch receptors
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release the activated NICD to regulate the expression of Hes and Hey family genes, thereby
affecting cell differentiation and maintaining cell stemness [112]. Dysregulation of the
Notch pathway leading to abnormal activation of GSCs contributes to malignant glioblas-
toma formation.

The exogenous expression of CDK4 mutants negates the inhibitory effect of RSV and
RO4929097 on the motility/invasion of glioblastoma cells and enhances the expression of
stemness-specific markers GFAP, CD13.3, and SOX2, and the EMT markers TWIST and
SNAIL, as well as the size/formation capability of the neurosphere [83]. The deletion
of the α-kinase structural domain in TRPM7 (M7-DK) and the K1648R point mutation
(M7-KR) affect Notch activity and the expression of CD133 and ALDH1 in GSCs [113].
Multiple genes in GBM cells affected by nearby endothelial cells (EC) are dependent on
Notch-mediated signaling to maintain GSC in an undifferentiated state [114]. Infection with
Human Cytomegalovirus (HCMV) induces the malignant transformation of tumor cells,
sustaining stemness by upregulating Notch1 and NICD expression in U251 cells [115]. ATO-
mediated Hh/Notch inhibitor and Hh pathway inhibitor GANT61 in combination with
the natural anticancer drug (-)-Gossypol (Gos) reduces the expression of stemness markers
and prevents sphere formation and recovery [116]. The gene expression profile of tumor
samples from GBM patients indicates that Notch2 transcripts are positively correlated with
the transcription of genes that control anti-apoptotic processes, stem, and astrocytic glioma
cell fate [117].

Sun Z et al. found that the neurosphere formation, proliferation, invasiveness, and
tumor formation abilities of normal GBM cells were significantly enhanced after treatment
with GSC exosomes. Concurrently, Notch1 signaling was activated in GSC; Notch1 signal-
ing and expression of stemness-associated proteins were increased in normal GBM cells
treated with GSC exosomes and in the resulting tumor tissues [118]. The expression of
Netrin-1 promotes activation of Notch signaling and alters the phenotype of non-invasive
GBM cells, causing them to transition into a diffuse invasive state and increasing the ex-
pression of GSC markers [119]. In GBM, Macrophage Colony-Stimulating Factor (MCSF)
is upregulated and recruits macrophages into the tumor microenvironment to support
tumor growth [120]. 5-FU treatment-induced reduction of cancer stem cell proportion
in U87-MCSF cells is reversed by upregulation of Notch-1 inducing EMT in U87-MCSF
cells [121].

Self-renewal and stem cell differentiation mediated by the Notch signaling pathway
are also manifestations of glioma cell stemness [122]. FAM129A is a positive regulator
of Notch signaling through binding to NICD1. Targeting FAM129A inhibits GSC self-
renewal [123]. Simultaneous inhibition of Notch and Wnt/β-catenin pathway in GSCs with
elevated ASCL1 expression promotes significant neuronal differentiation while suppressing
the clonogenic potential [124]. Knockdown of the IGFBP2 gene significantly affects the cell
cycle, Notch pathway, neural stem cell differentiation, and the expression of differentiation
genes in neural stem cells [125]. ZNF117 regulates GSC differentiation to oligodendrocytes
by the Notch signaling pathway [126]. Deletion of ADAM17 in U87 GSCs inhibits Hes1 and
Hes5 while activating Notch1 expression, thereby inducing self-renewal and inhibiting dif-
ferentiation in U87 GSCs [127]. Delta/Notch-like epidermal growth factor-related receptor
(DNER) is a specific gene product induced by HDAC inhibition. Its noteworthy influence
encompasses the inhibition of glioblastoma (GBM)-derived neurosphere growth and the
induction of differentiation in both in vitro and in vivo settings [128]. The treatment of GSC
with γ-secretase inhibitor (GSI) induces a phenotypic shift to non-tumorigenic cells [129].

Additionally, TMZ can also mediate the Notch signaling pathway to regulate GBM
stemness. TMZ promotes the expression of the EGR1 transcription factor, which binds
to the MMP14 promoter to promote MMP14 expression and nuclear translocation and
leads to the extracellular release of DLL4, which in turn stimulates Notch3 cleavage and
nuclear translocation and induces sphere-forming capacity and stemness in GSCs [130].
Overexpression of LNX1 leads to Notch1 signaling activation, and GSCs increase after TMZ
treatment [131].
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4. Status of Targeted Notch Therapy
4.1. Clinical Trials Targeting Notch in Cancer

Elucidation of the details of the Notch signaling pathway has facilitated the develop-
ment of inhibitors and activators targeting different levels of the pathway, ranging from
small-molecule inhibitors to antibody-based antagonists and agonists. To date, most trans-
lational efforts have been based on the repurposing of γ-secretase inhibitors (GSIs), which
were originally developed not as Notch-targeting agents but as inhibitors of the hydrolytic
cleavage of the β-amyloid precursor protein (β-APP), which generates amyloidogenic
peptides and plays a central role in the pathogenesis of Alzheimer‘s disease [132,133].

The frequent identification of gain-of-function mutations in NOTCH1 in T-cell acute
lymphoblastic leukemia/lymphoma (T-ALL) prompted the rapid development of the first
clinical trial of Merck‘s GSI drug MK-0752 in patients with relapsed/refractory T-ALL [134].
As with other early GSI trials, this study was open to all patients, regardless of their T-ALL
Notch mutation status. In addition, the daily dosing schedule used in this trial resulted
in severe diarrhea, which justified the dose restriction and was likely due to the known
Notch toxicity of GSIs, which is the enhancement of intestinal cuprocyte differentiation at
the expense of intestinal epithelial cell differentiation [135,136]. Subsequent GSI trials by
Merck, Roche (RO4929097), Pfizer (PF-03084014), and Bristol-Myers Squibb (BMS-906024)
used a staged dosing regimen that avoided intestinal toxicity and were largely safe and well
tolerated [137–139], but again did not use tumor “Notch status” as a criterion for enrollment.
The major disappointment of these trials was the relatively low level of evidence of anti-
tumor activity, although there were a few exceptions. Two patients with relapsed/refractory
T-ALL achieved complete hematologic remission; notably, both had strong gain-of-function
mutations involving the NOTCH1 negative regulatory region (NRR) [138,140]. There is also
evidence that a small proportion of patients with adenomyomas respond to GSIs [141,142];
these are aggressive fibroblastic tumors that are not known to have gain-of-function mu-
tations in the Notch gene. The mechanism by which adenomyomas respond to GSIs is
unknown and may be mediated by the cleavage effect of GSIs on γ-secretase substrates
(non-Notch receptors).

A gamma secretase inhibitor, CB-103, is in clinical development [143]. As a direct
inhibitor of Notch-induced transcription of downstream target genes, it has a faster onset
of action, particularly in tumors harboring Notch receptors with deletions in the PEST
structural domain, but may not achieve the same depth of inhibition because NICD pro-
duction is not affected. In principle, these compounds could also target tumors harboring
specific Notch gene abnormalities, such as rearrangements involving NOTCH2 in breast
cancer, which are resistant to targeted therapy with GSIs [144]. Interestingly, preclinical
data suggest that CB-103 is unlikely to cause intestinal toxicity [143]; whether this reflects
differences in mechanism of action compared to GSIs or other properties of this molecule
remains to be determined. In addition, a Phase I/II clinical trial (NCT03422679) of CB-103
in patients with locally advanced or metastatic solid tumors and hematologic malignancies
is ongoing. In this trial, CB-103 is administered orally for 28 days per treatment cycle,
with dose escalation in Part A (Phase I) of the trial, followed by a dose increase in Part B
(Phase IIA).

Based on the central role of Notch in angiogenesis and the hypothesized role of Notch
in cancer stem cells, Genentech [145], Regeneron [146], and OncoMed developed antibody
antagonists to DLL4. DLL4-blocking antibodies resulted in excessive, dysregulated angio-
genesis and the formation of abnormal blood vessels that were ineffective at transporting
nutrients, thereby inhibiting tumor growth in preclinical models [147]. A Phase I trial of
Regeneron‘s anti-DLL4 antibody Enoticumab in patients with solid tumors showed some
evidence of disease stabilization in a subset of patients but also resulted in cardiotoxicity
and hypertension [146], which may reflect the role of DLL4/Notch in the vascular endothe-
lium. OncoMed‘s anti-DLL4 antibody study with demcizumab also produced hypertension
and showed no evidence of efficacy in Phase II studies in patients with pancreatic cancer
and non-small-cell lung cancer. OncoMed also conducted a Phase II study with tarextumab,
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an antibody that blocks the activation of both NOTCH2 and NOTCH3, and again, no
antitumor activity was observed in small-cell lung cancer [148].

The widespread and specific expression of the Notch inhibitory ligand DLL3 on SCLC
tumor cells makes it an ideal therapeutic target [149]. Currently, DLL3-targeted therapy
occupies a dominant position compared to other therapies targeting Notch signaling.
Rovalpituzumab tesirine (Rova-T) is an experimental antibody-drug conjugate (ADC) that
specifically targets DLL3 in the Notch signaling pathway. The mechanism of action of Rova-
T is that the antibody (rovalpituzumab) binds specifically to the DLL3 protein on the surface
of cancer cells. Once bound, the ADC is internalized by the cancer cell, and the cytotoxic
drug (tesirine) is released inside the cell. This drug then induces DNA damage, leading
to the death of the cancer cell [150]. Good response and survival rates were observed in
early studies (NCT01901653 [151] and NCT02674568 [152]), but the phase III trial of Rova-T
(TAHOE, NCT03061812) was stopped due to inferior overall survival (OS) of 6.3 months in
the Rova-T group compared to 8.6 months in the topotecan group and a higher incidence
of adverse events (AEs) [150]. Another phase III study (MERU, NCT03033511) showed
that the median OS for patients taking Rova-T was also not superior to the placebo group
(8.5 months vs. 9.8 months) [153], leading to the termination of further Rova-T studies.

4.2. Clinical Trials Targeting Notch in Glioblastoma

Although there have been many reports of clinical trials targeting different levels of
inhibitors in the Notch signaling pathway, only four clinical trials have been reported on a
γ-secretase inhibitor (RO4929097) in glioblastoma.

In a Phase 0/I trial (NCT01119599), 21 patients with newly diagnosed glioblastoma or
anaplastic astrocytoma were treated with RO4929097 in combination with temozolomide
and radiotherapy. The results showed that patients tolerated the treatment well, and no
dose-limiting toxicities were observed. The IHC of the tumor after treatment showed
a significant reduction in tumor cell and vascular proliferation and Notch intracellular
structural domain (NICD) expression. Patient-specific organotypic tumor explant cultures
showed a significant reduction in the CD133+ CIS population after treatment [154].

In a Phase II clinical trial (NCT01122901), patients with recurrent GBM were treated
with RO4929097 in two groups: patients in Group A had unresectable disease and were
treated with the drug according to a standard Phase II design, and patients in Group B had
resectable disease and were treated with the drug before and after surgical resection. A total
of 47 patients were treated, of which 7 had resected tumors with a 6-month progression-free
survival rate (PFS6) of 4%, and 1 of the 7 patient samples inhibited neurosphere formation.
The results showed that RO4929097 was inactive in patients with recurrent GBM and had
minimal inhibition of neurosphere formation in fresh tissue samples [155].

The Adult Brain Tumor Consortium conducted a Phase I clinical trial (NCT01189240)
in patients with recurrent malignant glioma to evaluate and determine the safety and
maximum tolerated dose of RO4929097 in combination with bevacizumab. A total of
13 subjects were enrolled in this study. One grade III toxicity and one grade II toxicity
were observed in the three subjects treated with the highest dose of RO4929097. Of the
12 evaluable subjects, two patients had radiographic responses; one subject had a CR
and the other had a PR. The median overall survival was 10.9 months, and the median
progression-free survival was 3.7 months. The results showed that the combination of
RO4929097 with bevacizumab was well tolerated [156].

To determine the safety and maximum tolerated dose of RO4909297 administered
at two dose levels and the pharmacokinetics, intratumoral drug concentrations, target
modulation, and evidence of any therapeutic effect of RO4909297 in malignant glioma
tumor tissue in patients with recurrent MG, many of whom are treated with dexametha-
sone, a moderate CYP3A4 inducer. The investigators conducted a phase I clinical trial
(NCT01269411). However, there are no results or literature reports on this clinical trial.
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4.3. Targeting Notch in GBM

Notch inhibitors have significant potential in the treatment of glioblastoma (Table 1).
There are three main categories: The γ-secretase inhibitor (GSI), the most widely used,
functions by preventing the release of active NCID from the receptor by inhibiting the
γ-secretase complex. α-secretase inhibitor (ASI), less commonly used, works by inhibiting
members of the ADAM family. In addition, due to the nature of the tumor, long-term
medication leads to GSI/ASI resistance, and researchers have explored a number of other
molecular inhibitors that target the Notch signaling pathway.

4.3.1. γ-Secretase Inhibitors in GBM

DAPT is the most commonly used GSI. Inhibiting Notch signaling with DAPT can alter
VEGF receptor expression, thereby suppressing GBM growth [157]. GBM neurospheres
with elevated Notch activity show increased sensitivity to DAPT and exhibit a more pro-
nounced phenotype with DAPT therapy [158,159]. In GBM, targeting Notch 1 with DAPT
reduces NF-κB (p65) expression, induces apoptosis, and inhibits cell proliferation [91]. In
primary human glioblastoma cells, DAPT can partially rescue the aberrant Notch signaling
caused by lipin 1 knockdown [160]. The combination of STAT and DAPT therapies led to a
significant increase in apoptosis in the cells being treated, resulting in a severe impairment
of cell proliferation, migration, and invasion [161]. In comparison with monotherapy, the
combination treatment of DAPT with Iressa (an EGFR inhibitor) reduces the expression
and secretion of VEGF, which significantly enhances the elimination of endothelial cell
sprouting generated by GBM [162]. Different from DAPT, LLNle kills GBM tumor-initiating
cells by inhibiting proteasome activity. Furthermore, LLNle and L-685,458 can also induce
proteolytic stress and mitotic arrest by blocking NICD generation [163]. L-685,458 is able
to significantly reduce CXCR4 mRNA in endothelial cells stimulated with rhDLL4 [164].
Under the combined treatment of Resveratrol (RSV) and RO4929097, CDK4 inhibits the
population of glioblastoma stem cells with a more invasive phenotype, also triggers apop-
tosis by pathways blocking the autophagic flux [83,165]. The treatment was well tolerated,
and the combination of RO4929097, temozolomide, and RT had a specific decrease in the
CD133+ CIS population [154].

The blockade of Notch signaling, which is targeted by GSI-I, can enhance the radiosen-
sitivity of glioblastoma cell lines, inhibit xenograft and tumor neurosphere growth, and lead
to the depletion of CD133-positive glioblastoma cells [166]. Research suggests that MRK003
has significant therapeutic potential for CD44-high and CD133-low GICs and that it is me-
diated in part by the Akt pathway [167]. MRK003 induces protective autophagy in glioma
neurospheres, and combination therapy with chloroquine reverses this phenomenon [168].
Blocking Notch with MRK003 has been shown to have a broad impact on the metabolism of
brain tumor cells, including glycolysis, glutamine, and choline metabolism and dopamine
degradation [169]. The NOTCH blockers MRK003 and GSI-XVII reduced the growth and
clonogenicity of neurospheres in vitro. NOTCH blockade was followed by a reduction in
the specific CSC markers CD133, NESTIN, BMI1, and OLIG2 [167,170]. In GBM, GSI-X
inhibited the cell growth of some c-CSC but had minimal effect on their apoptosis, cell
cycle distribution and cell invasion [77].

4.3.2. α-Secretase Inhibitors in GBM

Compared to GSI, there has been very limited research on ASIs, which target the
cleavage of the NECD surface proteins ADAM10 and ADAM17 [171]. Desiree H. et al.
suggested that ASI (INCB3619) treatment is similar to GSI and proposed several new targets
for ASI and GSI in GBM stem cells (GSCs), which are crucial for tumor growth. These novel
targets include LIF and CHI3L1/YKL-40. The expression of CHI3L1/YKL-40 serves as an
adverse prognostic indicator in many cancers and inflammatory diseases [65].
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Table 1. Inhibitors for the treatment of glioblastoma via Notch signaling.

Class Molecules Testing Index Biological Effects

γ-Secretase
inhibitor (GSI)

DAPT(GSI-IX) [158] Notch1; DLL1; VEGF Improving sensitivity to radiotherapy;
inducing cell differentiation.

LLNle [163] Notch1; Notch2; Hey2; Myc; Akt Inducing cell apoptosis.

L-685,458 [164] Hes1 Inhibiting neurosphere formation.

RO4929097 [154] Notch2; Notch4 Inhibiting neurosphere formation;
reducing drug resistance.

MRK003 [167] Akt Reducing drug resistance;
inducing cell apoptosis.

GSI-XVII [170] Inducing cell apoptosis.

GSI-I [166] Improving sensitivity to radiotherapy.

GSI-X [77] Notch1 Inducing cell apoptosis;
suppressing cell invasion.

α-Secretase
inhibitor (ASI) INCB3619 [65] Notch1; p21; p53 Inhibiting cell proliferation.

Other molecular
inhibitor

Arsenic trioxide (ATO) [75] Notch1; Hes1 Improving sensitivity to radiotherapy.

AG1478 [172] Notch1; EGFR Inducing cell apoptosis.

Retinoic acid [173] Hes2; Hey1; Hey2 Inducing neural differentiation;
inhibiting cell proliferation.

N-acetylcysteine [174] Notch2; Hes1; Hey2 Inhibiting cell proliferation;
suppressing cell invasion and migration.

dnMAML [175] Hes1; Hey-L Inhibiting cell proliferation;
inducing cell apoptosis.

Honokiol [176] Notch3; Hes1 Promoting the pharmacodynamics of TMZ.

Bacoside A [108] Notch1; Hes1 Inducing cell apoptosis.

Hypocretin-1 [109] Notch1 Inducing cell apoptosis.

Resveratrol [110] Notch1; p53 Inducing cell apoptosis.

4.3.3. Other Molecule Inhibitors

Besides ASI and GSI, several other molecular inhibitors have been found to block the
Notch signaling pathway in glioblastoma.

Arsenic trioxide (ATO) is an inorganic compound that was approved by the FDA in
2000 for the treatment of refractory relapsed acute promyelocytic leukemia (APL) due to its
potent anti-acute promyelocytic leukemia (APL)-derived stem cell growth [177]. Zhang
et al. found that arsenic trioxide (ATO) can deplete cancer stem-like cells (CSLCs) and
inhibit the repopulation of GBM-derived neurospheres. This effect was associated with
the downregulation of the Notch pathway, which plays a central role in the maintenance
of CSLCs in GBM [75]. Meanwhile, ATO disrupts GSCs and inhibits the growth of ortho-
topic xenografts derived from GSCs, which promotes the degradation of promyelocytic
leukemia (PML) protein, resulting in increased apoptosis in GSCs. This suggests that ATO
may effectively suppress tumor growth by targeting key molecular components within
GSCs [178].

AG1478 is a molecularly targeted inhibitor of the epidermal growth factor receptor
(EGFR). It is widely used in cancer therapy and cancer cell research. In a study by Carlo
Cenciarelli et al., it was found that a single application of the Notch inhibitor in GBM
significantly inhibited the growth of c-cancer MSCs compared to p-cancer MSCs but had
little effect on the induction of apoptosis, cell cycle distribution, and cell invasion assays. In
contrast, single application of anti-epidermal growth factor receptor (AG1478) therapy in-
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duced cell cycle arrest, sometimes associated with apoptosis, and reduced cell invasiveness
of CSCs. Moreover, the combined application of GSI-X and AG1478 induced apoptosis in
nuclear mesenchymal stem cells [172].

Research suggests that retinoic acid (RA) inhibits the activation of Notch signaling,
thereby downregulating the expression of Hes and Hey family members and inducing
growth arrest and differentiation of GBM neurospheres in vitro and in vivo [173]. N-
acetylcysteine (NAC) inhibits glioblastoma cell proliferation, migration, and invasion and
promotes Notch2 degradation, possibly through an Itch-dependent lysosomal pathway,
while decreasing mRNA and protein levels of its downstream target genes, Hes1 and Hey1,
thereby inducing apoptosis [174].

Dominant negative MAML (dnMAML) inhibits Notch signaling activity, binds to
elastin-like polypeptide (ELP), and targets tumors. Further modification with the cell-
penetrating peptide SynB1 enhances cellular uptake and blood–brain barrier penetration.
Under high-temperature conditions, the pharmacological action of dnMAML can be en-
hanced. SynB1-ELP1-dnMAML inhibits glioblastoma cell growth by inducing cell cycle
arrest and apoptosis, and it inhibits Notch pathway targets such as Hes-1 and Hey-L [175].

4.4. Notch and Glioblsatoma Resistance

Glioblastoma is a common primary brain tumor of the central nervous system in
adults. Throughout the last decade, advancements in treatment have been gradual, and
the prognosis continues to be exceedingly unfavorable [179]. Temozolomide (TMZ) is a
prodrug for the treatment of GBM. It effectively traverses the blood–brain barrier and is
metabolized in the body to an active metabolite. This metabolite methylates DNA, thereby
inhibiting the replication and transcription of tumor cells [180]. However, a significant
obstacle for TMZ is the emergence of drug resistance in tumor cells. Long-term use of
TMZ can also be associated with cumulative toxicities. Therefore, it is urgent to focus
on elucidating the molecular mechanisms underlying drug resistance and developing
strategies to treat it.

Recent studies have demonstrated the molecular mechanisms of GBM resistance
from the perspective of Notch signaling and TMZ. EFEMP1 is an activator of Notch
signaling that is overexpressed in TMZ-resistant GBM cells and enhances GBM cells that
are resistant to TMZ [181]. KDELC2 is able to downregulate the expression of Notch
factors, including Hes-1, pofut1, Notch receptors 1-3, and KDELC1. The knockdown
of KDELC2 in combination with TMZ therapy achieves optimal therapeutic efficacy by
suppressing Methylguanine-DNA methyltransferase (MGMT) expression in GBM [182].
LncRNA LINC00021 is significantly upregulated in GBM, especially in tissues and cells
resistant to TMZ, and is closely associated with TMZ resistance and poor prognosis [183].
Mechanistically, transcription factor E2F1 activated the expression of LINC00021, which
regulates glioblastoma resistance to TMZ via the Notch pathway. It also epigenetically
represses the expression of p21 by recruiting EZH2 [183]. Deletion of PLK2 in GBM
leads to activation of the Notch pathway by negatively regulating Hes1 transcription and
promoting Notch1 degradation. Low PLK2 expression predicts a poor prognosis and
resistance to TMZ in GBM patients [184]. In the co-treatment of glioblastoma cells with
human astrocytes using TMZ and Bay 11-7082 (a NF-κB inhibitor), the expression levels
of GFAP, waveform protein, Notch1, and survivin were significantly reduced. However,
the astrocyte presence elevated the survival rate and resistance of glioblastoma cells to the
combined drug treatment [185]. LNX1 functions as an E3 ubiquitin ligase that acts upon
Numb. Treatment with TMZ increases the binding of LNX1 to Numb and the ubiquitination
of LNX1, thereby regulating Notch signaling through the LNX1–Numb–Notch1 axis, which
further influences therapeutic resistance in GBM [131].

Honokiol is a bioactive compound primarily derived from the bark of the magnolia
tree, and it has been used in traditional oriental medicine for numerous years, especially in
China and Japan. Honokiol exhibits a variety of pharmacological properties, encompass-
ing anti-inflammatory, antioxidant, anxiolytic, and anti-tumor effects [176]. The activity
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of MGMT is particularly significant in cancer treatment. When cancer cells exhibit high
levels of MGMT, they can repair the damage induced by alkylating chemotherapy agents
effectively, such as TMZ, leading to drug resistance. I-Chun Lai et al. discovered that
the combined use of the MGMT inhibitor O6-BG and Honokiol can reduce the expres-
sion of TMZ-induced Notch3 and Hes1 mRNAs, potentially reversing the resistance of
glioblastoma stem-like cells (GBM SP cells) to TMZ [186].

Radiation therapy (RT) is another treatment option for GBM. However, patients who
receive RT for long periods of time may develop tumor resistance, and the effectiveness of
RT is limited and varies from person to person [187,188]. The combination of GSI, RT, and
TMZ can inhibit cell proliferation, neurosphere formation, and survival in both primary
and established glioma cell lines. It also reduces the GSCs markers expression such as
CD133, SOX2, and nestin [189]. RT-induced changes in the tumor microenvironment are
also one of the challenges in treating GBM [190]. G9a promotes filtration of IFN-γ and
CD4+ and CD8+ T lymphocytes in GSCs and binds to the Notch suppressor Fbxw7, which
inhibits gene transcription via H3K9me2 from the Fbxw7 promoter [191].

5. Summary and Prospects

The Notch signaling pathway serves as a critical intercellular communication mech-
anism in multicellular organisms, activated by various stimuli and involving a complex
interplay of signaling pathways. Recent years have witnessed significant advancements
in our understanding of the role of Notch signaling in various aspects of GBM biology,
including growth, proliferation, invasion, migration, therapeutic strategies, apoptosis, drug
resistance, and stemness. Particularly, numerous studies consistently implicate the PI3-
AKT/NF-κB/β-catenin/Notch axis in GBM progression. The Notch pathway primarily
involves nuclear transcription of NCID and subsequent activation of downstream target
genes, such as the Hes/Hey family. Hence, the Notch signaling pathway plays a crucial
role in regulating GBM growth and proliferation, particularly in the self-renewal and
differentiation capacities of GSCs.

However, while many studies have shown that certain genes can influence the growth,
migration, and invasive capabilities of GBM cells by activating the intracellular Notch
signaling pathway, there is insufficient evidence to demonstrate direct binding of these
genes to factors in the Notch pathway or their direct participation in the pathway. Therefore,
future research should focus on deeper exploration of the expression of downstream target
genes and the molecular regulatory networks of the Notch signaling pathway in GBM
rather than relying solely on phenomenological experiments.

Understanding the molecular mechanisms of carcinogenesis and signaling pathways
holds great promise for clinical practice, with the Notch pathway offering potential targets
for therapeutic intervention. In recent years, therapeutic strategies targeting the Notch
pathway have focused on the development of antibody drugs, antibody-drug conjugates
(ADCs), and small-molecule γ-secretase inhibitors (GSIs). Despite some positive results
from early clinical trials targeting specific Notch receptors and ligands, challenges such as
individual differences in therapeutic efficacy, dose-limiting toxicity, and drug resistance
remain significant hurdles.

In GBM, GSIs are the most common and effective inhibitors, preventing the activation
of the γ-secretase complex and thereby inhibiting the formation of active Notch forms.
Additionally, α-secretase inhibitors and other molecular inhibitors are being explored.
While targeting Notch with single therapies appears promising, recent studies have focused
on inducing apoptosis in GBM cells with natural compounds or overcoming GBM cell
resistance with the chemotherapy drug TMZ. Therefore, future studies should aim to
deepen our understanding of the specific mechanisms of action of the Notch signaling
pathway in different cancers and address the side effects and resistance issues associated
with current therapeutic approaches. Combining cutting-edge research on the Notch
signaling pathway with small-molecule compounds could pave the way for the design of
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targeted drugs and provide more options for clinical GBM therapy. In conclusion, the lack
of clinical trials emphasizes the necessity of conducting such studies.
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3. McBain, C.; Lawrie, T.A.; Rogozińska, E.; Kernohan, A.; Robinson, T.; Jefferies, S. Treatment options for progression or recurrence
of glioblastoma: A network meta-analysis. Cochrane Database Syst. Rev. 2021, 5, Cd013579. [CrossRef] [PubMed]

4. Barrette, A.M.; Ronk, H.; Joshi, T.; Mussa, Z.; Mehrotra, M.; Bouras, A.; Nudelman, G.; Jesu Raj, J.G.; Bozec, D.; Lam, W.;
et al. Anti-invasive efficacy and survival benefit of the YAP-TEAD inhibitor verteporfin in preclinical glioblastoma models.
Neuro-oncology 2022, 24, 694–707. [CrossRef] [PubMed]

5. Witthayanuwat, S.; Pesee, M.; Supaadirek, C.; Supakalin, N.; Thamronganantasakul, K.; Krusun, S. Survival Analysis of
Glioblastoma Multiforme. Asian Pac. J. Cancer Prev. APJCP 2018, 19, 2613–2617. [CrossRef] [PubMed]

6. Quinones, A.; Le, A. The Multifaceted Glioblastoma: From Genomic Alterations to Metabolic Adaptations. Adv. Exp. Med. Biol.
2021, 1311, 59–76. [CrossRef] [PubMed]

7. Lee, E.; Yong, R.L.; Paddison, P.; Zhu, J. Comparison of glioblastoma (GBM) molecular classification methods. Semin. Cancer Biol.
2018, 53, 201–211. [CrossRef] [PubMed]

8. de La Coste, A.; Freitas, A.A. Notch signaling: Distinct ligands induce specific signals during lymphocyte development and
maturation. Immunol. Lett. 2006, 102, 1–9. [CrossRef]

9. Guruharsha, K.G.; Kankel, M.W.; Artavanis-Tsakonas, S. The Notch signalling system: Recent insights into the complexity of a
conserved pathway. Nat. Rev. Genet. 2012, 13, 654–666. [CrossRef]

10. Andersson, E.R.; Sandberg, R.; Lendahl, U. Notch signaling: Simplicity in design, versatility in function. Development 2011, 138,
3593–3612. [CrossRef]

11. Koch, U.; Lehal, R.; Radtke, F. Stem cells living with a Notch. Development 2013, 140, 689–704. [CrossRef] [PubMed]
12. Siebel, C.; Lendahl, U. Notch Signaling in Development, Tissue Homeostasis, and Disease. Physiol. Rev. 2017, 97, 1235–1294.

[CrossRef]
13. Greenwald, I.; Kovall, R. Notch signaling: Genetics and structure. WormBook Online Rev. C. elegans Biol. 2013, 1–28. [CrossRef]
14. Lino, M.M.; Merlo, A.; Boulay, J.L. Notch signaling in glioblastoma: A developmental drug target? BMC Med. 2010, 8, 72.

[CrossRef] [PubMed]
15. Allen, B.K.; Stathias, V.; Maloof, M.E.; Vidovic, D.; Winterbottom, E.F.; Capobianco, A.J.; Clarke, J.; Schurer, S.; Robbins, D.J.; Ayad,

N.G. Epigenetic pathways and glioblastoma treatment: Insights from signaling cascades. J. Cell. Biochem. 2015, 116, 351–363.
[CrossRef] [PubMed]

16. Ramar, V.; Guo, S.; Hudson, B.; Liu, M. Progress in Glioma Stem Cell Research. Cancers 2023, 16, 102. [CrossRef]
17. Sharifzad, F.; Ghavami, S.; Verdi, J.; Mardpour, S.; Mollapour Sisakht, M.; Azizi, Z.; Taghikhani, A.; Łos, M.J.; Fakharian, E.;

Ebrahimi, M.; et al. Glioblastoma cancer stem cell biology: Potential theranostic targets. Drug Resist. Updates Rev. Comment.
Antimicrob. Anticancer Chemother. 2019, 42, 35–45. [CrossRef]

18. Guichet, P.O.; Guelfi, S.; Teigell, M.; Hoppe, L.; Bakalara, N.; Bauchet, L.; Duffau, H.; Lamszus, K.; Rothhut, B.; Hugnot, J.P.
Notch1 stimulation induces a vascularization switch with pericyte-like cell differentiation of glioblastoma stem cells. Stem Cells
2015, 33, 21–34. [CrossRef]

19. Hori, K.; Sen, A.; Artavanis-Tsakonas, S. Notch signaling at a glance. J. Cell Sci. 2013, 126, 2135–2140. [CrossRef]
20. Wang, M.M. Notch signaling and Notch signaling modifiers. Int. J. Biochem. Cell Biol. 2011, 43, 1550–1562. [CrossRef]
21. Chillakuri, C.R.; Sheppard, D.; Lea, S.M.; Handford, P.A. Notch receptor-ligand binding and activation: Insights from molecular

studies. Semin. Cell Dev. Biol. 2012, 23, 421–428. [CrossRef] [PubMed]
22. Fiúza, U.M.; Arias, A.M. Cell and molecular biology of Notch. J. Endocrinol. 2007, 194, 459–474. [CrossRef] [PubMed]
23. Kopan, R.; Ilagan, M.X. The canonical Notch signaling pathway: Unfolding the activation mechanism. Cell 2009, 137, 216–233.

[CrossRef] [PubMed]
24. Sprinzak, D.; Blacklow, S.C. Biophysics of Notch Signaling. Annu. Rev. Biophys. 2021, 50, 157–189. [CrossRef] [PubMed]

https://doi.org/10.1038/s41388-022-02296-9
https://www.ncbi.nlm.nih.gov/pubmed/35459780
https://doi.org/10.1158/0008-5472.CAN-06-1547
https://www.ncbi.nlm.nih.gov/pubmed/16951158
https://doi.org/10.1002/14651858.CD013579.pub2
https://www.ncbi.nlm.nih.gov/pubmed/34559423
https://doi.org/10.1093/neuonc/noab244
https://www.ncbi.nlm.nih.gov/pubmed/34657158
https://doi.org/10.22034/apjcp.2018.19.9.2613
https://www.ncbi.nlm.nih.gov/pubmed/30256068
https://doi.org/10.1007/978-3-030-65768-0_4
https://www.ncbi.nlm.nih.gov/pubmed/34014534
https://doi.org/10.1016/j.semcancer.2018.07.006
https://www.ncbi.nlm.nih.gov/pubmed/30031763
https://doi.org/10.1016/j.imlet.2005.06.014
https://doi.org/10.1038/nrg3272
https://doi.org/10.1242/dev.063610
https://doi.org/10.1242/dev.080614
https://www.ncbi.nlm.nih.gov/pubmed/23362343
https://doi.org/10.1152/physrev.00005.2017
https://doi.org/10.1895/wormbook.1.10.2
https://doi.org/10.1186/1741-7015-8-72
https://www.ncbi.nlm.nih.gov/pubmed/21078177
https://doi.org/10.1002/jcb.24990
https://www.ncbi.nlm.nih.gov/pubmed/25290986
https://doi.org/10.3390/cancers16010102
https://doi.org/10.1016/j.drup.2018.03.003
https://doi.org/10.1002/stem.1767
https://doi.org/10.1242/jcs.127308
https://doi.org/10.1016/j.biocel.2011.08.005
https://doi.org/10.1016/j.semcdb.2012.01.009
https://www.ncbi.nlm.nih.gov/pubmed/22326375
https://doi.org/10.1677/JOE-07-0242
https://www.ncbi.nlm.nih.gov/pubmed/17761886
https://doi.org/10.1016/j.cell.2009.03.045
https://www.ncbi.nlm.nih.gov/pubmed/19379690
https://doi.org/10.1146/annurev-biophys-101920-082204
https://www.ncbi.nlm.nih.gov/pubmed/33534608


Biomolecules 2024, 14, 480 15 of 21

25. Cordle, J.; Johnson, S.; Tay, J.Z.; Roversi, P.; Wilkin, M.B.; de Madrid, B.H.; Shimizu, H.; Jensen, S.; Whiteman, P.; Jin, B.; et al. A
conserved face of the Jagged/Serrate DSL domain is involved in Notch trans-activation and cis-inhibition. Nat. Struct. Mol. Biol.
2008, 15, 849–857. [CrossRef] [PubMed]

26. Shimizu, K.; Chiba, S.; Saito, T.; Kumano, K.; Hirai, H. Physical interaction of Delta1, Jagged1, and Jagged2 with Notch1 and
Notch3 receptors. Biochem. Biophys. Res. Commun. 2000, 276, 385–389. [CrossRef] [PubMed]

27. Logeat, F.; Bessia, C.; Brou, C.; LeBail, O.; Jarriault, S.; Seidah, N.G.; Israël, A. The Notch1 receptor is cleaved constitutively by a
furin-like convertase. Proc. Natl. Acad. Sci. USA 1998, 95, 8108–8112. [CrossRef] [PubMed]

28. Lovendahl, K.N.; Blacklow, S.C.; Gordon, W.R. The Molecular Mechanism of Notch Activation. Adv. Exp. Med. Biol. 2018, 1066,
47–58. [CrossRef] [PubMed]

29. Nauman, M.; Stanley, P. Glycans that regulate Notch signaling in the intestine. Biochem. Soc. Trans. 2022, 50, 689–701. [CrossRef]
30. Fortini, M.E. Gamma-secretase-mediated proteolysis in cell-surface-receptor signalling. Nat. Rev. Mol. Cell Biol. 2002, 3, 673–684.

[CrossRef]
31. Zanotti, S.; Canalis, E. Notch Signaling and the Skeleton. Endocr. Rev. 2016, 37, 223–253. [CrossRef] [PubMed]
32. De Strooper, B.; Annaert, W.; Cupers, P.; Saftig, P.; Craessaerts, K.; Mumm, J.S.; Schroeter, E.H.; Schrijvers, V.; Wolfe, M.S.; Ray,

W.J.; et al. A presenilin-1-dependent gamma-secretase-like protease mediates release of Notch intracellular domain. Nature 1999,
398, 518–522. [CrossRef] [PubMed]

33. Wallberg, A.E.; Pedersen, K.; Lendahl, U.; Roeder, R.G. p300 and PCAF act cooperatively to mediate transcriptional activation
from chromatin templates by notch intracellular domains in vitro. Mol. Cell. Biol. 2002, 22, 7812–7819. [CrossRef] [PubMed]

34. Kurooka, H.; Honjo, T. Functional interaction between the mouse notch1 intracellular region and histone acetyltransferases PCAF
and GCN5. J. Biol. Chem. 2000, 275, 17211–17220. [CrossRef] [PubMed]

35. Wu, L.; Griffin, J.D. Modulation of Notch signaling by mastermind-like (MAML) transcriptional co-activators and their involve-
ment in tumorigenesis. Semin. Cancer Biol. 2004, 14, 348–356. [CrossRef] [PubMed]

36. Jarriault, S.; Brou, C.; Logeat, F.; Schroeter, E.H.; Kopan, R.; Israel, A. Signalling downstream of activated mammalian Notch.
Nature 1995, 377, 355–358. [CrossRef] [PubMed]

37. Iso, T.; Sartorelli, V.; Chung, G.; Shichinohe, T.; Kedes, L.; Hamamori, Y. HERP, a new primary target of Notch regulated by ligand
binding. Mol. Cell. Biol. 2001, 21, 6071–6079. [CrossRef]

38. Capaccione, K.M.; Pine, S.R. The Notch signaling pathway as a mediator of tumor survival. Carcinogenesis 2013, 34, 1420–1430.
[CrossRef]

39. Stockhausen, M.T.; Kristoffersen, K.; Poulsen, H.S. Notch signaling and brain tumors. Adv. Exp. Med. Biol. 2012, 727, 289–304.
[CrossRef]

40. Yin, L.; Velazquez, O.C.; Liu, Z.J. Notch signaling: Emerging molecular targets for cancer therapy. Biochem. Pharmacol. 2010, 80,
690–701. [CrossRef]

41. Borggrefe, T.; Oswald, F. The Notch signaling pathway: Transcriptional regulation at Notch target genes. Cell. Mol. Life Sci. CMLS
2009, 66, 1631–1646. [CrossRef]

42. Chen, L.; Lu, H.; Peng, D.; Cao, L.L.; Ballout, F.; Srirmajayam, K.; Chen, Z.; Bhat, A.; Wang, T.C.; Capobianco, A.; et al. Activation
of NOTCH signaling via DLL1 is mediated by APE1-redox-dependent NF-κB activation in oesophageal adenocarcinoma. Gut
2023, 72, 421–432. [CrossRef]

43. Liu, J.; Shen, J.X.; Wen, X.F.; Guo, Y.X.; Zhang, G.J. Targeting Notch degradation system provides promise for breast cancer
therapeutics. Crit. Rev. Oncol./Hematol. 2016, 104, 21–29. [CrossRef]

44. Kopan, R. Notch signaling. Cold Spring Harb. Perspect. Biol. 2012, 4, a011213. [CrossRef]
45. Andersen, P.; Uosaki, H.; Shenje, L.T.; Kwon, C. Non-canonical Notch signaling: Emerging role and mechanism. Trends Cell Biol.

2012, 22, 257–265. [CrossRef] [PubMed]
46. Wong, C.M.; Wang, Y.; Lee, J.T.; Huang, Z.; Wu, D.; Xu, A.; Lam, K.S. Adropin is a brain membrane-bound protein regulating

physical activity via the NB-3/Notch signaling pathway in mice. J. Biol. Chem. 2014, 289, 25976–25986. [CrossRef] [PubMed]
47. Ballester-López, C.; Conlon, T.M.; Ertüz, Z.; Greiffo, F.R.; Irmler, M.; Verleden, S.E.; Beckers, J.; Fernandez, I.E.; Eickelberg, O.;

Yildirim, A. The Notch ligand DNER regulates macrophage IFNγ release in chronic obstructive pulmonary disease. EBioMedicine
2019, 43, 562–575. [CrossRef]

48. Craft, C.S.; Broekelmann, T.J.; Mecham, R.P. Microfibril-associated glycoproteins MAGP-1 and MAGP-2 in disease. Matrix Biol. J.
Int. Soc. Matrix Biol. 2018, 71–72, 100–111. [CrossRef] [PubMed]

49. Vijayaraghavan, J.; Osborne, B.A. Notch and T Cell Function—A Complex Tale. Adv. Exp. Med. Biol. 2018, 1066, 339–354.
[CrossRef]

50. Sanalkumar, R.; Dhanesh, S.B.; James, J. Non-canonical activation of Notch signaling/target genes in vertebrates. Cell. Mol. Life
Sci. CMLS 2010, 67, 2957–2968. [CrossRef]

51. Liu, L.; Zhang, L.; Zhao, S.; Zhao, X.Y.; Min, P.X.; Ma, Y.D.; Wang, Y.Y.; Chen, Y.; Tang, S.J.; Zhang, Y.J.; et al. Non-canonical Notch
Signaling Regulates Actin Remodeling in Cell Migration by Activating PI3K/AKT/Cdc42 Pathway. Front. Pharmacol. 2019, 10,
370. [CrossRef] [PubMed]

52. Wongchana, W.; Kongkavitoon, P.; Tangtanatakul, P.; Sittplangkoon, C.; Butta, P.; Chawalitpong, S.; Pattarakankul, T.; Osborne,
B.A.; Palaga, T. Notch signaling regulates the responses of lipopolysaccharide-stimulated macrophages in the presence of immune
complexes. PLoS ONE 2018, 13, e0198609. [CrossRef] [PubMed]

https://doi.org/10.1038/nsmb.1457
https://www.ncbi.nlm.nih.gov/pubmed/18660822
https://doi.org/10.1006/bbrc.2000.3469
https://www.ncbi.nlm.nih.gov/pubmed/11006133
https://doi.org/10.1073/pnas.95.14.8108
https://www.ncbi.nlm.nih.gov/pubmed/9653148
https://doi.org/10.1007/978-3-319-89512-3_3
https://www.ncbi.nlm.nih.gov/pubmed/30030821
https://doi.org/10.1042/BST20200782
https://doi.org/10.1038/nrm910
https://doi.org/10.1210/er.2016-1002
https://www.ncbi.nlm.nih.gov/pubmed/27074349
https://doi.org/10.1038/19083
https://www.ncbi.nlm.nih.gov/pubmed/10206645
https://doi.org/10.1128/MCB.22.22.7812-7819.2002
https://www.ncbi.nlm.nih.gov/pubmed/12391150
https://doi.org/10.1074/jbc.M000909200
https://www.ncbi.nlm.nih.gov/pubmed/10747963
https://doi.org/10.1016/j.semcancer.2004.04.014
https://www.ncbi.nlm.nih.gov/pubmed/15288260
https://doi.org/10.1038/377355a0
https://www.ncbi.nlm.nih.gov/pubmed/7566092
https://doi.org/10.1128/MCB.21.17.6071-6079.2001
https://doi.org/10.1093/carcin/bgt127
https://doi.org/10.1007/978-1-4614-0899-4_22
https://doi.org/10.1016/j.bcp.2010.03.026
https://doi.org/10.1007/s00018-009-8668-7
https://doi.org/10.1136/gutjnl-2022-327076
https://doi.org/10.1016/j.critrevonc.2016.05.010
https://doi.org/10.1101/cshperspect.a011213
https://doi.org/10.1016/j.tcb.2012.02.003
https://www.ncbi.nlm.nih.gov/pubmed/22397947
https://doi.org/10.1074/jbc.M114.576058
https://www.ncbi.nlm.nih.gov/pubmed/25074942
https://doi.org/10.1016/j.ebiom.2019.03.054
https://doi.org/10.1016/j.matbio.2018.03.006
https://www.ncbi.nlm.nih.gov/pubmed/29524629
https://doi.org/10.1007/978-3-319-89512-3_17
https://doi.org/10.1007/s00018-010-0391-x
https://doi.org/10.3389/fphar.2019.00370
https://www.ncbi.nlm.nih.gov/pubmed/31057403
https://doi.org/10.1371/journal.pone.0198609
https://www.ncbi.nlm.nih.gov/pubmed/29889863


Biomolecules 2024, 14, 480 16 of 21

53. Konishi, J.; Yi, F.; Chen, X.; Vo, H.; Carbone, D.P.; Dang, T.P. Notch3 cooperates with the EGFR pathway to modulate apoptosis
through the induction of bim. Oncogene 2010, 29, 589–596. [CrossRef] [PubMed]

54. Chen, J.; Zhang, H.; Chen, Y.; Qiao, G.; Jiang, W.; Ni, P.; Liu, X.; Ma, L. miR-598 inhibits metastasis in colorectal cancer by
suppressing JAG1/Notch2 pathway stimulating EMT. Exp. Cell Res. 2017, 352, 104–112. [CrossRef] [PubMed]

55. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef] [PubMed]
56. Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch signaling: Cell fate control and signal integration in development. Science

1999, 284, 770–776. [CrossRef]
57. Palomero, T.; Lim, W.K.; Odom, D.T.; Sulis, M.L.; Real, P.J.; Margolin, A.; Barnes, K.C.; O’Neil, J.; Neuberg, D.; Weng, A.P.; et al.

NOTCH1 directly regulates c-MYC and activates a feed-forward-loop transcriptional network promoting leukemic cell growth.
Proc. Natl. Acad. Sci. USA 2006, 103, 18261–18266. [CrossRef] [PubMed]

58. Dang, C.V.; Le, A.; Gao, P. MYC-induced cancer cell energy metabolism and therapeutic opportunities. Clin. Cancer Res. Off. J.
Am. Assoc. Cancer Res. 2009, 15, 6479–6483. [CrossRef] [PubMed]

59. Aster, J.C.; Pear, W.S.; Blacklow, S.C. The Varied Roles of Notch in Cancer. Annu. Rev. Pathol. 2017, 12, 245–275. [CrossRef]
60. Palomero, T.; Sulis, M.L.; Cortina, M.; Real, P.J.; Barnes, K.; Ciofani, M.; Caparros, E.; Buteau, J.; Brown, K.; Perkins, S.L.; et al.

Mutational loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia. Nat. Med. 2007, 13, 1203–1210. [CrossRef]
61. Purow, B.W.; Haque, R.M.; Noel, M.W.; Su, Q.; Burdick, M.J.; Lee, J.; Sundaresan, T.; Pastorino, S.; Park, J.K.; Mikolaenko, I.; et al.

Expression of Notch-1 and its ligands, Delta-like-1 and Jagged-1, is critical for glioma cell survival and proliferation. Cancer Res.
2005, 65, 2353–2363. [CrossRef] [PubMed]

62. Li, J.; Cui, Y.; Gao, G.; Zhao, Z.; Zhang, H.; Wang, X. Notch1 is an independent prognostic factor for patients with glioma. J. Surg.
Oncol. 2011, 103, 813–817. [CrossRef] [PubMed]

63. Wang, J.; Wang, C.; Meng, Q.; Li, S.; Sun, X.; Bo, Y.; Yao, W. siRNA targeting Notch-1 decreases glioma stem cell proliferation and
tumor growth. Mol. Biol. Rep. 2012, 39, 2497–2503. [CrossRef] [PubMed]

64. Chen, J.; Kesari, S.; Rooney, C.; Strack, P.R.; Chen, J.; Shen, H.; Wu, L.; Griffin, J.D. Inhibition of notch signaling blocks growth of
glioblastoma cell lines and tumor neurospheres. Genes Cancer 2010, 1, 822–835. [CrossRef] [PubMed]

65. Floyd, D.H.; Kefas, B.; Seleverstov, O.; Mykhaylyk, O.; Dominguez, C.; Comeau, L.; Plank, C.; Purow, B. Alpha-secretase inhibition
reduces human glioblastoma stem cell growth in vitro and in vivo by inhibiting Notch. Neuro-oncology 2012, 14, 1215–1226.
[CrossRef] [PubMed]

66. Moutal, A.; Honnorat, J.; Massoma, P.; Désormeaux, P.; Bertrand, C.; Malleval, C.; Watrin, C.; Chounlamountri, N.; Mayeur, M.E.;
Besançon, R.; et al. CRMP5 Controls Glioblastoma Cell Proliferation and Survival through Notch-Dependent Signaling. Cancer
Res. 2015, 75, 3519–3528. [CrossRef] [PubMed]

67. Liu, B.; Lin, X.; Yang, X.; Dong, H.; Yue, X.; Andrade, K.C.; Guo, Z.; Yang, J.; Wu, L.; Zhu, X.; et al. Downregulation of RND3/RhoE
in glioblastoma patients promotes tumorigenesis through augmentation of notch transcriptional complex activity. Cancer Med.
2015, 4, 1404–1416. [CrossRef] [PubMed]

68. Li, Y.; Guessous, F.; Zhang, Y.; Dipierro, C.; Kefas, B.; Johnson, E.; Marcinkiewicz, L.; Jiang, J.; Yang, Y.; Schmittgen, T.D.; et al.
MicroRNA-34a inhibits glioblastoma growth by targeting multiple oncogenes. Cancer Res. 2009, 69, 7569–7576. [CrossRef]
[PubMed]

69. Panza, S.; Russo, U.; Giordano, F.; Leggio, A.; Barone, I.; Bonofiglio, D.; Gelsomino, L.; Malivindi, R.; Conforti, F.L.; Naimo, G.D.;
et al. Leptin and Notch Signaling Cooperate in Sustaining Glioblastoma Multiforme Progression. Biomolecules 2020, 10, 886.
[CrossRef]

70. Wang, Y.; Sun, Q.; Geng, R.; Liu, H.; Yuan, F.; Xu, Y.; Qi, Y.; Jiang, H.; Chen, Q.; Liu, B. Notch intracellular domain regulates
glioblastoma proliferation through the Notch1 signaling pathway. Oncol. Lett. 2021, 21, 303. [CrossRef]

71. Wu, J.; Wang, N.; Yang, Y.; Jiang, G.; Zhan, H.; Li, F. LINC01152 upregulates MAML2 expression to modulate the progression of
glioblastoma multiforme via Notch signaling pathway. Cell Death Dis. 2021, 12, 115. [CrossRef] [PubMed]

72. Li, J.L.; Sainson, R.C.; Shi, W.; Leek, R.; Harrington, L.S.; Preusser, M.; Biswas, S.; Turley, H.; Heikamp, E.; Hainfellner, J.A.; et al.
Delta-like 4 Notch ligand regulates tumor angiogenesis, improves tumor vascular function, and promotes tumor growth in vivo.
Cancer Res. 2007, 67, 11244–11253. [CrossRef]

73. Lim, K.J.; Rajan, K.; Eberhart, C.G. Effects of Zeng Sheng Ping/ACAPHA on malignant brain tumor growth and Notch signaling.
Anticancer Res. 2012, 32, 2689–2696.

74. Wong, H.A.; Fatimy, R.E.; Onodera, C.; Wei, Z.; Yi, M.; Mohan, A.; Gowrisankaran, S.; Karmali, P.; Marcusson, E.; Wakimoto, H.;
et al. The Cancer Genome Atlas Analysis Predicts MicroRNA for Targeting Cancer Growth and Vascularization in Glioblastoma.
Mol. Ther. J. Am. Soc. Gene Ther. 2015, 23, 1234–1247. [CrossRef]

75. Wu, J.; Ji, Z.; Liu, H.; Liu, Y.; Han, D.; Shi, C.; Shi, C.; Wang, C.; Yang, G.; Chen, X.; et al. Arsenic trioxide depletes cancer stem-like
cells and inhibits repopulation of neurosphere derived from glioblastoma by downregulation of Notch pathway. Toxicol. Lett.
2013, 220, 61–69. [CrossRef]

76. Chigurupati, S.; Venkataraman, R.; Barrera, D.; Naganathan, A.; Madan, M.; Paul, L.; Pattisapu, J.V.; Kyriazis, G.A.; Sugaya, K.;
Bushnev, S.; et al. Receptor channel TRPC6 is a key mediator of Notch-driven glioblastoma growth and invasiveness. Cancer Res.
2010, 70, 418–427. [CrossRef] [PubMed]

https://doi.org/10.1038/onc.2009.366
https://www.ncbi.nlm.nih.gov/pubmed/19881544
https://doi.org/10.1016/j.yexcr.2017.01.022
https://www.ncbi.nlm.nih.gov/pubmed/28161537
https://doi.org/10.1016/S0092-8674(00)81683-9
https://www.ncbi.nlm.nih.gov/pubmed/10647931
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.1073/pnas.0606108103
https://www.ncbi.nlm.nih.gov/pubmed/17114293
https://doi.org/10.1158/1078-0432.CCR-09-0889
https://www.ncbi.nlm.nih.gov/pubmed/19861459
https://doi.org/10.1146/annurev-pathol-052016-100127
https://doi.org/10.1038/nm1636
https://doi.org/10.1158/0008-5472.CAN-04-1890
https://www.ncbi.nlm.nih.gov/pubmed/15781650
https://doi.org/10.1002/jso.21851
https://www.ncbi.nlm.nih.gov/pubmed/21241024
https://doi.org/10.1007/s11033-011-1001-1
https://www.ncbi.nlm.nih.gov/pubmed/21667253
https://doi.org/10.1177/1947601910383564
https://www.ncbi.nlm.nih.gov/pubmed/21127729
https://doi.org/10.1093/neuonc/nos157
https://www.ncbi.nlm.nih.gov/pubmed/22962413
https://doi.org/10.1158/0008-5472.CAN-14-0631
https://www.ncbi.nlm.nih.gov/pubmed/26122847
https://doi.org/10.1002/cam4.484
https://www.ncbi.nlm.nih.gov/pubmed/26108681
https://doi.org/10.1158/0008-5472.CAN-09-0529
https://www.ncbi.nlm.nih.gov/pubmed/19773441
https://doi.org/10.3390/biom10060886
https://doi.org/10.3892/ol.2021.12564
https://doi.org/10.1038/s41419-020-03163-9
https://www.ncbi.nlm.nih.gov/pubmed/33483471
https://doi.org/10.1158/0008-5472.CAN-07-0969
https://doi.org/10.1038/mt.2015.72
https://doi.org/10.1016/j.toxlet.2013.03.019
https://doi.org/10.1158/0008-5472.CAN-09-2654
https://www.ncbi.nlm.nih.gov/pubmed/20028870


Biomolecules 2024, 14, 480 17 of 21

77. Cenciarelli, C.; Marei, H.E.; Zonfrillo, M.; Casalbore, P.; Felsani, A.; Giannetti, S.; Trevisi, G.; Althani, A.; Mangiola, A. The
interference of Notch1 target Hes1 affects cell growth, differentiation and invasiveness of glioblastoma stem cells through
modulation of multiple oncogenic targets. Oncotarget 2017, 8, 17873–17886. [CrossRef] [PubMed]

78. Wu, H.C.; Lin, Y.C.; Liu, C.H.; Chung, H.C.; Wang, Y.T.; Lin, Y.W.; Ma, H.I.; Tu, P.H.; Lawler, S.E.; Chen, R.H. USP11 regulates
PML stability to control Notch-induced malignancy in brain tumours. Nat. Commun. 2014, 5, 3214. [CrossRef]

79. Bernardi, R.; Pandolfi, P.P. Structure, dynamics and functions of promyelocytic leukaemia nuclear bodies. Nat. Rev. Mol. Cell Biol.
2007, 8, 1006–1016. [CrossRef] [PubMed]

80. Reineke, E.L.; Liu, Y.; Kao, H.Y. Promyelocytic leukemia protein controls cell migration in response to hydrogen peroxide and
insulin-like growth factor-1. J. Biol. Chem. 2010, 285, 9485–9492. [CrossRef]

81. Sivasankaran, B.; Degen, M.; Ghaffari, A.; Hegi, M.E.; Hamou, M.F.; Ionescu, M.C.; Zweifel, C.; Tolnay, M.; Wasner, M.;
Mergenthaler, S.; et al. Tenascin-C is a novel RBPJkappa-induced target gene for Notch signaling in gliomas. Cancer Res. 2009, 69,
458–465. [CrossRef] [PubMed]

82. Baker, S.J.; Poulikakos, P.I.; Irie, H.Y.; Parekh, S.; Reddy, E.P. CDK4: A master regulator of the cell cycle and its role in cancer.
Genes Cancer 2022, 13, 21–45. [CrossRef] [PubMed]

83. Giordano, F.; D’Amico, M.; Montalto, F.I.; Malivindi, R.; Chimento, A.; Conforti, F.L.; Pezzi, V.; Panno, M.L.; Andò, S.; De Amicis,
F. Cdk4 Regulates Glioblastoma Cell Invasion and Stemness and Is Target of a Notch Inhibitor Plus Resveratrol Combined
Treatment. Int. J. Mol. Sci. 2023, 24, 10094. [CrossRef] [PubMed]

84. Bray, S.J. Notch signalling: A simple pathway becomes complex. Nat. Rev. Mol. Cell Biol. 2006, 7, 678–689. [CrossRef] [PubMed]
85. Maciaczyk, D.; Picard, D.; Zhao, L.; Koch, K.; Herrera-Rios, D.; Li, G.; Marquardt, V.; Pauck, D.; Hoerbelt, T.; Zhang, W.; et al.

CBF1 is clinically prognostic and serves as a target to block cellular invasion and chemoresistance of EMT-like glioblastoma cells.
Br. J. Cancer 2017, 117, 102–112. [CrossRef] [PubMed]

86. Raghu, H.; Gondi, C.S.; Dinh, D.H.; Gujrati, M.; Rao, J.S. Specific knockdown of uPA/uPAR attenuates invasion in glioblastoma
cells and xenografts by inhibition of cleavage and trafficking of Notch -1 receptor. Mol. Cancer 2011, 10, 130. [CrossRef] [PubMed]

87. Lin, Y.; Wei, L.; Hu, B.; Zhang, J.; Wei, J.; Qian, Z.; Zou, D. RBM8A Promotes Glioblastoma Growth and Invasion Through the
Notch/STAT3 Pathway. Front. Oncol. 2021, 11, 736941. [CrossRef]

88. Wei, L.; Zou, C.; Chen, L.; Lin, Y.; Liang, L.; Hu, B.; Mao, Y.; Zou, D. Molecular Insights and Prognosis Associated With RBM8A in
Glioblastoma. Front. Mol. Biosci. 2022, 9, 876603. [CrossRef] [PubMed]

89. Wei, L.; Pan, M.; Jiang, Q.; Hu, B.; Zhao, J.; Zou, C.; Chen, L.; Tang, C.; Zou, D. Eukaryotic initiation factor 4 A-3 promotes
glioblastoma growth and invasion through the Notch1-dependent pathway. BMC Cancer 2023, 23, 550. [CrossRef]

90. Zhang, X.; Chen, T.; Zhang, J.; Mao, Q.; Li, S.; Xiong, W.; Qiu, Y.; Xie, Q.; Ge, J. Notch1 promotes glioma cell migration and
invasion by stimulating β-catenin and NF-κB signaling via AKT activation. Cancer Sci. 2012, 103, 181–190. [CrossRef]

91. Hai, L.; Zhang, C.; Li, T.; Zhou, X.; Liu, B.; Li, S.; Zhu, M.; Lin, Y.; Yu, S.; Zhang, K.; et al. Notch1 is a prognostic factor that
is distinctly activated in the classical and proneural subtype of glioblastoma and that promotes glioma cell survival via the
NF-κB(p65) pathway. Cell Death Dis. 2018, 9, 158. [CrossRef] [PubMed]

92. Yi, L.; Zhou, X.; Li, T.; Liu, P.; Hai, L.; Tong, L.; Ma, H.; Tao, Z.; Xie, Y.; Zhang, C.; et al. Notch1 signaling pathway promotes
invasion, self-renewal and growth of glioma initiating cells via modulating chemokine system CXCL12/CXCR4. J. Exp. Clin.
Cancer Res. CR 2019, 38, 339. [CrossRef]

93. Friedrich, T.; Ferrante, F.; Pioger, L.; Nist, A.; Stiewe, T.; Andrau, J.C.; Bartkuhn, M.; Giaimo, B.D.; Borggrefe, T. Notch-dependent
and -independent functions of transcription factor RBPJ. Nucleic Acids Res. 2022, 50, 7925–7937. [CrossRef] [PubMed]

94. Zhang, G.; Tanaka, S.; Jiapaer, S.; Sabit, H.; Tamai, S.; Kinoshita, M.; Nakada, M. RBPJ contributes to the malignancy of
glioblastoma and induction of proneural-mesenchymal transition via IL-6-STAT3 pathway. Cancer Sci. 2020, 111, 4166–4176.
[CrossRef] [PubMed]

95. Wang, Z.; Li, Y.; Kong, D.; Sarkar, F.H. The role of Notch signaling pathway in epithelial-mesenchymal transition (EMT) during
development and tumor aggressiveness. Curr. Drug Targets 2010, 11, 745–751. [CrossRef] [PubMed]

96. Noseda, M.; McLean, G.; Niessen, K.; Chang, L.; Pollet, I.; Montpetit, R.; Shahidi, R.; Dorovini-Zis, K.; Li, L.; Beckstead, B.; et al.
Notch activation results in phenotypic and functional changes consistent with endothelial-to-mesenchymal transformation. Circ.
Res. 2004, 94, 910–917. [CrossRef] [PubMed]

97. Niessen, K.; Fu, Y.; Chang, L.; Hoodless, P.A.; McFadden, D.; Karsan, A. Slug is a direct Notch target required for initiation of
cardiac cushion cellularization. J. Cell Biol. 2008, 182, 315–325. [CrossRef] [PubMed]

98. Ge, J.; Chen, Q.; Liu, B.; Wang, L.; Zhang, S.; Ji, B. Knockdown of Rab21 inhibits proliferation and induces apoptosis in human
glioma cells. Cell. Mol. Biol. Lett. 2017, 22, 30. [CrossRef] [PubMed]

99. Yao, J.; Bergsland, E.; Aggarwal, R.; Aparicio, A.; Beltran, H.; Crabtree, J.S.; Hann, C.L.; Ibrahim, T.; Byers, L.A.; Sasano, H.; et al.
DLL3 as an Emerging Target for the Treatment of Neuroendocrine Neoplasms. Oncologist 2022, 27, 940–951. [CrossRef]

100. Hu, B.; Nandhu, M.S.; Sim, H.; Agudelo-Garcia, P.A.; Saldivar, J.C.; Dolan, C.E.; Mora, M.E.; Nuovo, G.J.; Cole, S.E.; Viapiano,
M.S. Fibulin-3 promotes glioma growth and resistance through a novel paracrine regulation of Notch signaling. Cancer Res. 2012,
72, 3873–3885. [CrossRef]

101. Xing, Z.Y.; Sun, L.G.; Guo, W.J. Elevated expression of Notch-1 and EGFR induced apoptosis in glioblastoma multiforme patients.
Clin. Neurol. Neurosurg. 2015, 131, 54–58. [CrossRef] [PubMed]

https://doi.org/10.18632/oncotarget.15013
https://www.ncbi.nlm.nih.gov/pubmed/28157712
https://doi.org/10.1038/ncomms4214
https://doi.org/10.1038/nrm2277
https://www.ncbi.nlm.nih.gov/pubmed/17928811
https://doi.org/10.1074/jbc.M109.063362
https://doi.org/10.1158/0008-5472.CAN-08-2610
https://www.ncbi.nlm.nih.gov/pubmed/19147558
https://doi.org/10.18632/genesandcancer.221
https://www.ncbi.nlm.nih.gov/pubmed/36051751
https://doi.org/10.3390/ijms241210094
https://www.ncbi.nlm.nih.gov/pubmed/37373242
https://doi.org/10.1038/nrm2009
https://www.ncbi.nlm.nih.gov/pubmed/16921404
https://doi.org/10.1038/bjc.2017.157
https://www.ncbi.nlm.nih.gov/pubmed/28571041
https://doi.org/10.1186/1476-4598-10-130
https://www.ncbi.nlm.nih.gov/pubmed/22004682
https://doi.org/10.3389/fonc.2021.736941
https://doi.org/10.3389/fmolb.2022.876603
https://www.ncbi.nlm.nih.gov/pubmed/35573726
https://doi.org/10.1186/s12885-023-10946-8
https://doi.org/10.1111/j.1349-7006.2011.02154.x
https://doi.org/10.1038/s41419-017-0119-z
https://www.ncbi.nlm.nih.gov/pubmed/29410396
https://doi.org/10.1186/s13046-019-1319-4
https://doi.org/10.1093/nar/gkac601
https://www.ncbi.nlm.nih.gov/pubmed/35848919
https://doi.org/10.1111/cas.14642
https://www.ncbi.nlm.nih.gov/pubmed/32885530
https://doi.org/10.2174/138945010791170860
https://www.ncbi.nlm.nih.gov/pubmed/20041844
https://doi.org/10.1161/01.RES.0000124300.76171.C9
https://www.ncbi.nlm.nih.gov/pubmed/14988227
https://doi.org/10.1083/jcb.200710067
https://www.ncbi.nlm.nih.gov/pubmed/18663143
https://doi.org/10.1186/s11658-017-0062-0
https://www.ncbi.nlm.nih.gov/pubmed/29270202
https://doi.org/10.1093/oncolo/oyac161
https://doi.org/10.1158/0008-5472.CAN-12-1060
https://doi.org/10.1016/j.clineuro.2015.01.018
https://www.ncbi.nlm.nih.gov/pubmed/25704190


Biomolecules 2024, 14, 480 18 of 21

102. Kefas, B.; Comeau, L.; Erdle, N.; Montgomery, E.; Amos, S.; Purow, B. Pyruvate kinase M2 is a target of the tumor-suppressive
microRNA-326 and regulates the survival of glioma cells. Neuro-oncology 2010, 12, 1102–1112. [CrossRef]

103. Wu, Z.; Wu, Y.; Tian, Y.; Sun, X.; Liu, J.; Ren, H.; Liang, C.; Song, L.; Hu, H.; Wang, L.; et al. Differential effects of miR-34c-3p and
miR-34c-5p on the proliferation, apoptosis and invasion of glioma cells. Oncol. Lett. 2013, 6, 1447–1452. [CrossRef] [PubMed]

104. Du, Y.; Li, J.; Xu, T.; Zhou, D.D.; Zhang, L.; Wang, X. MicroRNA-145 induces apoptosis of glioma cells by targeting BNIP3 and
Notch signaling. Oncotarget 2017, 8, 61510–61527. [CrossRef] [PubMed]

105. Li, J.Y.; Li, R.J.; Wang, H.D. γ-secretase inhibitor DAPT sensitizes t-AUCB-induced apoptosis of human glioblastoma cells in vitro
via blocking the p38 MAPK/MAPKAPK2/Hsp27 pathway. Acta Pharmacol. Sin. 2014, 35, 825–831. [CrossRef] [PubMed]

106. Bessette, B.; Durand, K.; Giraud, S.; Bégaud, G.; Mathonnet, M.; Lalloué, F. Decrease in Fas-induced apoptosis by the γ-secretase
inhibitor is dependent on p75(NTR) in a glioblastoma cell line. Exp. Ther. Med. 2012, 3, 873–877. [CrossRef]

107. Ding, D.; Lim, K.S.; Eberhart, C.G. Arsenic trioxide inhibits Hedgehog, Notch and stem cell properties in glioblastoma neuro-
spheres. Acta Neuropathol. Commun. 2014, 2, 31. [CrossRef] [PubMed]

108. Aithal, M.G.S.; Rajeswari, N. Bacoside A Induced Sub-G0 Arrest and Early Apoptosis in Human Glioblastoma Cell Line U-87 MG
through Notch Signaling Pathway. Brain Tumor Res. Treat. 2019, 7, 25–32. [CrossRef]

109. Huan, R.; Yue, J.; Lan, J.; Wang, J.; Cheng, Y.; Zhang, J.; Tan, Y. Hypocretin-1 suppresses malignant progression of glioblastoma
cells through Notch1 signaling pathway. Brain Res. Bull. 2023, 196, 46–58. [CrossRef]

110. Lin, H.; Xiong, W.; Zhang, X.; Liu, B.; Zhang, W.; Zhang, Y.; Cheng, J.; Huang, H. Notch-1 activation-dependent p53 restoration
contributes to resveratrol-induced apoptosis in glioblastoma cells. Oncol. Rep. 2011, 26, 925–930. [CrossRef]

111. Dianat-Moghadam, H.; Sharifi, M.; Salehi, R.; Keshavarz, M.; Shahgolzari, M.; Amoozgar, Z. Engaging stemness improves cancer
immunotherapy. Cancer Lett. 2023, 554, 216007. [CrossRef] [PubMed]

112. Bai, S.; Zhao, Y.; Chen, W.; Peng, W.; Wang, Y.; Xiong, S.; Aruna; Li, Y.; Yang, Y.; Chen, S.; et al. The stromal-tumor amplifying
STC1-Notch1 feedforward signal promotes the stemness of hepatocellular carcinoma. J. Transl. Med. 2023, 21, 236. [CrossRef]
[PubMed]

113. Wan, J.; Guo, A.A.; King, P.; Guo, S.; Saafir, T.; Jiang, Y.; Liu, M. TRPM7 Induces Tumorigenesis and Stemness Through Notch
Activation in Glioma. Front. Pharmacol. 2020, 11, 590723. [CrossRef] [PubMed]

114. Kumar, S.; Bar-Lev, L.; Sharife, H.; Grunewald, M.; Mogilevsky, M.; Licht, T.; Goveia, J.; Taverna, F.; Paldor, I.; Carmeliet, P.;
et al. Identification of vascular cues contributing to cancer cell stemness and function. Angiogenesis 2022, 25, 355–371. [CrossRef]
[PubMed]

115. Wang, X.; Hu, M.; Xing, F.; Wang, M.; Wang, B.; Qian, D. Human cytomegalovirus infection promotes the stemness of U251
glioma cells. J. Med. Virol. 2017, 89, 878–886. [CrossRef] [PubMed]

116. Linder, B.; Wehle, A.; Hehlgans, S.; Bonn, F.; Dikic, I.; Rödel, F.; Seifert, V.; Kögel, D. Arsenic Trioxide and (-)-Gossypol
Synergistically Target Glioma Stem-Like Cells via Inhibition of Hedgehog and Notch Signaling. Cancers 2019, 11, 350. [CrossRef]
[PubMed]

117. Tchorz, J.S.; Tome, M.; Cloëtta, D.; Sivasankaran, B.; Grzmil, M.; Huber, R.M.; Rutz-Schatzmann, F.; Kirchhoff, F.; Schaeren-
Wiemers, N.; Gassmann, M.; et al. Constitutive Notch2 signaling in neural stem cells promotes tumorigenic features and astroglial
lineage entry. Cell Death Dis. 2012, 3, e325. [CrossRef] [PubMed]

118. Sun, Z.; Wang, L.; Zhou, Y.; Dong, L.; Ma, W.; Lv, L.; Zhang, J.; Wang, X. Glioblastoma Stem Cell-Derived Exosomes Enhance
Stemness and Tumorigenicity of Glioma Cells by Transferring Notch1 Protein. Cell. Mol. Neurobiol. 2020, 40, 767–784. [CrossRef]
[PubMed]

119. Ylivinkka, I.; Sihto, H.; Tynninen, O.; Hu, Y.; Laakso, A.; Kivisaari, R.; Laakkonen, P.; Keski-Oja, J.; Hyytiäinen, M. Motility of
glioblastoma cells is driven by netrin-1 induced gain of stemness. J. Exp. Clin. Cancer Res. CR 2017, 36, 9. [CrossRef]

120. Smith, A.M.; Gibbons, H.M.; Oldfield, R.L.; Bergin, P.M.; Mee, E.W.; Curtis, M.A.; Faull, R.L.; Dragunow, M. M-CSF increases
proliferation and phagocytosis while modulating receptor and transcription factor expression in adult human microglia. J.
Neuroinflammation 2013, 10, 85. [CrossRef]

121. Chockalingam, S.; Ghosh, S.S. Amelioration of cancer stem cells in macrophage colony stimulating factor-expressing U87MG-
human glioblastoma upon 5-fluorouracil therapy. PLoS ONE 2013, 8, e83877. [CrossRef]

122. Bazzoni, R.; Bentivegna, A. Role of Notch Signaling Pathway in Glioblastoma Pathogenesis. Cancers 2019, 11, 292. [CrossRef]
[PubMed]

123. Liu, G.; Zhang, P.; Chen, S.; Chen, Z.; Qiu, Y.; Peng, P.; Huang, W.; Cheng, F.; Zhang, Y.; Li, H.; et al. FAM129A promotes
self-renewal and maintains invasive status via stabilizing the Notch intracellular domain in glioma stem cells. Neuro-oncology
2023, 25, 1788–1801. [CrossRef] [PubMed]

124. Rajakulendran, N.; Rowland, K.J.; Selvadurai, H.J.; Ahmadi, M.; Park, N.I.; Naumenko, S.; Dolma, S.; Ward, R.J.; So, M.; Lee, L.;
et al. Wnt and Notch signaling govern self-renewal and differentiation in a subset of human glioblastoma stem cells. Genes Dev.
2019, 33, 498–510. [CrossRef]

125. Shen, F.; Song, C.; Liu, Y.; Zhang, J.; Wei Song, S. IGFBP2 promotes neural stem cell maintenance and proliferation differentially
associated with glioblastoma subtypes. Brain Res. 2019, 1704, 174–186. [CrossRef] [PubMed]

126. Liu, J.; Wang, X.; Chen, A.T.; Gao, X.; Himes, B.T.; Zhang, H.; Chen, Z.; Wang, J.; Sheu, W.C.; Deng, G.; et al. ZNF117 regulates
glioblastoma stem cell differentiation towards oligodendroglial lineage. Nat. Commun. 2022, 13, 2196. [CrossRef] [PubMed]

https://doi.org/10.1093/neuonc/noq080
https://doi.org/10.3892/ol.2013.1579
https://www.ncbi.nlm.nih.gov/pubmed/24179539
https://doi.org/10.18632/oncotarget.18604
https://www.ncbi.nlm.nih.gov/pubmed/28977881
https://doi.org/10.1038/aps.2013.195
https://www.ncbi.nlm.nih.gov/pubmed/24793313
https://doi.org/10.3892/etm.2012.480
https://doi.org/10.1186/2051-5960-2-31
https://www.ncbi.nlm.nih.gov/pubmed/24685274
https://doi.org/10.14791/btrt.2019.7.e21
https://doi.org/10.1016/j.brainresbull.2023.03.006
https://doi.org/10.3892/or.2011.1380
https://doi.org/10.1016/j.canlet.2022.216007
https://www.ncbi.nlm.nih.gov/pubmed/36396102
https://doi.org/10.1186/s12967-023-04085-8
https://www.ncbi.nlm.nih.gov/pubmed/37004088
https://doi.org/10.3389/fphar.2020.590723
https://www.ncbi.nlm.nih.gov/pubmed/33381038
https://doi.org/10.1007/s10456-022-09830-z
https://www.ncbi.nlm.nih.gov/pubmed/35112158
https://doi.org/10.1002/jmv.24708
https://www.ncbi.nlm.nih.gov/pubmed/27714816
https://doi.org/10.3390/cancers11030350
https://www.ncbi.nlm.nih.gov/pubmed/30871073
https://doi.org/10.1038/cddis.2012.65
https://www.ncbi.nlm.nih.gov/pubmed/22717580
https://doi.org/10.1007/s10571-019-00771-8
https://www.ncbi.nlm.nih.gov/pubmed/31853695
https://doi.org/10.1186/s13046-016-0482-0
https://doi.org/10.1186/1742-2094-10-85
https://doi.org/10.1371/journal.pone.0083877
https://doi.org/10.3390/cancers11030292
https://www.ncbi.nlm.nih.gov/pubmed/30832246
https://doi.org/10.1093/neuonc/noad079
https://www.ncbi.nlm.nih.gov/pubmed/37083136
https://doi.org/10.1101/gad.321968.118
https://doi.org/10.1016/j.brainres.2018.10.018
https://www.ncbi.nlm.nih.gov/pubmed/30347220
https://doi.org/10.1038/s41467-022-29884-3
https://www.ncbi.nlm.nih.gov/pubmed/35459228


Biomolecules 2024, 14, 480 19 of 21

127. Chen, X.; Chen, L.; Zhang, R.; Yi, Y.; Ma, Y.; Yan, K.; Jiang, X.; Wang, X. ADAM17 regulates self-renewal and differentiation of U87
glioblastoma stem cells. Neurosci. Lett. 2013, 537, 44–49. [CrossRef] [PubMed]

128. Sun, P.; Xia, S.; Lal, B.; Eberhart, C.G.; Quinones-Hinojosa, A.; Maciaczyk, J.; Matsui, W.; Dimeco, F.; Piccirillo, S.M.; Vescovi,
A.L.; et al. DNER, an epigenetically modulated gene, regulates glioblastoma-derived neurosphere cell differentiation and tumor
propagation. Stem Cells 2009, 27, 1473–1486. [CrossRef] [PubMed]

129. Dai, L.; He, J.; Liu, Y.; Byun, J.; Vivekanandan, A.; Pennathur, S.; Fan, X.; Lubman, D.M. Dose-dependent proteomic analysis of
glioblastoma cancer stem cells upon treatment with γ-secretase inhibitor. Proteomics 2011, 11, 4529–4540. [CrossRef]

130. Ulasov, I.V.; Mijanovic, O.; Savchuk, S.; Gonzalez-Buendia, E.; Sonabend, A.; Xiao, T.; Timashev, P.; Lesniak, M.S. TMZ regulates
GBM stemness via MMP14-DLL4-Notch3 pathway. Int. J. Cancer 2020, 146, 2218–2228. [CrossRef]

131. Baisiwala, S.; Hall, R.R., III; Saathoff, M.R.; Shireman, J.M.; Park, C.; Budhiraja, S.; Goel, C.; Warnke, L.; Hardiman, C.; Wang,
J.Y.; et al. LNX1 Modulates Notch1 Signaling to Promote Expansion of the Glioma Stem Cell Population during Temozolomide
Therapy in Glioblastoma. Cancers 2020, 12, 3505. [CrossRef] [PubMed]

132. Greenberg, S.M.; Bacskai, B.J.; Hernandez-Guillamon, M.; Pruzin, J.; Sperling, R.; van Veluw, S.J. Cerebral amyloid angiopathy
and Alzheimer disease—One peptide, two pathways. Nat. Rev. Neurol. 2020, 16, 30–42. [CrossRef] [PubMed]

133. Bukhari, H.; Glotzbach, A.; Kolbe, K.; Leonhardt, G.; Loosse, C.; Müller, T. Small things matter: Implications of APP intracellular
domain AICD nuclear signaling in the progression and pathogenesis of Alzheimer’s disease. Prog. Neurobiol. 2017, 156, 189–213.
[CrossRef] [PubMed]

134. DeAngelo, D.J.; Stone, R.M.; Silverman, L.B.; Stock, W.; Attar, E.C.; Fearen, I.; Dallob, A.; Matthews, C.Z.; Stone, J.R.; Freedman,
S.J.; et al. A phase I clinical trial of the notch inhibitor MK-0752 in patients with T-cell acute lymphoblastic leukemia/lymphoma
(T-ALL) and other leukemias. J. Clin. Oncol. 2006, 24 (Suppl. 18), 6585. [CrossRef]

135. Wong, G.T.; Manfra, D.; Poulet, F.M.; Zhang, Q.; Josien, H.; Bara, T.; Engstrom, L.; Pinzon-Ortiz, M.; Fine, J.S.; Lee, H.J.;
et al. Chronic treatment with the gamma-secretase inhibitor LY-411,575 inhibits beta-amyloid peptide production and alters
lymphopoiesis and intestinal cell differentiation. J. Biol. Chem. 2004, 279, 12876–12882. [CrossRef] [PubMed]

136. van Es, J.H.; van Gijn, M.E.; Riccio, O.; van den Born, M.; Vooijs, M.; Begthel, H.; Cozijnsen, M.; Robine, S.; Winton, D.J.; Radtke,
F.; et al. Notch/gamma-secretase inhibition turns proliferative cells in intestinal crypts and adenomas into goblet cells. Nature
2005, 435, 959–963. [CrossRef] [PubMed]

137. Messersmith, W.A.; Shapiro, G.I.; Cleary, J.M.; Jimeno, A.; Dasari, A.; Huang, B.; Shaik, M.N.; Cesari, R.; Zheng, X.; Reynolds, J.M.;
et al. A Phase I, dose-finding study in patients with advanced solid malignancies of the oral γ-secretase inhibitor PF-03084014.
Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2015, 21, 60–67. [CrossRef]

138. Papayannidis, C.; DeAngelo, D.J.; Stock, W.; Huang, B.; Shaik, M.N.; Cesari, R.; Zheng, X.; Reynolds, J.M.; English, P.A.; Ozeck, M.;
et al. A Phase 1 study of the novel gamma-secretase inhibitor PF-03084014 in patients with T-cell acute lymphoblastic leukemia
and T-cell lymphoblastic lymphoma. Blood Cancer J. 2015, 5, e350. [CrossRef] [PubMed]

139. Tolcher, A.W.; Messersmith, W.A.; Mikulski, S.M.; Papadopoulos, K.P.; Kwak, E.L.; Gibbon, D.G.; Patnaik, A.; Falchook, G.S.;
Dasari, A.; Shapiro, G.I.; et al. Phase I study of RO4929097, a gamma secretase inhibitor of Notch signaling, in patients with
refractory metastatic or locally advanced solid tumors. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2012, 30, 2348–2353. [CrossRef]

140. Knoechel, B.; Bhatt, A.; Pan, L.; Pedamallu, C.S.; Severson, E.; Gutierrez, A.; Dorfman, D.M.; Kuo, F.C.; Kluk, M.; Kung, A.L.; et al.
Complete hematologic response of early T-cell progenitor acute lymphoblastic leukemia to the γ-secretase inhibitor BMS-906024:
Genetic and epigenetic findings in an outlier case. Cold Spring Harb. Mol. Case Stud. 2015, 1, a000539. [CrossRef]

141. Villalobos, V.M.; Hall, F.; Jimeno, A.; Gore, L.; Kern, K.; Cesari, R.; Huang, B.; Schowinsky, J.T.; Blatchford, P.J.; Hoffner, B.; et al.
Long-Term Follow-Up of Desmoid Fibromatosis Treated with PF-03084014, an Oral Gamma Secretase Inhibitor. Ann. Surg. Oncol.
2018, 25, 768–775. [CrossRef] [PubMed]

142. Kummar, S.; O’Sullivan Coyne, G.; Do, K.T.; Turkbey, B.; Meltzer, P.S.; Polley, E.; Choyke, P.L.; Meehan, R.; Vilimas, R.; Horneffer,
Y.; et al. Clinical Activity of the γ-Secretase Inhibitor PF-03084014 in Adults With Desmoid Tumors (Aggressive Fibromatosis). J.
Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2017, 35, 1561–1569. [CrossRef] [PubMed]

143. Lehal, R.; Zaric, J.; Vigolo, M.; Urech, C.; Frismantas, V.; Zangger, N.; Cao, L.; Berger, A.; Chicote, I.; Loubéry, S.; et al.
Pharmacological disruption of the Notch transcription factor complex. Proc. Natl. Acad. Sci. USA 2020, 117, 16292–16301.
[CrossRef] [PubMed]

144. Stoeck, A.; Lejnine, S.; Truong, A.; Pan, L.; Wang, H.; Zang, C.; Yuan, J.; Ware, C.; MacLean, J.; Garrett-Engele, P.W.; et al. Discovery
of biomarkers predictive of GSI response in triple-negative breast cancer and adenoid cystic carcinoma. Cancer Discov. 2014, 4,
1154–1167. [CrossRef] [PubMed]

145. Yan, M. Therapeutic promise and challenges of targeting DLL4/NOTCH1. Vasc. Cell 2011, 3, 17. [CrossRef] [PubMed]
146. Chiorean, E.G.; LoRusso, P.; Strother, R.M.; Diamond, J.R.; Younger, A.; Messersmith, W.A.; Adriaens, L.; Liu, L.; Kao, R.J.;

DiCioccio, A.T.; et al. A Phase I First-in-Human Study of Enoticumab (REGN421), a Fully Human Delta-like Ligand 4 (Dll4)
Monoclonal Antibody in Patients with Advanced Solid Tumors. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2015, 21, 2695–2703.
[CrossRef] [PubMed]

147. Ridgway, J.; Zhang, G.; Wu, Y.; Stawicki, S.; Liang, W.C.; Chanthery, Y.; Kowalski, J.; Watts, R.J.; Callahan, C.; Kasman, I.; et al.
Inhibition of Dll4 signalling inhibits tumour growth by deregulating angiogenesis. Nature 2006, 444, 1083–1087. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.neulet.2013.01.021
https://www.ncbi.nlm.nih.gov/pubmed/23356982
https://doi.org/10.1002/stem.89
https://www.ncbi.nlm.nih.gov/pubmed/19544453
https://doi.org/10.1002/pmic.201000730
https://doi.org/10.1002/ijc.32636
https://doi.org/10.3390/cancers12123505
https://www.ncbi.nlm.nih.gov/pubmed/33255632
https://doi.org/10.1038/s41582-019-0281-2
https://www.ncbi.nlm.nih.gov/pubmed/31827267
https://doi.org/10.1016/j.pneurobio.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/28587768
https://doi.org/10.1200/jco.2006.24.18_suppl.6585
https://doi.org/10.1074/jbc.M311652200
https://www.ncbi.nlm.nih.gov/pubmed/14709552
https://doi.org/10.1038/nature03659
https://www.ncbi.nlm.nih.gov/pubmed/15959515
https://doi.org/10.1158/1078-0432.CCR-14-0607
https://doi.org/10.1038/bcj.2015.80
https://www.ncbi.nlm.nih.gov/pubmed/26407235
https://doi.org/10.1200/JCO.2011.36.8282
https://doi.org/10.1101/mcs.a000539
https://doi.org/10.1245/s10434-017-6082-1
https://www.ncbi.nlm.nih.gov/pubmed/28887726
https://doi.org/10.1200/JCO.2016.71.1994
https://www.ncbi.nlm.nih.gov/pubmed/28350521
https://doi.org/10.1073/pnas.1922606117
https://www.ncbi.nlm.nih.gov/pubmed/32601208
https://doi.org/10.1158/2159-8290.CD-13-0830
https://www.ncbi.nlm.nih.gov/pubmed/25104330
https://doi.org/10.1186/2045-824X-3-17
https://www.ncbi.nlm.nih.gov/pubmed/21824400
https://doi.org/10.1158/1078-0432.CCR-14-2797
https://www.ncbi.nlm.nih.gov/pubmed/25724527
https://doi.org/10.1038/nature05313
https://www.ncbi.nlm.nih.gov/pubmed/17183323


Biomolecules 2024, 14, 480 20 of 21

148. Hu, Z.I.; Bendell, J.C.; Bullock, A.; LoConte, N.K.; Hatoum, H.; Ritch, P.; Hool, H.; Leach, J.W.; Sanchez, J.; Sohal, D.P.S.; et al. A
randomized phase II trial of nab-paclitaxel and gemcitabine with tarextumab or placebo in patients with untreated metastatic
pancreatic cancer. Cancer Med. 2019, 8, 5148–5157. [CrossRef] [PubMed]

149. Zhang, H.; Yang, Y.; Li, X.; Yuan, X.; Chu, Q. Targeting the Notch signaling pathway and the Notch ligand, DLL3, in small cell
lung cancer. Biomed. Pharmacother. 2023, 159, 114248. [CrossRef]

150. Blackhall, F.; Jao, K.; Greillier, L.; Cho, B.C.; Penkov, K.; Reguart, N.; Majem, M.; Nackaerts, K.; Syrigos, K.; Hansen, K.; et al.
Efficacy and Safety of Rovalpituzumab Tesirine Compared With Topotecan as Second-Line Therapy in DLL3-High SCLC: Results
From the Phase 3 TAHOE Study. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2021, 16, 1547–1558. [CrossRef]

151. Rudin, C.M.; Pietanza, M.C.; Bauer, T.M.; Ready, N.; Morgensztern, D.; Glisson, B.S.; Byers, L.A.; Johnson, M.L.; Burris, H.A.,
3rd; Robert, F.; et al. Rovalpituzumab tesirine, a DLL3-targeted antibody-drug conjugate, in recurrent small-cell lung cancer: A
first-in-human, first-in-class, open-label, phase 1 study. Lancet. Oncol. 2017, 18, 42–51. [CrossRef] [PubMed]

152. Morgensztern, D.; Besse, B.; Greillier, L.; Santana-Davila, R.; Ready, N.; Hann, C.L.; Glisson, B.S.; Farago, A.F.; Dowlati, A.;
Rudin, C.M.; et al. Efficacy and Safety of Rovalpituzumab Tesirine in Third-Line and Beyond Patients with DLL3-Expressing,
Relapsed/Refractory Small-Cell Lung Cancer: Results From the Phase II TRINITY Study. Clin. Cancer Res. Off. J. Am. Assoc.
Cancer Res. 2019, 25, 6958–6966. [CrossRef] [PubMed]

153. Johnson, M.L.; Zvirbule, Z.; Laktionov, K.; Helland, A.; Cho, B.C.; Gutierrez, V.; Colinet, B.; Lena, H.; Wolf, M.; Gottfried, M.;
et al. Rovalpituzumab Tesirine as a Maintenance Therapy After First-Line Platinum-Based Chemotherapy in Patients With
Extensive-Stage-SCLC: Results From the Phase 3 MERU Study. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2021, 16,
1570–1581. [CrossRef] [PubMed]

154. Xu, R.; Shimizu, F.; Hovinga, K.; Beal, K.; Karimi, S.; Droms, L.; Peck, K.K.; Gutin, P.; Iorgulescu, J.B.; Kaley, T.; et al. Molecular
and Clinical Effects of Notch Inhibition in Glioma Patients: A Phase 0/I Trial. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2016,
22, 4786–4796. [CrossRef] [PubMed]

155. Peereboom, D.M.; Ye, X.; Mikkelsen, T.; Lesser, G.J.; Lieberman, F.S.; Robins, H.I.; Ahluwalia, M.S.; Sloan, A.E.; Grossman, S.A. A
Phase II and Pharmacodynamic Trial of RO4929097 for Patients With Recurrent/Progressive Glioblastoma. Neurosurgery 2021, 88,
246–251. [CrossRef] [PubMed]

156. Pan, E.; Supko, J.G.; Kaley, T.J.; Butowski, N.A.; Cloughesy, T.; Jung, J.; Desideri, S.; Grossman, S.; Ye, X.; Park, D.M. Phase I study
of RO4929097 with bevacizumab in patients with recurrent malignant glioma. J. Neuro-Oncol. 2016, 130, 571–579. [CrossRef]
[PubMed]

157. Zou, Y.; Cao, Y.; Yue, Z.; Liu, J. Gamma-secretase inhibitor DAPT suppresses glioblastoma growth via uncoupling of tumor vessel
density from vessel function. Clin. Exp. Med. 2013, 13, 271–278. [CrossRef] [PubMed]

158. Kristoffersen, K.; Villingshøj, M.; Poulsen, H.S.; Stockhausen, M.T. Level of Notch activation determines the effect on growth and
stem cell-like features in glioblastoma multiforme neurosphere cultures. Cancer Biol. Ther. 2013, 14, 625–637. [CrossRef]

159. Kristoffersen, K.; Nedergaard, M.K.; Villingshøj, M.; Borup, R.; Broholm, H.; Kjær, A.; Poulsen, H.S.; Stockhausen, M.T. Inhibition
of Notch signaling alters the phenotype of orthotopic tumors formed from glioblastoma multiforme neurosphere cells but does
not hamper intracranial tumor growth regardless of endogene Notch pathway signature. Cancer Biol. Ther. 2014, 15, 862–877.
[CrossRef]

160. Lu, S.; Lyu, Z.; Wang, Z.; Kou, Y.; Liu, C.; Li, S.; Hu, M.; Zhu, H.; Wang, W.; Zhang, C.; et al. Lipin 1 deficiency causes adult-onset
myasthenia with motor neuron dysfunction in humans and neuromuscular junction defects in zebrafish. Theranostics 2021, 11,
2788–2805. [CrossRef]

161. Tulip, I.J.; Kim, S.O.; Kim, E.J.; Kim, J.; Lee, J.Y.; Kim, H.; Kim, S.C. Combined inhibition of STAT and Notch signalling effectively
suppresses tumourigenesis by inducing apoptosis and inhibiting proliferation, migration and invasion in glioblastoma cells.
Anim. Cells Syst. 2021, 25, 161–170. [CrossRef] [PubMed]

162. Staberg, M.; Michaelsen, S.R.; Olsen, L.S.; Nedergaard, M.K.; Villingshøj, M.; Stockhausen, M.T.; Hamerlik, P.; Poulsen, H.S.
Combined EGFR- and notch inhibition display additive inhibitory effect on glioblastoma cell viability and glioblastoma-induced
endothelial cell sprouting in vitro. Cancer Cell Int. 2016, 16, 34. [CrossRef] [PubMed]

163. Monticone, M.; Biollo, E.; Fabiano, A.; Fabbi, M.; Daga, A.; Romeo, F.; Maffei, M.; Melotti, A.; Giaretti, W.; Corte, G.; et al.
z-Leucinyl-leucinyl-norleucinal induces apoptosis of human glioblastoma tumor-initiating cells by proteasome inhibition and
mitotic arrest response. Mol. Cancer Res. MCR 2009, 7, 1822–1834. [CrossRef] [PubMed]

164. Williams, C.K.; Segarra, M.; Sierra Mde, L.; Sainson, R.C.; Tosato, G.; Harris, A.L. Regulation of CXCR4 by the Notch ligand
delta-like 4 in endothelial cells. Cancer Res. 2008, 68, 1889–1895. [CrossRef]

165. Giordano, F.; Montalto, F.I.; Panno, M.L.; Andò, S.; De Amicis, F. A Notch inhibitor plus Resveratrol induced blockade of
autophagy drives glioblastoma cell death by promoting a switch to apoptosis. Am. J. Cancer Res. 2021, 11, 5933–5950. [PubMed]

166. Lin, J.; Zhang, X.M.; Yang, J.C.; Ye, Y.B.; Luo, S.Q. γ-secretase inhibitor-I enhances radiosensitivity of glioblastoma cell lines by
depleting CD133+ tumor cells. Arch. Med. Res. 2010, 41, 519–529. [CrossRef]

167. Tanaka, S.; Nakada, M.; Yamada, D.; Nakano, I.; Todo, T.; Ino, Y.; Hoshii, T.; Tadokoro, Y.; Ohta, K.; Ali, M.A.; et al. Strong
therapeutic potential of γ-secretase inhibitor MRK003 for CD44-high and CD133-low glioblastoma initiating cells. J. Neuro-Oncol.
2015, 121, 239–250. [CrossRef]

168. Natsumeda, M.; Maitani, K.; Liu, Y.; Miyahara, H.; Kaur, H.; Chu, Q.; Zhang, H.; Kahlert, U.D.; Eberhart, C.G. Targeting Notch
Signaling and Autophagy Increases Cytotoxicity in Glioblastoma Neurospheres. Brain Pathol. 2016, 26, 713–723. [CrossRef]

https://doi.org/10.1002/cam4.2425
https://www.ncbi.nlm.nih.gov/pubmed/31347292
https://doi.org/10.1016/j.biopha.2023.114248
https://doi.org/10.1016/j.jtho.2021.02.009
https://doi.org/10.1016/S1470-2045(16)30565-4
https://www.ncbi.nlm.nih.gov/pubmed/27932068
https://doi.org/10.1158/1078-0432.CCR-19-1133
https://www.ncbi.nlm.nih.gov/pubmed/31506387
https://doi.org/10.1016/j.jtho.2021.03.012
https://www.ncbi.nlm.nih.gov/pubmed/33823285
https://doi.org/10.1158/1078-0432.CCR-16-0048
https://www.ncbi.nlm.nih.gov/pubmed/27154916
https://doi.org/10.1093/neuros/nyaa412
https://www.ncbi.nlm.nih.gov/pubmed/33027815
https://doi.org/10.1007/s11060-016-2263-1
https://www.ncbi.nlm.nih.gov/pubmed/27826680
https://doi.org/10.1007/s10238-012-0203-8
https://www.ncbi.nlm.nih.gov/pubmed/22836313
https://doi.org/10.4161/cbt.24595
https://doi.org/10.4161/cbt.28876
https://doi.org/10.7150/thno.53330
https://doi.org/10.1080/19768354.2021.1942983
https://www.ncbi.nlm.nih.gov/pubmed/34262659
https://doi.org/10.1186/s12935-016-0309-2
https://www.ncbi.nlm.nih.gov/pubmed/27118928
https://doi.org/10.1158/1541-7786.MCR-09-0225
https://www.ncbi.nlm.nih.gov/pubmed/19861404
https://doi.org/10.1158/0008-5472.CAN-07-2181
https://www.ncbi.nlm.nih.gov/pubmed/35018234
https://doi.org/10.1016/j.arcmed.2010.10.006
https://doi.org/10.1007/s11060-014-1630-z
https://doi.org/10.1111/bpa.12343


Biomolecules 2024, 14, 480 21 of 21

169. Kahlert, U.D.; Cheng, M.; Koch, K.; Marchionni, L.; Fan, X.; Raabe, E.H.; Maciaczyk, J.; Glunde, K.; Eberhart, C.G. Alterations in
cellular metabolome after pharmacological inhibition of Notch in glioblastoma cells. Int. J. Cancer 2016, 138, 1246–1255. [CrossRef]

170. Fan, X.; Khaki, L.; Zhu, T.S.; Soules, M.E.; Talsma, C.E.; Gul, N.; Koh, C.; Zhang, J.; Li, Y.M.; Maciaczyk, J.; et al. NOTCH pathway
blockade depletes CD133-positive glioblastoma cells and inhibits growth of tumor neurospheres and xenografts. Stem Cells 2010,
28, 5–16. [CrossRef]

171. Gersey, Z.; Osiason, A.D.; Bloom, L.; Shah, S.; Thompson, J.W.; Bregy, A.; Agarwal, N.; Komotar, R.J. Therapeutic Targeting of the
Notch Pathway in Glioblastoma Multiforme. World Neurosurg. 2019, 131, 252–263.e252. [CrossRef] [PubMed]

172. Cenciarelli, C.; Marei, H.E.; Zonfrillo, M.; Pierimarchi, P.; Paldino, E.; Casalbore, P.; Felsani, A.; Vescovi, A.L.; Maira, G.; Mangiola,
A. PDGF receptor alpha inhibition induces apoptosis in glioblastoma cancer stem cells refractory to anti-Notch and anti-EGFR
treatment. Mol. Cancer 2014, 13, 247. [CrossRef] [PubMed]

173. Ying, M.; Wang, S.; Sang, Y.; Sun, P.; Lal, B.; Goodwin, C.R.; Guerrero-Cazares, H.; Quinones-Hinojosa, A.; Laterra, J.; Xia,
S. Regulation of glioblastoma stem cells by retinoic acid: Role for Notch pathway inhibition. Oncogene 2011, 30, 3454–3467.
[CrossRef] [PubMed]

174. Deng, J.; Liu, A.D.; Hou, G.Q.; Zhang, X.; Ren, K.; Chen, X.Z.; Li, S.S.C.; Wu, Y.S.; Cao, X. N-acetylcysteine decreases malignant
characteristics of glioblastoma cells by inhibiting Notch2 signaling. J. Exp. Clin. Cancer Res. CR 2019, 38, 2. [CrossRef]

175. Opačak-Bernardi, T.; Ryu, J.S.; Raucher, D. Effects of cell penetrating Notch inhibitory peptide conjugated to elastin-like
polypeptide on glioblastoma cells. J. Drug Target. 2017, 25, 523–531. [CrossRef] [PubMed]

176. Rauf, A.; Patel, S.; Imran, M.; Maalik, A.; Arshad, M.U.; Saeed, F.; Mabkhot, Y.N.; Al-Showiman, S.S.; Ahmad, N.; Elsharkawy, E.
Honokiol: An anticancer lignan. Biomed. Pharmacother. 2018, 107, 555–562. [CrossRef]

177. Zhang, T.D.; Chen, G.Q.; Wang, Z.G.; Wang, Z.Y.; Chen, S.J.; Chen, Z. Arsenic trioxide, a therapeutic agent for APL. Oncogene
2001, 20, 7146–7153. [CrossRef] [PubMed]

178. Zhou, W.; Cheng, L.; Shi, Y.; Ke, S.Q.; Huang, Z.; Fang, X.; Chu, C.W.; Xie, Q.; Bian, X.W.; Rich, J.N.; et al. Arsenic trioxide disrupts
glioma stem cells via promoting PML degradation to inhibit tumor growth. Oncotarget 2015, 6, 37300–37315. [CrossRef]

179. Carlsson, S.K.; Brothers, S.P.; Wahlestedt, C. Emerging treatment strategies for glioblastoma multiforme. EMBO Mol. Med. 2014, 6,
1359–1370. [CrossRef]

180. Zheng, X.; Tang, Q.; Ren, L.; Liu, J.; Li, W.; Fu, W.; Wang, J.; Du, G. A narrative review of research progress on drug therapies for
glioblastoma multiforme. Ann. Transl. Med. 2021, 9, 943. [CrossRef]

181. Hiddingh, L.; Tannous, B.A.; Teng, J.; Tops, B.; Jeuken, J.; Hulleman, E.; Boots-Sprenger, S.H.; Vandertop, W.P.; Noske, D.P.;
Kaspers, G.J.; et al. EFEMP1 induces γ-secretase/Notch-mediated temozolomide resistance in glioblastoma. Oncotarget 2014, 5,
363–374. [CrossRef] [PubMed]

182. Tsai, Y.L.; Chang, H.H.; Chen, Y.C.; Chang, Y.C.; Chen, Y.; Tsai, W.C. Molecular Mechanisms of KDELC2 on Glioblastoma
Tumorigenesis and Temozolomide Resistance. Biomedicines 2020, 8, 339. [CrossRef] [PubMed]

183. Zhang, S.; Guo, S.; Liang, C.; Lian, M. Long intergenic noncoding RNA 00021 promotes glioblastoma temozolomide resistance by
epigenetically silencing p21 through Notch pathway. IUBMB Life 2020, 72, 1747–1756. [CrossRef]

184. Alafate, W.; Xu, D.; Wu, W.; Xiang, J.; Ma, X.; Xie, W.; Bai, X.; Wang, M.; Wang, J. Loss of PLK2 induces acquired resistance to
temozolomide in GBM via activation of notch signaling. J. Exp. Clin. Cancer Res. CR 2020, 39, 239. [CrossRef] [PubMed]

185. Pustchi, S.E.; Avci, N.G.; Akay, Y.M.; Akay, M. Astrocytes Decreased the Sensitivity of Glioblastoma Cells to Temozolomide and
Bay 11-7082. Int. J. Mol. Sci. 2020, 21, 7154. [CrossRef]

186. Lai, I.C.; Shih, P.H.; Yao, C.J.; Yeh, C.T.; Wang-Peng, J.; Lui, T.N.; Chuang, S.E.; Hu, T.S.; Lai, T.Y.; Lai, G.M. Elimination of cancer
stem-like cells and potentiation of temozolomide sensitivity by Honokiol in glioblastoma multiforme cells. PLoS ONE 2015, 10,
e0114830. [CrossRef] [PubMed]

187. Minniti, G.; Niyazi, M.; Alongi, F.; Navarria, P.; Belka, C. Current status and recent advances in reirradiation of glioblastoma.
Radiat. Oncol. 2021, 16, 36. [CrossRef] [PubMed]

188. Jeon, H.M.; Kim, J.Y.; Cho, H.J.; Lee, W.J.; Nguyen, D.; Kim, S.S.; Oh, Y.T.; Kim, H.J.; Jung, C.W.; Pinero, G.; et al. Tissue factor
is a critical regulator of radiation therapy-induced glioblastoma remodeling. Cancer Cell 2023, 41, 1480–1497.e1489. [CrossRef]
[PubMed]

189. Yahyanejad, S.; King, H.; Iglesias, V.S.; Granton, P.V.; Barbeau, L.M.; van Hoof, S.J.; Groot, A.J.; Habets, R.; Prickaerts, J.; Chalmers,
A.J.; et al. NOTCH blockade combined with radiation therapy and temozolomide prolongs survival of orthotopic glioblastoma.
Oncotarget 2016, 7, 41251–41264. [CrossRef]

190. Wu, W.; Klockow, J.L.; Zhang, M.; Lafortune, F.; Chang, E.; Jin, L.; Wu, Y.; Daldrup-Link, H.E. Glioblastoma multiforme (GBM):
An overview of current therapies and mechanisms of resistance. Pharmacol. Res. 2021, 171, 105780. [CrossRef]

191. Cao, Y.; Liu, B.; Cai, L.; Li, Y.; Huang, Y.; Zhou, Y.; Sun, X.; Yang, W.; Sun, T. G9a promotes immune suppression by targeting the
Fbxw7/Notch pathway in glioma stem cells. CNS Neurosci. Ther. 2023, 29, 2508–2521. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/ijc.29873
https://doi.org/10.1002/stem.254
https://doi.org/10.1016/j.wneu.2019.07.180
https://www.ncbi.nlm.nih.gov/pubmed/31376551
https://doi.org/10.1186/1476-4598-13-247
https://www.ncbi.nlm.nih.gov/pubmed/25380967
https://doi.org/10.1038/onc.2011.58
https://www.ncbi.nlm.nih.gov/pubmed/21383690
https://doi.org/10.1186/s13046-018-1016-8
https://doi.org/10.1080/1061186X.2017.1289537
https://www.ncbi.nlm.nih.gov/pubmed/28140690
https://doi.org/10.1016/j.biopha.2018.08.054
https://doi.org/10.1038/sj.onc.1204762
https://www.ncbi.nlm.nih.gov/pubmed/11704843
https://doi.org/10.18632/oncotarget.5836
https://doi.org/10.15252/emmm.201302627
https://doi.org/10.21037/atm-20-8017
https://doi.org/10.18632/oncotarget.1620
https://www.ncbi.nlm.nih.gov/pubmed/24495907
https://doi.org/10.3390/biomedicines8090339
https://www.ncbi.nlm.nih.gov/pubmed/32927743
https://doi.org/10.1002/iub.2301
https://doi.org/10.1186/s13046-020-01750-4
https://www.ncbi.nlm.nih.gov/pubmed/33176854
https://doi.org/10.3390/ijms21197154
https://doi.org/10.1371/journal.pone.0114830
https://www.ncbi.nlm.nih.gov/pubmed/25763821
https://doi.org/10.1186/s13014-021-01767-9
https://www.ncbi.nlm.nih.gov/pubmed/33602305
https://doi.org/10.1016/j.ccell.2023.06.007
https://www.ncbi.nlm.nih.gov/pubmed/37451272
https://doi.org/10.18632/oncotarget.9275
https://doi.org/10.1016/j.phrs.2021.105780
https://doi.org/10.1111/cns.14191
https://www.ncbi.nlm.nih.gov/pubmed/36971192

	Introduction 
	Notch 
	Notch Is Involved in Development and Progression of Glioblastoma 
	Proliferation and Growth 
	Migration and Invasion 
	Apoptosis 
	Regulation of Stemness 

	Status of Targeted Notch Therapy 
	Clinical Trials Targeting Notch in Cancer 
	Clinical Trials Targeting Notch in Glioblastoma 
	Targeting Notch in GBM 
	-Secretase Inhibitors in GBM 
	-Secretase Inhibitors in GBM 
	Other Molecule Inhibitors 

	Notch and Glioblsatoma Resistance 

	Summary and Prospects 
	References

