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ABSTRACT: The Notch pathway is remarkably simple without the interventions of secondary messengers. It possesses a unique
receptor−ligand interaction that imparts signaling upon cleavage of the receptor followed by the nuclear localization of its cleaved
intracellular domain. It is found that the transcriptional regulator of the Notch pathway lies at the intersection of multiple signaling
pathways that enhance the aggressiveness of cancer. The preclinical and clinical evidence supports the pro-oncogenic function of
Notch signaling in various tumor subtypes. Owing to its oncogenic role, the Notch signaling pathway assists in enhanced
tumorigenesis by facilitating angiogenesis, drug resistance, epithelial to mesenchymal transition, etc., which is also attributed to the
poor outcome in patients. Therefore, it is extremely vital to discover a suitable inhibitor to downregulate the signal-transducing
ability of Notch. The Notch inhibitory agents, such as receptor decoys, protease (ADAM and γ-secretase) inhibitors, and
monoclonal/bispecific antibodies, are being investigated as candidate therapeutic agents. Studies conducted by our group exemplify
the promising results in ablating tumorigenic aggressiveness by inhibiting the constituents of the Notch pathway. This review deals
with the detailed mechanism of the Notch pathways and their implications in various malignancies. It also bestows us with the recent
therapeutic advances concerning Notch signaling in the context of monotherapy and combination therapy.
KEYWORDS: Notch ligands, Notch receptors, Notch pathway, cancer therapeutics, γ-secretase inhibitor, ADAM inhibitor,
γ-secretase modulators

Decades of research reveal that every component of the
signaling pathways is intertwined in an array of complex

networks. Disruption in any of the components of a pathway as
a consequence of oncogenic mutations, abnormal expression of
signaling components, or inactivation of tumor suppressors
results in the hyperactivation of the signaling pathway and
elimination of the negative regulators of the pathway,
respectively, therefore bestowing tumor cells with abnormal
characteristics that enhance their survival in a complex
environment. Additionally, aberrant mutations in the con-
served developmental pathways are responsible for the
modulation of proliferation, differentiation, and viability of
the undifferentiated pluripotent stem cells and tumor initiating

cells, which further leads to the enhanced aggressiveness of
numerous malignancies. The most prevalent conserved
developmental pathways in cancer are the Wnt, Hedgehog,
and Notch signaling pathways that are generally responsible for
the development and differentiation of embryonic and adult
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tissues.1−3 These pathways are known to function by
converting the extracellular stimulus into a specific intracellular
response by the underlying molecular circuits that govern
diverse cellular processes.

The Notch signaling pathway is conserved throughout
evolution, in both vertebrates and invertebrates. It was first
studied in Drosophila neurogenesis, which occurs due to the
phenomenon of lateral inhibition, i.e., an inhibitory cell−cell
interaction.4 The Notch gene encodes a type I transmembrane
protein, which responds to the regulatory and instructive
signals upon interacting with its ligand, thereby facilitating cell
specification and differentiation during embryogenesis. The
Notch pathway signaling is pleiotropic; i.e., it not only affects
cell specifications across a wide variety of species (both
unicellular and multicellular) but also varies among various cell
types and at subsequent stages of cell lineage progression.5 The
current review deals with the biological roles of Notch
signaling in human malignancies and the therapeutic efficacy
that could be acquired upon blocking this pathway.

■ THE NOTCH PATHWAY
Structural Organization of the Notch Receptors. The

Drosophila Notch is a type 1 integral membrane protein (with
a molecular weight of 300 kDa) that traverses the cellular
membrane. It comprises an intracellular cytoplasmic domain
and a ligand-binding domain present extracellularly, which is
required for transducing signals upon activation of the Notch
pathway.6 The Notch in Drosophila is homologous to that of
the lin-12 gene in Caenorhabditis elegans. Early studies in C.
elegans revealed the lin-12 and glp-1 genes encode the two
LIN-12/Notch proteins, the ligands for which belong to the
DSL protein family, an annotation defining the ligands Delta,
Serrate (from Drosophila), and LAG-2 (C. elegans).7,8

In vertebrates, four Notch receptor genes are present
(Notch1, Notch2, Notch3, and Notch4) that are synthesized
individually from independent mRNA as single protein
precursors (Figure 1A). All receptors possess an extracellular
domain comprising several EGFR (epidermal growth factor
receptor)-like repeats that assist in the binding of ligands. The
different isoforms of the Notch receptors exhibit different
numbers of EGFR repeats, such as Notch1 and Notch2 in
vertebrates contain 36 tandem EGFR repeats, possessing

striking similarity with the Drosophila Notch, while Notch3
comprises 34 and Notch4 comprises 29 tandemly arranged
EGFR repeats.9 Moreover, the orderly arrangement of the
EGFR is evolutionarily conserved and mutations in any one or
more of these repeats produce different developmental
phenotypes.10

The downstream of the EGFR domain contains three LNR
(LIN-12/Notch related region) repeats, which are composed
of a cysteine-rich region and a hydrophobic region, altogether
comprising the Notch extracellular domain (NECD). This
motif negatively regulates receptor activation, thereby prevent-
ing ligand-independent signaling. The LNR region is followed
by the transmembrane domain, consisting of a pair of
conserved cysteine residues between themselves, known as
HD (heterodimerization domain) that is thought to facilitate
receptor dimerization.11

The cytoplasmic domain of the receptors, commonly known
as the Notch intracellular domain (NICD), comprises multiple
conserved regions: the RBPJ associated molecule (RAM) motif
that lies between the TMD and ANK repeats, which interacts
with the DNA binding protein CSL, a mammalian homologue
of Suppressor of Hairless [Su(H)] in Drosophila.12 It also
comprises six copies of the 33 residue CDC10-ankyrin (ANK)
like repeats, which are involved in the protein−protein
interactions of cytoskeleton and transcription factors.13

Moreover, the RAM domain has a high-affinity binding site
for CSL, while the ankyrins form weak contacts with CSL and
are vital in recruiting MAML.14 Additionally, the ANK repeats
are spanned by two nuclear localization signaling (NLS)
domains and a C-terminal PEST domain [containing the
amino acids proline (P), glutamic acid (E), serine (S), and
threonine (T)], which facilitates rapid proteolytic degradation
of the Notch receptors. Additionally, a transcription activation
domain (TAD) is also present in the Notch1 and Notch2
receptors, which enhances the recruitment and stabilization of
the coregulators and/or coactivators at the site of the target
promoters13,14 Moreover, the varying numbers of amino acids
present within the ANK and PEST domains among different
Notch proteins are responsible for the inconsistent size of the
cytoplasmic domains.15

The Notch Ligands. The canonical Notch signaling is
assisted by the DSL (Delta, Serrate, Lag2) ligands. Besides the

Figure 1. (A) Schematic representation of mammalian Notch receptor proteins and (B) the Notch ligands.
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receptors, Notch ligands are also type 1 transmembrane
proteins possessing multiple signature EGF repeats in their
extracellular domains. The domain of DSL shares a conserved
flanking N-terminal region and two EGF moieties that are
essential for receptor ligation and activation of Notch
signaling.16 Interestingly, the cells expressing the Notch ligands
(known as the signal-sending cells) possess an E3 ubiquitin
ligase (such as Neur and MIB) that assists in the ubiquitination
of the ligand’s intracellular domain. This phenomenon further
promotes epsin-mediated endocytosis, which ultimately results
in ligand activation.17

In vertebrates, the Notch ligands, as illustrated in Figure 1B,
share structural homology with the Delta and Serrate ligands of
Drosophila. They are categorized as either Serrate (e.g.,
Jagged1 and Jagged2) ligands or Delta-like (e.g., DLL1,
DLL3, and DLL4) ligands. Interestingly, the Serrate ligands
have more numbers of EGF repeats (16 in Jagged1 and
Jagged2, 8 in DLL1 and DLL4, and 6 in DLL3), a von
Willebrand factor type-C (vWF-c) region, and a supplementary
cysteine-rich (CR) domain, in comparison to the Delta-like
ligands. The cytoplasmic domains of Serrate ligands do not
share significant amino acid identities. However, DLL1 and
DLL4 have similar structures with approximately 60%
similarity in their protein sequences. Additionally, the

intracellular regions of Jagged1, DLL1 and DLL4, have a C-
terminal domain that contains a PDZ (PSD-95/Dlg/ZO-1)
[post synaptic density protein (PSD95) binding motif, Dlg-1
(Drosophila disk large tumor suppressor), and zonula
occludens-1 protein (ZO-1)] binding motif, which facilitates
the intracellular protein−protein associations. The PDZ motif
also facilitates the anchoring of membrane proteins to the
cytoskeleton.18 Moreover, the DLL1 Jagged domains also
comprise the DOS (Delta and OSM-11) motifs, which
resemble the EGF-like repeats that enhance the affinity of
ligands to receptors.19

The Notch Receptor Processing. The activity of the
receptor is modulated by the O-fucosyltransferases, furin-like
convertases, and Fringe glycosyltransferases. Moreover, other
modes of modulations include (i) modification of receptors or
ligands, (ii) coexpression of receptors with ligands, (iii) mode
of ligand presentation, and (iv) cell surface area in contact.20,21

The comparative magnitude of the receptor−ligand
interactions is regulated by post-transcriptional changes of
the Notch receptors. Initially, the extracellular EGF repeats are
modified upon adjoining O-fucose facilitated by the enzyme O-
fucosyltransferase1 (O-fut1) in the endoplasmic reticulum.
This assists in the receptor glycosylation by Fringe
glycosyltransferases (e.g., Manic, Radical, and Lunatic Fringe

Figure 2. Schematic of the Notch signaling pathway. (1) The Notch receptor processing takes place in the ER, by the enzyme O-fut (O-
fucosyltransferase) that adds fucose to the Notch precursor. (2) In the trans-Golgi network, furin-like convertase cleaves full-length Notch (S1
cleavage) generating a heterodimer molecule, which is then glycosylated by Fringe proteins (3). (4) The heterodimer Notch receptors are then
trafficked to the cell membrane. (5) Activation of Notch receptor takes place when a Delta/Serrate family of ligands binds to the extracellular
receptor of Notch. (6) Upon ligand binding, S2 cleavage occurs by the ADAM protease (also known as TACE). (7) The ligand bound to the
Notch extracellular domain (NECD) gets internalized by the signal sending cell and (8) gets degraded inside the lysosomes. (9) S3 cleavage occurs
by the γ-secretase enzyme, which results in the release of the Notch intracellular domain (NICD) that gets internalized into the nucleus (10) and
(11) binds to the DNA binding domain, CSL, thereby replacing the corepressors with the coactivators and facilitating the transcription of Notch
targeted genes. (12) In the absence of NICD, the DNA binding domain, CSL, is bound to the corepressor complex, which inhibits the transcription
of Notch targeted genes.
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in mammals).22 The augmentation of N-acetylglucosamine
(GlcNAc) sugar to the O-fucose moiety mediated by Fringe
proteins further regulates the responsiveness of the receptors
to its ligands. However, Fringe mediated post-transcriptional
changes are quantitative; i.e., the expression level of the Notch
downstream genes can be modulated. The expression of Fringe
accords with either of the Delta or Serrate ligand domains
(such as Fringe+/Jagged+ and Fringe+/DLL+) that possess a
varying effect on tissue domain boundaries and tissue
organization.23 Besides Fringe, glycosyltransferase Rumi
(Poglut1) and two enzymes of the human glycosyltransferase
8 families also glycosylate the Notch receptors.24

Additionally, proteins such as Numb, α-adaptin, and E3
ubiquitin ligase (such as Deltex and Nedd4) are also
responsible for the regulation of steady-state levels of Notch
receptors on the cellular surface.25

Activation of the Notch Pathway. The activation of the
Notch receptors involves a series of proteolytic events (Figure
2). Initially, a furin-like convertase mediates the S1 cleavage of
the receptors in the trans-Golgi network, thereby generating a
heterodimeric molecule, which is essential for the functional-
ization of the receptors on the cellular surface.26 The LNR
domain regulates the relationship between the polypeptide

products (formed after cleavage by the furin convertase),
thereby downregulating receptor activity.

However, the initiation of Notch signaling takes place by the
secondary proteolytic cleavage (S2 cleavage), which is
facilitated upon ligand binding on the receptors in trans
fashion (i.e., it binds at the surface of the adjacent cells),
triggering a conformational change in the receptor.27 The
structural investigation of the receptors reveals that, upon
ligand binding, the receptors are extended to reveal the NRR
(negative regulatory region), exposing the cleavage site.28 This
enables cleavage by the ADAM protease, also known as TACE
(TNF-α converting enzyme), within the juxtamembrane
region.27 Altogether, these phenomena result in the elimi-
nation of the Notch extracellular domain (NECD), which is
then recycled via trans-endocytosis into the ligand-expressing
cells.

The residual membrane-bounded section of the receptor,
termed the notch extracellular truncation (NEXT) domain, a
substrate for the intramembrane proteolysis, undergoes “S3
cleavage” by the presenilin enzyme associated with the γ-
secretase complex. This ultimately leads to the generation of
the Notch intracellular domain (NICD). Of the entire Notch
protein, the NICD solely has an intrinsic signal-transducing

Figure 3. (A) Detailed overview of the Notch signaling pathway and its possible therapeutic targets. (B) The function domains of the Notch
receptor and their corresponding functions. (Adapted from ref 75. CC BY 4.0.)
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ability, whereas the extracellular domain regulates the activity
of the NICD. It is suggested that the γ-secretase dependent
cleavage is modulated with respect to the cleavage efficacy and
location of the cleavage site present in the receptor, which is
due to the different isoforms of presenilin (PSEN1 and
PSEN2). This results in the Notch receptor endocytosis
requiring monoubiquitination at the lysine 1749, followed by
deubiquitination by elF 3f, which enables the cleavage by γ-
secretase. Moreover, Deltex (an E3 ubiquitin ligase), serves as
the linking protein between Notch and Elf3 in early
endosomes. Deltex serves as both a positive and negative
regulator of Notch and helps in the modulation and
internalization of the Notch receptors.

Furthermore, the NICD thus generated traverses to the
nucleus where it binds to the DNA binding protein, CSL {also
known as longevity-assurance gene-1 (LAG-1) in C. elegans;
Suppressor of Hairless [Su(H)] in flies, and C promoter-
binding factor (CBF1) or recombination signal binding protein
for immunoglobulin κ J region (RBPJ-κ) or κ-binding factor 2
(KBF2) in mammals}. The interaction of NICD and CSL
results in the recruitment of the adaptor protein, Mastermind-
like (MAML), which further recruits EP300 and components
of the downstream transcription machinery. This further aids
in the transcription of a number of helix−loop−helix
transcription factors, such as the Hairy and Enhancer of
Split1 (HES1), HES1-related (HESR1), HERP, and HEY.
Additionally, the downstream Notch target genes also include
the p21/WAF1 promoter, c-Myc, cyclin A, cyclin D1, a
ubiquitin ligase SKP2 (that promotes the degradation of the
CDK inhibitor, p27/KIP1), and members of the NF-κB
pathway, along with the insulin-like growth factor and its
receptor (IGF-1 and IGF-1R). Altogether, these transcription
factors regulate numerous cellular processes, including
proliferation, self-renewal, differentiation, and apoptosis, thus
defining the canonical pathway of Notch signaling.29

However, in the absence of Notch signaling, CSL interacts
with numerous proteins to form a corepressor complex (such
as CIR, corepressor interacting with RBPJ; CtIP/CtBP,
carboxy-terminal-binding protein, HDAC-I, histone deacety-
lase I; SHARP, SMRT/HDAC-associated repressor protein;
and SMRT, silencing mediator of retinoid and thyroid
hormone receptors), which is transcriptionally inactive. Upon
the recruitment of NICD, the corepressor complex is
dissociated and several transcriptional activators (including
HATs, histone acetyltransferases; SKIP, skeletal muscle and
kidney enriched inositol phosphatase; MAML, Mastermind-
like proteins, PCAF, p300/CPB associated factor; and GCN5,
general control nonderepressible 5) are recruited to the CSL
protein, thereby activating the transcription of the downstream
signaling genes.29 An overview of the Notch signaling pathway
and its possible therapeutic targets are provided in Figure 3.
The NICD. The S3 cleavage of the receptors mediated by

the γ-secretase enzyme is heterogeneous regarding the cleavage
site. The NICD fragments comprise either an N-terminal
serine/leucine (Ser/Leu) or N-terminal valine (Val) fragment,
whereby the former exhibits a shorter half-life as compared to
the Val-NICD fragments, altogether affecting the duration of
Notch signaling.30 The NICD is subjected to a wide range of
post-translational modifications (Figure 4), such as acetylation
hydroxylation, phosphorylation, and ubiquitylation, which are
important for its proper activity, half-life, and stability,
reviewed by Belle et al.31

Generally, the NICD is short-lived with a half-life of
approximately 4 h. One molecule of NICD generates one
signaling unit. Moreover, the efficacy of ligand−receptor
interaction is directly proportional to the quantity of NICD
present in the nucleus. Upon activation of transcriptional
regulators, kinases (such as cyclin dependent kinase 8, CDK8)
phosphorylate the NICD within its PEST domain, which is
then targeted for proteasome-mediated degradation by Sel10
(also called Fbw7), an E3 ubiquitin ligase, thus limiting the
half-life of the NICD that resets the cell for the next pulse of
signaling.

Among the different components of the Notch signaling
pathway, the cleaved intracellular domain has the inherent
ability to transduce signals in both healthy and tumor cells. In
tumor cells, the pleiotropic effects of NICD upon its
interactions with the signaling components of the other
pathways result in the enhanced tumorigenesis and dissem-
ination of the cancer cells, as depicted in Figure 5.
The Noncanonical Notch Ligands. The noncanonical

Notch ligands are structurally diverse and include the
membrane-tethered ligands such as Delta-like noncanonical
Notch ligands 1 and 2 (Dlk-1 and Dlk-2) that inhibit
adipogenesis and function as cis inhibition of Notch signaling.
Additionally, Delta/Notch-like EGF-related receptor (DNER),
a Delta-like essential membrane protein, comprises tandem
EGF repeats on its extracellular domain and lacks a DSL
domain. DNER binds to Notch in a trans fashion and activates
CSL transcription. Moreover, a DSL ligand-like protein known
as Jagged and Delta protein (Jedi), is devoid of both
transactivating activities and cis-inhibitory activity. F3/
contactin1 and NB3/contactin6 encode GPI-linked neural
cell adhesion molecules, which activate Notch to induce
oligodendrocyte differentiation. The secreted non-DSL protein
also includes Sca (involved in Notch-dependent patterning of
the eye and sensory bristles in Drosophila), CCN3 (required
for proper development of the vertebrate heart and skeleton,
and its expression is associated with both positive and negative
regulatory roles in cancer), MAGP1 and MAGP2 (present in
vertebrates, assist in γ-secretase dependent NICD generation

Figure 4. Post-translation modifications in the NICD. The NICD
followed by its cleavage undergoes post-translational modifications
like acetylation (responsible for finely tuning the half-life of Notch),
hydroxylation (contributes to signaling diversity of NICD),
methylation (increases stability and half-life of NICD), phosphor-
ylation (regulates activity and turnover of NICD), and ubiquitination
(activates Notch signaling, regulates the half-life of Notch).
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and result in autocrine Notch activation; MAGP-2 is the sole
noncanonical ligand that mediates nonenzymatic dissociation
of Notch).32,33

The lack of ligands invokes the Notch to participate in
variable cellular processes. For example, Notch regulates the
stability of β-catenin, a major component of the Wnt signaling
pathway.34 Unbound Notch receptors are either recycled or
targeted for lysosomal degradation, under normal physiological
conditions. The pathway can also get activated without ligands
in some pathological conditions, e.g., mutations in the NRR
domain of the Notch receptors, overexpression of Notch on
exposure to calcium chelators, etc. Furthermore, Notch
signaling is constitutively activated due to the stabilization of
the NICD by hypoxia-inducible factor-1 (HIF-1) in hypoxic
conditions. Additionally, ion chelators such as EDTA and
EGTA also result in the dissociation of Notch ligands, thereby
mimicking the activation of Notch similar to the canonical
pathway.35

The Noncanonical Notch Pathway. The noncanonical
Notch pathway, also known as RBPJ/CSL-independent Notch
signaling, is activated either upon binding of noncanonical
ligands to the Notch receptors or in the absence of ligands.36

The Notch activation might be either γ-secretase dependent or
independent, whereby the latter exerts its function in a
membrane-bound form. The noncanonical pathway is also
independent of CSL and instead is activated by interacting
with PI3K/mTOR/Wnt/AKT/NF-κB/HIFα pathways, which
might act with the NICD or other regulatory genes, either in
the cytoplasm or in the nucleus to exert its function in various
biological processes including cancer. Moreover, Notch can
also be activated through R-Ras to promote cell adhesion.
Alternatively, it may interact with IKKα in the NF-κB pathway
or LEF1 in the Wnt pathway; Notch can also exert its function
through its intracellular domain (NICD), which further
activates multiple pathways.37

■ IMPLICATIONS OF NOTCH IN CANCER
Notch as an Oncogene. Notch signaling has a substantial

contribution toward liver development, as well as in liver
tumorigenesis. Notch facilitates the progression of hepatocel-
lular carcinoma (HCC), an aggressive histological subtype
among the primary liver cancers, by regulating the tumor
microenvironment, along with proliferation, angiogenesis,
invasion, and metastasis. Overexpression of Notch1, Notch3,
and Notch4 is correlated with poor prognosis and is detected
in more than 70% of HCC tissues.38

There are activating mutations of Notch1 receptors in T-cell
acute lymphoblastic leukemia (T-ALL) and aggressive neo-
plasm of immature T-cells, with suppressed p53 functions.39 A
high level of Jagged1 expression is observed in AML (acute
myeloid leukemia).40 Inactivating mutations in Notch1 also
promote squamous cell carcinoma.41 Constitutively active
Notch1 promotes melanoma cell growth, which is mediated by
β-catenin. In some cases of melanoma, Notch1 also facilitates
the activation of the MAPK and PI3K−AKT pathways, thereby
inducing the proliferation and dissemination of melanoma
cells.42 In non-small cell lung carcinoma (NSCLC), Notch1
acts as an oncogene by providing critical survival signals under
hypoxia. Also, there exists a negative correlation between the
Notch and NUMB protease; for example, concomitant
downregulation of NUMB is found in about 35% of
NSCLC.29 In some cases, Notch3 is highly overexpressed,
resulting in more aggressive forms of NSCLC and thymic
cancer. Notch possesses exclusive oncogenic characteristics in
the hematopoietic system, thereby promoting hematological
malignancies.43

Moreover, a truncated and activated form of Notch4 has
been found in many breast cancers (BCs) with hyper-
proliferation and enhanced invasiveness.44 Notch3 results in
proliferation of Erb2-negative BC cell lines. In most of the BC
cells, NUMB (a negative regulator of Notch) is lost due to

Figure 5. NICD (Notch intracellular domain) regulates the expression of various downstream genes that induces proliferation, aids in the EMT
(epithelial to mesenchymal transition), and inhibits apoptosis, thereby promoting tumorigenesis.
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ubiquitination and proteasomal degradation. Hyperactivation
of Jagged1 and/or Notch1 along with Ras/MAPK pathways
correlates with poor prognosis in patients with breast cancer.45

Constitutively active Notch 1 cross talks with the Erk pathway
and mediates the transformation of immortalized BC cells.
Notch also interacts with the HER2 (human epidermal growth
factor receptor) signaling pathway resulting in more aggressive
malignancies.

Similarly, the DLL4 ligand promotes the pro-inflammatory
activation of macrophages in vitro.46 Notch signaling increases
the level of vascular endothelial growth factor receptors
(VEGFR1, VEGFR3) which in turn increases the DLL4,
thereby promoting angiogenesis. Hypoxia-inducible factor
(HIF) and Jagged1 potentiate the overexpression of Notch,
leading to the epithelial to mesenchymal transition.47,48

Jagged2 and DLL4 dependent Notch signaling contributes to
tumor initiation in pancreatic cancer.49 Altered Notch
signaling, with Jagged1 upregulation and overexpression of
Notch target transcription factor (HES1 and HEY2), induces
pathogenesis of osteosarcoma.50

Notch has established cross talk with numerous signaling
pathways that aid in the aggressiveness of the tumors.51 It
confers angiogenesis, drug resistance, and invasive character-
istics to the growing tumors and also assists in metastasis by
facilitating the EMT, along with the generation of CSCs,52,53

therefore contributing to the poor prognosis in patients. Table
1 summarizes the role of the Notch pathway genes in various
malignancies.

The Notch receptors and its associated ligands, along with
the downstream transcription factors, have potential oncogenic
roles in a wide variety of malignancies.54 Thus, therapeutic
interventions of this pathway hold promising results that might
result in the inhibition of the critical hallmark of cancer cells,
besides ablating cancer.
Notch as a Tumor Suppressor Gene. Besides having

oncogenic roles in various malignancies, Notch ligands and/or
receptors possess tumor suppressive properties in some cancers
such as prostate,55 lung,56 brain,57 cervical,58 liver,59,60 skin
cancers,61 etc.

It has been observed that different Notch ligands and
receptors have different roles in a particular tumor. In some
rare cases of hematological malignancies, Notch signaling has
been found to suppress proliferation and induce apoptosis in
B-cell lymphoma,62 Hodgkin lymphoma,63 and multiple
myeloma, following upregulation of p21WAF/Cip expression.64

Contradictorily, Notch1 is highly expressed in some B-cell and
T-cell derived tumors of Hodgkin lymphoma and anaplastic
large-cell lymphoma.65 Aberrant expression of Notch1 is also
associated with abnormal proliferation and survival of various
lymphomas,66 altogether depicting the dual role of the Notch
pathway in a particular tumor subtype; the underlying reason
for this is still undetermined.

Furthermore, aberrant Notch1 induces the expression of
p21WAF/Cip, thereby leading to growth arrest and differentiation
of keratinocytes.67 Jagged1, DLL1, and DLL4 ligand mediated
Notch activation is also tumor suppressive in nature; it inhibits
the self-renewal capacity and growth of AML cells.68

Expression of intracellular Notch receptors (NICD1−
NICD4), and Jagged ligands induced the transcription of
HES1, which mediated inhibition of growth and induced
apoptosis in B-cells.69 Notch is also observed to inactivate the
Rb pathway, resulting in the inhibition of hepatocellular
carcinoma.
Causal Mutations of Notch in Cancer. The role of the

Notch pathway in human development and disease was
recognized only when mutations in the Notch1 gene were
associated with a form of T-ALL. Mutations in the Notch
signaling pathway genes generally cause defective develop-
mental phenotypes, which affect the heart, kidney, liver,
skeleton, eye, and vasculature. The Notch-associated disorders
are not restricted to cancer; rather they also include the
autosomal dominant Alagille syndrome, autosomal recessive
spondylocostal dysostosis, Hajdu−Cheney syndrome, cardiac
diseases (such as CADASIL, an acronym for cerebral
autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy), etc., which have been extensively
reviewed by Penton et al.70

Table 1. Role of the Notch Genes in Cancer

Notch
related genes implications in cancer

Delta-like
ligands

DLL1 promotes cell proliferation and angiogenesis in cancer.

DLL3 promotes migration and invasion by upregulating Snail.
DLL4 promotes growth, proliferation, invasion, and angiogenesis.

Serrate
ligands

Jagged1 overexpression is implicated with the pathogenesis of various cancers and correlates with a poor clinical prognosis.

Jagged2 is involved in the regulation of migration and invasion of cancer cells.
Notch
receptors

Transmembrane receptors are involved in cell proliferation, maintenance, invasion, and chemoresistance. The different receptors are involved in
different cancer subtypes. For example, Notch1 is implicated in the pathogenesis of numerous cancers such as breast cancer, lung cancer, and
lymphomas, while constitutively active Notch2 gives rise to hepatic tumors.

ADAM
protease

ADAM protease facilitates S2-mediated cleavage of the Notch receptors and other type I transmembrane proteases such as TNF-α and EGFR.
Overexpression is associated with numerous malignancies.

γ-secretase
enzyme

γ-Secretase enzyme facilitates S3-mediated cleavage of the Notch receptors, thereby generating NICD.

NICD
domain

NICD domain activates the Notch pathway by dissociating the corepressors with the coactivators. It also interacts with numerous signaling pathways
to facilitate the aggressiveness of a malignancy.

HES Besides facilitating cellular proliferation and differentiation, HES contributes to multidrug resistance, along with metastasis. It also maintains the
quiescent cells or cancer stem cells in a nondividing state.

HEY HEY proteins have an effect on cancer proliferation and survival in some malignancies, while in some cancers it has a tumor suppressive role.
c-Myc It triggers the activation of genes involved in protein biosynthesis, cancer metabolism, transcription factors, and the cell cycle. It also inhibits the

expression of some tumor suppressor genes, thereby serving as a master regulator of cellular metabolism.
NF-κB NF-κB mediates tumor cell proliferation, survival and angiogenesis
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Analysis of a cohort of malignant cell lines divulges that
genetic alterations (such as mutations, deletions, amplifica-
tions, and gain-of-function) in any Notch receptor are mutually
exclusive to changes in other receptors. The case for the Notch
ligands such as Jagged1 and Jagged2 is similar. Gain-of-
function mutations are characteristics of hematopoietic
cancers, whereby only one particular cell type is affected,
such as T-ALL and B-CLL. However, in solid tumors,
alteration in the signaling is bidirectional; i.e., the oncogenic
or tumor suppressor function of Notch is context dependent,
such as stage, cancer entity tissue of origin, tumor micro-
environment, or the genetic background. For example,
mutations in all four Notch receptors preferentially act either
as a driver mutation that promotes tumor survival and
progression or to also promote the progression and
dissemination of malignancy at later stages. Similarly,
genetically acquired gain-of-function mutations of Notch

activity facilitate initiation and progression of gliomas,71

osteosarcomas,72 or SCLC (small cell lung cancer). Addition-
ally, gain-of-function mutations in Notch also aid in EMT
progression and invasive phenotypes of NSCLCs.73 Further-
more, they also promote the drug-resistant phenotype in lung
cancers.74

Additionally, the various driver mutations that lead to
malignant phenotypes are not restricted to a particular tumor
subtype; rather it is implicated in the pathogenesis of various
malignancies. For example, in breast cancer, a meta-analysis of
approximately 4000 cases showed that gain-of-function
mutations of the Notch pathway genes are associated with
increased disease occurrence. Altered Notch1 signaling is
related to ER+/PR+/HER2± breast cancers, while it is more
prevalent in HER2− than in HER2+ tumors. The Jagged1/
Notch signaling axis is either frequently deregulated or
amplified in BCs. Activating Notch1 mutations or rearrange-

Figure 6. Mutational profile among the gene sequence of the Notch receptors. From the cBioPortal database (https://www.cbioportal.org/).
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ments in EGF and NRR regions have been observed in TNBC
basal-like phenotypes. Moreover, nonsense mutations in the
PEST domains of Notch1, Notch2, and Notch3 receptors have
been observed in TNBC, which results in an elevated half-life
of the NICD and leads to overexpression of the Notch
downstream genes.75

Additionally, gain-of-function mutations in Notch1 and
Notch2 implicate the pathogenesis of T-ALL and B-cell
lymphomas, respectively. Also, in both cases, the mutations
lead to enhanced activity and prolonged half-life of the NICDs.
Moreover, activated Notch1 deregulates the Notch signaling in
the majority of human T-ALL, whereas mutations leading to
partial or complete deletion of the PEST domain or a single
amino acid substitution in the C-terminus of the Notch2
proteins lead to the pathogenesis of a subset of B-cell
lymphomas.76 Furthermore, in leukemic cells, FBW7 muta-
tions activate the Notch pathway and provide resistance to γ-
secretase inhibitors.77 The aberrant Notch pathway is involved
in the pathogenesis of liver fibrosis. However, sustained Notch
signaling in chronic liver diseases drives tumor formation
without acquiring specific genome mutations. Additionally, it
has also been observed that mutations in Notch2 facilitate the
development of liver metastasis.78

Furthermore, the loss-of-function mutations in Notch are
equivalently predominant in epithelial cancer types or
carcinomas, such as squamous skin carcinoma and basal-cell
carcinoma,79 along with pancreatic cancer,80 liver cancer,81 etc.
Moreover, loss-of-function mutations in Notch also reduce the
expression of regulatory genes such as FBXW7, which itself
acts as a potent tumor suppressor, thereby resulting in cancer
progression and dissemination.82 Some of the common
mutations in the Notch receptors are depicted in Figure 6,
as obtained from the cBioPortal database (https://www.
cbioportal.org/).
Targeting the Notch in Cancer. There are numerous

reasons to target the Notch pathway due to its association with
the aggressiveness of the malignancies. The targeting efficacy
can be brought about by keeping in mind the three most
important facts about Notch signaling. First, the half-life of the
Notch intracellular domain (NICD) is very short (might be
longer in transformed cells); thus, intermittent inhibition
might be successful. Second, the downstream effects of Notch
activation are dose dependent, i.e., “signal intensity” can be
modulated very precisely by cellular regulatory mechanisms.
Complete inhibition of the pathway might be not necessary
since the signaling cascade triggered by Notch ligand
interaction is devoid of an enzymatic amplification step.
Third, the effects of Notch signaling are context dependent;
i.e., it can act either as a tumor suppressor gene or as an
oncogene, depending on the cancer type.83

Among the various underlying molecular components that
aid in the initiation and functionalization of the Notch
pathway, the potent molecular components having a supreme
effect in the signaling pathway of Notch are described below.
The γ-Secretase Enzyme. γ-Secretase is a multisubunit

intramembrane cleaving protease (i-CLiPs) having a molecular
weight of approximately 230 kDa.84 It is composed of a
tetrameric complex of proteins: nicastrin (NCT), anterior
pharynx defective 1 (APH-1), presenilin enhancer 2 (PEN2),
and presenilin (PSEN) and several associated proteins (such as
TMP21, CD147, and Rer1p). In the human genome, there are
two presenilin genes (PSEN1 and PSEN2) and two isoforms of
the APH-1 gene (APH-1A and APH-1B), produced as a result

of alternate splicing. Thus, the γ-secretase complex possesses
six different conformations, each exhibiting distinct activities.85

Nicastrin is a type 1 integral membrane glycoprotein that
facilitates complex maturation and stabilization.86 PEN2
belongs to the zinc metalloprotease site2 family, which is
required for the endoproteolytic processing of the inactive
presenilin into the catalytically active heterodimer, while APH-
1 might be the substrate receptor for the protease complex.
Additionally, APH-1A regulates Notch during embryogenesis,
while APH-1B produces longer amyloid-β (Aβ) fragments.87

Further, presenilin is a multipass transmembrane aspartyl
protease, having nine TMDs, and acts as the catalytic core of
the γ-secretase complex.88 The active catalytic site lies between
their sixth and seventh TMDs, with two aspartates (D257 and
D385) of presenilin conferring the aspartate protease activity
to the γ-secretase complex. It catalyzes the cleavage of various
transmembrane proteins within the lipid bilayer, in a process
termed “regulated intramembrane proteolysis”. Altogether,
presenilin helps in regulating these domains to transduce
signals to the nucleus.89

γ-Secretase is a highly regulated allosteric enzyme that
possesses two conformations at equilibrium, which is distorted
whenever a GSM (γ-secretase modulator) or a GSI (γ-
secretase inhibitor) binds to it, thereby regulating its protease
activity. Its principal role in the Notch pathway is the cleavage
of the Notch receptor at its transmembrane domain near the
cytoplasm and generating the cleaved intracellular domain
(NICD), which in turn activates the Notch signaling and
assists in the pathogenesis of cancer. Therefore, γ-secretase is
validated as a significant therapeutic target in various cancers
with elevated Notch signaling.
ADAM Protease. The ADAM acronym, “a disintegrin and

metalloprotease”, is a transmembrane protein that mediates
cell-surface proteolysis and modulates cell−cell and cell−
matrix interactions. To date, 23 ADAMs have been identified
in the human genome, out of which ADAM10 and ADAM17
facilitate the proteolytic processing of the Notch receptors via
S2-mediated cleavage, which is potentiated upon ligand
binding to the Notch receptor. The ADAMs contribute to
the S2 cleavage in a tissue-specific manner. For example,
ADAM10 is required in ligand-activated Notch signaling, while
ADAM17 is required in ligand-independent Notch signal-
ing.90,91

Research evidence suggests that ADAM cleaves the DSL
ligands at the transmembrane region, which releases the
extracellular part of the ligands as soluble proteins. These
soluble proteins (DLL1, DLL4, and Jagged1) block the Notch
activation, which in turn results in the inhibition of the target
gene’s expression.92 The incompetence of the soluble ligands
to expose the ADAM cleavage site is the reason behind their
incapability to activate the Notch pathway.28 The ADAM
protease plays an important role in eliciting the Notch
signaling pathway, which in turn can be therapeutically
regulated upon its inactivation.
NUMB. NUMB (found in Drosophila and vertebrates) and

NUMB-like (in vertebrates) are endocytic adaptor proteins
and act as suppressors of Notch.93 During asymmetric cell
division in embryogenesis, the activity of Notch is antagonized
by the cell fate determinant, NUMB, via endocytosis and a
proteasomal dependent mechanism.94 NUMB interacts with
E3 ubiquitin ligase Itch/AIP4 to promote intracellular
trafficking and subsequent degradation of the Notch1
receptor.95 It also interacts with the AP-2 adaptor complex
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and the endocytic proteins α-adaptin and Eps15, in clathrin-
coated pits and endosomes, to disrupt the endocytosis of
Notch ligands and receptors. NUMB inhibits the Notch
pathway by binding to the NICD and preventing its nuclear
localization, which in turn impedes the NICD-dependent
transcription initiation of the Notch downstream genes.

There exists a negative correlation between these two
proteins, whereby cells expressing higher NUMB have low
Notch expression and cells expressing high Notch have low
NUMB expression. NUMB-mediated signaling control is lost
in most cancers.96 Loss of NUMB by proteasomal degradation
and ubiquitination is observed in approximately 50% of
mammary carcinomas.

NUMB-mediated inhibition of Notch is used as a therapy
against prostate cancer. According to a study conducted by
Wang et al., NUMB binds to Par3 and E-cadherin, the
interaction of which is regulated by tyrosine phosphorylation,
which is induced by HGF/Src-mediated knockdown of
NUMB. This in turn leads to apical translocation of E-
cadherin, mislocation of Par3, and F-actin polymerization,
which induced migration and proliferation.97 NUMB acts as a
brake for a complete EMT by inhibiting Notch signaling.98,99

The reduced NUMB expression is often associated with the
EMT and metastasis in TNBC.100 Therefore, NUMB-
mediated Notch inhibition might possess a potential
therapeutic approach.
Therapeutic Realms Concerning the Notch Pathway.

There are numerous ways in which the Notch pathway can be
regulated and/or inhibited. The crux of the therapeutic realms
is illustrated in Figure 7. However, some of the mechanisms by
which this pathway can efficiently be targeted are described
below.
Modification of Receptor−Ligand Interaction. Block-

ing the ubiquitination and trans-endocytosis of the ligands and
inhibiting the ability of Fringe and O-fut to glycosylate the

Notch receptor would hinder the ligand−receptor interaction
from initiating signal transduction. Additionally, the soluble
Notch peptides (decoys) mimicking the ligand disrupt the
receptor−ligand interaction by competitive inhibition. Re-
search suggests that decoys of DSL ligands such as Delta101

and Jagged102 act as antagonists of Notch and fail to induce
and/or activate the Notch signaling pathway.
Targeting Notch by Oligonucleotide Methods. Anti-

sense oligonucleotides (ASOs) are short stretches of syntheti-
cally and/or chemically synthesized DNA or RNA that target
gene of interest by penetrating the cell membranes. They
possess high sequence specificity and, therefore, show fewer
off-target effects as compared to other therapeutic approaches,
as reviewed by Lundin et al.103

Notch1 phosphorothioate antisense oligonucleotides reduce
the expression of HES1 in the H-82 cell line.104 An antisense
Jagged oligomer, synthesized by Zimrin et al., demonstrated
FGF2-induced collagen in invasion and tube formation by
endothelial cells.105 The expression of Notch1 antisense
oligonucleotide (NAS) in Notch antisense transgenic mice
exhibited lower levels of Notch and showed several defects in
learning and memory.106

Using Monoclonal Antibodies (mAbs), Bispecific
Antibody (bs-Ab), Antibody−Drug Conjugate (ADC),
and CAR-T Therapy. Antibodies that specifically inhibit or
reduce the proteolytic cleavage of Notch are divided into two
classes: (i) ligand competitive antibodies, which bind within
the 1−13 region of the ligand-binding domain of the EGF
repeat on the receptors and exhibit strong dependency on the
specific ligand-expressing cell line; (ii) allosteric antibodies or
NRR-binding antibodies, which are targeted to the extracellular
negative regulatory region (NRR) on the Notch receptors and
have a meager dependency on the type of ligand used for
transactivation.107

Figure 7. Illustration depicting the possible strategies for Notch inhibition.
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The NRR antibodies are reported to bind and thereafter
inhibit the ligand-independent activation of Notch1 receptors
harboring T-cell acute lymphoblastic leukemia (T-ALL).108

The two potent antagonist mAbs (namely 256A-4 and 256A-
8) have shown to inhibit the activity of Notch3 by competing
with DSL ligands (including Jagged1, Jagged2, DLL1, and
DLL4).109 Neutralizing DLL4 with DLL4 selective antibodies
(e.g., anti-DLL4 antibody and soluble DLL4-Fc fusion protein)
diminished the development of tumors in multiple tumor
models, along with reduction of vascularization; DLL4 is
necessary for vascularization.110

Apart from monoclonal antibodies, bispecific antibody,
antibody−drug conjugate, and CAR-T therapy have also
been proven to be effective in abrogating Notch signaling,113

listed in Table 2. While monoclonal antibodies are synthesized
against a particular epitope having monoclonal affinity, the
bispecific antibodies can simultaneously bind to two antigens
or to the two epitopes of the same antigen. For example, the
DLL-mediated Notch pathway activation plays an essential
role in cancer by facilitating the maintenance of cancer
stemness and induction of tumorigenesis. Despite numerous
efforts in discovering a potent inhibitor against this particular
pathway, the overall clinical outcomes are insufficient to
overcome the clinical barriers. Therefore, to overcome the
slender therapeutic window of DLL/Notch inhibitors,
combination therapy with angiogenic inhibitors as well as the
use of bispecific antibodies against the DLL/Notch and
VEGF/VEGFR signaling axes are currently being employed to
obtain an effective therapeutic outcome.114

Additionally, the antibody−drug conjugate (ADC), on the
other hand, is an association of small molecular therapeutic
drugs with the antibody, having a permanent or liable linker

that is synthesized to target the specific antigens expressed by
the cancer cells. CAR-T is an adoptive cellular therapy in
which the T-cells of a patient are genetically modified ex vivo to
express a chimeric antigen receptor (CAR). This in turn targets
a particular receptor and readdresses cytotoxic T-cells to the
specific receptor-positive cells, thereby resulting in cell
death.115

Using GSIs (γ-Secretase Inhibitors). The first class of
inhibitors to reach clinical trials were the γ-secretase inhibitors
(GSIs). They were initially developed as Aβ inhibitors that
were proposed to halt the progression of Alzheimer’s disease
(AD). Generally, the GSIs possess high affinity toward the
catalytic core of the γ-secretase protein complex, presenilin.
This results in the inhibition of the Notch pathway, or the
inhibition of APPs (amyloid protein precursors) in AD.116 The
list of GSIs (Figure 8) used to date is given in Table 3.

Generally, GSIs are categorized into three classes: (i)
azepines, (ii) peptide isosteres, and (iii) sulfonamides.
However, azepines and sulfonamides are prevalently used in
combination therapy with chemotherapeutic drugs or inhib-
itors. Furthermore, GSIs are classified into two types
depending on the structure and binding site. The first type is
small molecule nontransition state inhibitors, which bind to a
site other than the active site of the γ-secretase. It is probably
at the interface of the γ-secretase complex dimer. The second
type is aspartyl protease transition state analogues, which bind
competitively to the catalytic cores of presenilins. They mimic
the transition state of substrate cleavage by γ-secretase.
Using GSMs (γ-Secretase Modulators). Unlike the GSIs,

GSMs (Figure 8) are a group of small molecules that
allosterically modulate the activity of the γ-secretase enzyme,
by inducing a conformational change, thereby rendering it

Table 2. Notch Inhibition Using Different Forms of Antibodies and Antigens, under Clinical Trials

trade name in combination target cancer subtypes clinical trial reference

mAbs
OMP-59R5, Tarextumab Nab-P and

Gemcitabine
Notch2/Notch3 stage IV, pancreatic cancer phase Ib/II NCT01647828

OMP21M18 FOLFIRI DLL4 advanced colorectal cancer phase Ib NCT01189942
Carboplatin DLL4 advanced nonsquamous

NSCLC
phase Ib NCT01189968

Gemcitabine and
Decizumab

DLL4 advanced or metastatic
pancreatic cancer

phase Ib NCT01189929

bs-Ab
Navicixizumab
(OMP-305B83)

− DLL4/VEGF advanced solid tumors phase I NCT02298387

AMG-757 − DLL3/CD3 small cell lung cancer phase I NCT03319940,
Owen et al.111

ADC
Rova T
(Rovalpituzumab Tesirine)

− DLL3 SCLC phase I/II NCT01901653

− DLL3 SCLC phase II NCT02674568
− DLL3 SCLC phase III NCT03033511
− DLL3 SCLC phase II NCT02674568
Topotecan DLL3 SCLC phase III NCT03061812
Nivolumab,
Ipilimumab

DLL3 SCLC phase I/II NCT03026166

Dexamethasone DLL3 SCLC phase III NCT03033511
PF-06650808 − Notch3 breast cancer and other

neoplasm
phase I NCT02129205,

Rosen et al.112

Belantamab mafodotin
(GSK2857916)

− B-cell maturation antigen
(BCMA)

relapsed or refractory multiple
myeloma

phase II NCT04126200

CAR-T
AMG-119 − DLL3 SCLC phase I NCT03392064,

Owen et al.111

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Review

https://doi.org/10.1021/acsptsci.2c00239
ACS Pharmacol. Transl. Sci. 2023, 6, 651−670

661

pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 8. Two-dimensional structures of γ-secretase inhibitors of different classes: (i) azepine (transition state analogues), e.g., LY411575 (A), and
azepine (nontransition state analogues), e.g., DAPT (B); (ii) sulfonamides (nontransition state analogues), e.g., MK0752 (C); and (iii) peptide
isoesterase (transition state analogues), e.g., GSI-1 (D). Two-dimensional structures of ADAM inhibitors, such as ZLDI-8 (E), INCB3619 (F), and
Marimastat (G). Two-dimensional structures of γ-secretase modulators such as BPN15606 (H), Indomethacin (I), GSM-1 (J), Tarenflurbil (K),
E2012 (L), CHF5074 (M), SGSM36 (N), FRM36143 (O), and BPN15606 (P).
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inactive or nonfunctional in nature. Some examples of GSMs
are indomethacin, CHF5074, and Tarenflurbil, an NSAID
(nonsteroidal anti-inflammatory drug). GSM-1 is a potent
second-generation acidic GSM, and E2012 is a nonacidic
GSM. Additionally, 2-aminothiazole γ-secretase modulators
(SGSM-36), FRM36143, and BPN15606 decrease Aβ42 levels
in Alzheimer’s disease.119,120

Using ADAM Inhibitors. While GSIs have been widely
used in the inhibition of the Notch pathway, some α-secretase
inhibitors (ASIs) have been developed that specifically block
the activity of the ADAM (also known as TACE) enzyme
(Figure 6). A major theoretical advantage of these ASIs might
be their nonrequirement to enter the cell for eliciting their
action.121

The TACE inhibitors are divided into various subtypes, such
as (i) succinate-based inhibitors, (ii) macrocyclic inhibitors,
(iii) sulfonamide inhibitors, (iv) γ-lactam inhibitors, (v) β-
benzamido inhibitors, (vi) benzothiadiazine inhibitors, and
(vii) nonhydroxamate inhibitors.122 Besides the Notch path-
way, TACE is also responsible for the activation of numerous
other pathways (TNFα, EGF, etc.) in cancer.

Research evidence suggests that inhibition of the ADAM
proteases can regulate the Notch signaling pathway, thereby
inhibiting the aggressive properties of various cancer subtypes.
For example, Marimastat, an ADAM inhibitor, has been shown
to decrease the expression of Notch1 and HES1 in renal cell
carcinoma.123 Another potent ADAM inhibitor, INCB3619,
inhibits the Notch pathway and reduces glioblastoma stem
cells,124 and it enhances Gefitinib sensitivity in NSCLC.125

ZLDI-8, an ADAM17 inhibitor, decreases downstream
proteins Survivin, CIAP1, and CIAP2 and also reverses the
EMT by inhibiting the Notch pathway in NSCLC.126 It also

enhances the effects of Sorafenib, Etoposide, and Paclitaxel on
HCC cells.127

Moreover, an in silico study conducted by our group
demonstrates the various binding affinities of the different
classes of molecules and their functional derivatives (obtained
from PubChem) against the ADAM protease.128 Through
molecular docking studies, it was ascertained that the
derivatives of the γ-lactam hydroxamate IK862 exhibit superior
binding properties, followed by ZLDI8, a competitive and
irreversible lymphoid tyrosine phosphatase inhibitor, in
comparison to the derivatives of the other class of molecules.
However, the in vitro assessment of TMI-1, a thiomorpholine
sulfonamide hydroxamate bearing novel propargylic P1 group,
endowed us with the efficacy of the compound in inhibiting
the EMT, along with incorporating differentiated epithelial
phenotype (CD44+/CD24+). It also induced apoptosis and
decreased the colony-forming ability and wound-healing
properties of the TNBC cells.129

Other Modes of Notch Inhibition. Abrogation of the
Notch pathway has also been achieved using RNAi
(ribonucleic acid interference) and shRNA (short-hairpin
RNA). RNAi-mediated silencing of the Notch receptor
DLL4 in ovarian tumor cells inhibited cell growth and
angiogenesis. Inhibition of DLL4 and Jagged2 by shRNA has
been shown to decrease angiogenesis and CSC130 and has
therapeutic potential against retinoblastoma.131 Knockdown of
CSL by shRNA also inhibits Notch effectively and inhibits
tumor formation and overcomes chemoresistance in colorectal
cancer.132 Knockdown of Notch2 mediated by shRNA induces
apoptosis in human glioma;133 it also inhibits migration and
proliferation of retinal pigment epithelial cells.134 Bevacizumab,
an inhibitor of the vascular endothelial growth factor-A

Table 3. Notch Inhibition by GSI (in Monotherapy or Combination Therapy), under Clinical Trials

type and category of GSI drug
in combination with

another drug target clinical trials reference

azepine
(transition state analogues)

RO4929097
(RG4733)

a pancreatic cancer phase II NCT01232829

RO4929097
(RG4733)

a advanced or metastatic breast cancer or
recurrent TNBC

phase II NCT01151449

RO4929097
(RG4733)

a renal cell carcinoma phase II NCT01141569

RO4929097
(RG4733)

a colorectal cancer phase II NCT01116687

RO4929097
(RG4733)

a NSCLC phase II NCT01193868

RO4929097
(RG4733)

a recurrent or metastatic ovarian cancer,
fallopian tube cancer, or peritoneal cancer

phase II NCT01175343

RO4929097
(RG4733)

a melanoma Huynh et al.117

RO4929097
(RG4733)

a metastatic colorectal cancer phase II Schell et al.118

RO4929097
(RG4733)

Vismodegib advanced or metastatic sarcoma phase I/II NCT01154452

RO4929097
(RG4733)

Letrozole ER+/PR+ stage I or II breast cancer phase Ib NCT01208441

azepine
(nontransition state analogues)

Nirogacestat,
PF-03084014

a fibromatosis phase II NCT01981551

Nirogacestat,
PF-03084014

a desmoid tumor/aggressive fibromatosis phase III NCT03785964

sulfonamide
(nontransition state analogues)

MK-0752 a early stage ER+ breast cancer presurgical NCT00756717

MK-0752 Gemcitabine stage III and IV pancreatic cancer phase I/II NCT01098344
MK-0752 Docetaxel locally advanced or metastatic breast cancer phase I/II NCT00645333
MK-0752 Tamoxifen + Letrozole early stage ER+ breast cancer phase IV NCT00756717

aIn monotherapy.
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(VEGF), blocks angiogenesis, while Bevacizumab along with
si-RNA mediated DLL4 silencing results in more potent
inhibition of tumor growth.

Therapies using recombinant proteins, naturally occurring
compounds, and metabolites have also been proven to be
successful in blocking the activity of this pathway. It is reported
that gliotoxin (a fungal secondary metabolite) is a compelling
Notch2 transactivation inhibitor. It is observed that in chronic
lymphocytic leukemia (CLL) cells, gliotoxin induces apopto-
sis.135 Additionally, it inhibited melanoma in a xenograft
mouse model.136

Further, RITA (RBPJ interacting and tubulin associated), is
a conserved 36 kDa protein that interacts with the tubulin in
the cytoplasm. It is known to shuttle rapidly between
cytoplasm and nucleus mediating nuclear export of RBPJ/
CSL, thus acting as a negative regulator of the Notch pathway
that downregulates Notch-mediated transcription of target
genes.137 It is also known to upregulate p53 and downregulate
cyclin E levels, thereby suppressing tumor growth and inducing
apoptosis in HCC cells.138

Lidamycin (LDM) is an antibiotic having a discrete
antitumor effect in various types of malignancies such as
liver, breast, lungs, and colon. In hepatocellular carcinomas,
Lidamycin inhibits the Notch pathway, thereby decreasing the
expression of CD133, along with the mRNA of HES1, HEY1,
and Notch1 genes.139

Resveratrol (RES), a naturally occurring phytoalexin,
produced by plants in response to stress, injury, and fungal
infection, has chemopreventive properties. It inhibits the
survival signaling pathways such as Notch and PI3k/Akt and
their downstream genes.140 Sulforaphane, a compound present
in broccoli, in combination therapy with various chemo-
therapeutic drugs has been shown to inhibit Notch1, along
with ALDH1 and C-rel expressing cancer stem cells.141

■ CONCLUSION AND FUTURE PROSPECTIVES
In order to explicate the molecular mechanisms facilitating
cancer progression and dissemination, it is essential to identify
the cellular factors that contribute to the aggressiveness of a
malignancy, via the aberrant activation of the developmental
pathways. The intriguing probability of Notch having either an
oncogenic or a tumor suppressive effect in a particular tumor is
highly controversial. The Notch pathway potentiates various
hallmarks of cancer such as angiogenesis, drug resistance,
metastasis, invasion, and maintenance of CSCs, by possessing
established cross talk with several downstream pathways and
transcription factors. A recent study conducted by our group
led us to the conclusion that inhibiting the Notch pathway in
TNBC cells results in diminishing the aggressive characteristics
of the TNBC cells.129 The study elucidates the comparative
analysis of the dual-targeted drug Lomitapide along with the γ-
secretase inhibitor LY411575 and the ADAM inhibitor TMI-1.
It was observed that, besides significant generation of ROS and
inhibition of sphere formation by LY411575, TMI-1 exhibited
no significant impact on the TNBC cells. Also, the IC50 for
LY411575 was found to be much lower in comparison to that
for TMI-1. However, TMI-1 showed better efficacy in colony
formation assay and wound healing assay in TNBC cells.
Immunoflow cytometry assay for the detection of CD24/
CD44 stemness markers revealed a differentiated epithelial
phenotype, following treatment with TMI-1 and LY411575 in
both TNBC cell lines. However, the effect of LY411575 on the
Notch downstream proteins such as HES1 and NICD showed

significant downregulation in comparison to TMI-1 treated
cells. Moreover, there was a significant reduction in the
formation of autophagosomes and autolysosomes after treat-
ment with LY411575, followed by TMI-1, suggesting their role
in inhibiting autophagy via inhibition of the Notch pathway.
Altogether, this study suggests the plausible role of the Notch
pathway in supporting tumorigenesis, the inhibition of which
results in the inhibition and/or downregulation of the
aggressive characteristics of the TNBC cells.

Research evidence demonstrates that, besides the various
positive aspects of targeting the Notch pathway, there still
exhibit some limitations which are needed to be overcome in
order to obtain an effective therapeutic outcome. For example,
Notch receptor/ligand-specific targeting agents induce less
adverse effects in comparison to the γ-secretase inhibitors.
However, appropriate scheduling, reduced dosage, and
amalgamating the therapeutic module with glucocorticoids
might alleviate the adversative impact of GSIs. Monoclonal
antibodies have minimal toxicity with restricted biodistribution
and prolonged half-lives, which renders them unsuitable for
precision therapy. On the other hand, solvable decoys of the
extracellular domains of receptor/ligands block their subse-
quent interactions. However, the efficacy of these small
molecular inhibitors regarding their bioavailability and
pharmacodynamic properties needs to be further evaluated.
Additionally, the benefits of pan-Notch inhibitors, which
possess the capability of targeting all the Notch receptors
rather than a single receptor, might hold promising results
which need to be examined further. However, long-term
therapeutic success with monotherapy targeting the Notch
pathway is rarely achieved in controlling tumorigenesis.
Besides, only some patients show aberrantly high Notch
expressions. Thus, targeting the Notch pathway solely might
not exhibit a significant impact on the clinical outcome. Hence,
the discovery of a smarter drug to target specific drivers of
tumor cell survival, progression, dissemination, and therapeutic
resistance is equally important. Additionally, the identification
of a potent Notch inhibitor exhibiting synergistic interactions
in combination with conventional and systemic treatments is
required, which might lead to faster clinical implementation,
thereby benefiting patients.
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■ ABBREVIATIONS
AD Alzheimer’s disease
ADAM a disintegrin and metalloprotease
ADC antibody−drug conjugate
AIP4 aryl hydrocarbon receptor-interacting protein 4
AKT Ak strain transforming
ALDH aldehyde dehydrogenase
AML acute myeloid leukemia
ANK ankyrin
APH anterior pharynx-defective
APP amyloid protein precursor
ASI α-secretase inhibitor
Aβ amyloid-β
BC breast cancer
bs-Ab bispecific antibody
CAR chimeric antigen receptor
CART chimeric antigen receptor therapy
CBF1 C promoter-binding factor
CCN3 cellular communication network factor 3
CDC10 cell division cycle
CDK8 cyclin dependent kinase 8
CIAP cellular inhibitor of apoptosis proteins
CIR corepressor interacting with RBPJ 1
CLL chronic lymphocytic leukemia
CR cysteine-rich
CSCs cancer stem cells
CSL CBF1, Suppressor of Hairless, Lag-1
CtBP carboxy-terminal-binding protein 1
Dlg-1 Drosophila disk large tumor suppressor
Dlk human Delta-like
DLL Delta Like Canonical Notch Ligand 1
DNER Delta/Notch-like EGF-related receptor
DOS Delta and OSM-11 motif
DSL Delta, Serrate, and LAG-2
E(spl) Enhancer of Split1
EDTA ethylenediaminetetraacetic acid
EGFR epidermal growth factor receptor
EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-

tetraacetic acid
EMT epithelial to mesenchymal transition
EPS15 epidermal growth factor receptor pathway substrate

15
FGF fibroblast growth factor
GCN5 general control non-derepressible 5
GlcNAc O-linked N-acetylglucosaminyltransferase
Glp-1 glucagon-like peptide 1
GSI γ-secretase inhibitor
GSM γ-secretase modulator
HAT histone acetyltransferase
HCC hepatocellular carcinoma

HD heterodimerization domain
HDAC-I histone deacetylase I
HER2 human epidermal growth factor receptor 2
HES Hairy and Enhancer of Split1
HEY2 Hairy/Enhancer-of-split related with YRPW motif

protein 2
HGF hepatocyte growth factor
HIF-1 hypoxia-inducible factor-1
i-CLiPs intramembrane cleaving protease
IGF insulin-like growth factor 1
IKK inhibitor of nuclear factor-κB (IκB) kinase
Itch Itchy E3 ubiquitin protein ligase
KBF2 κ-binding factor 2
LAG-1 Longevity-Assurance Gene-1
LC3 microtubule-associated protein 1A/1B-light chain 3
LDM Lidamycin
LEF lymphoid enhancer factor
LNR LIN-12/Notch related region
mAbs monoclonal antibodies
MAGP microfibril-associated glycoproteins
MAML Mastermind-like
MAPK mitogen-activated protein kinase
mRNA messenger ribonucleic acid
mTOR mammalian target of rapamycin
NAS Notch1 antisense oligonucleotide
NCT nicastrin
NICD Notch intracellular domain
NECD Notch extracellular domain
NEXT Notch extracellular truncation
NF-κB nuclear factor κB
NLS nuclear localization signaling
NRR negative regulatory region
NSCLC non-small cell lung cancer
NSAID nonsteroidal anti-inflammatory drug
O-fut O-fucosyltransferase1
OSM Oncostatin M
PCAF P300/CPB associated factor
PDZ PSD-95/Dlg/ZO-1
PEN presenilin enhancer
PEST proline (P), glutamic acid (E), serine (S), and

threonine (T)
PI3K phosphoinositide 3-kinase
Poglut1 protein O-glucosyltransferase 1
PSD95 post synaptic density protein (PSD95) binding

motif
PSEN presenilin
RAM RBPJ associated molecule
RBPJ recombination signal binding protein for immuno-

globulin κ J region
RES Resveratrol
RITA RBPJ interacting and tubulin associated
RNAi ribonucleic acid interference
ROS reactive oxygen species
SKIP skeletal muscle and kidney-enriched inositol phos-

phatase
SHARP SMRT/HDAC-associated repressor protein
shRNA short-hairpin RNA
SKP2 S-phase kinase associated protein 2)
SMRT silencing mediator of retinoid and thyroid hormone

receptors
Su(H) Suppressor of Hairless
TACE TNF-α converting enzyme
TAD transcription activation domain
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T-ALL T-cell acute lymphoblastic leukemia
TMD transmembrane domain
TMP tumor-associated membrane protein
TNBC triple negative breast cancer
TNFα tumor necrosis factor-α
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
vWFC von Willebrand factor type-C
ZO-1 zonula occludens-1
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