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ABSTRACT

Notch is a highly conserved signaling system that allows neighboring cells to
communicate, thereby controlling their differentiation, proliferation and apoptosis,
with the outcome of its activation being highly dependent on signal strength and cell
type. As such, there is growing evidence that disturbances in physiological Notch
signaling contribute to cancer development and growth through various mechanisms.
Notch was first reported to contribute to tumorigenesis in the early 90s, through
identification of the involvement of the Notch1 gene in the chromosomal translocation
t(7;9)(q34;q34.3), found in a small subset of T-cell acute lymphoblastic leukemia.
Since then, Notch mutations and aberrant Notch signaling have been reported in
numerous other precursor and mature hematological malignancies, of both myeloid
and lymphoid origin, as well as many epithelial tumor types. Of note, Notch has been
reported to have both oncogenic and tumor suppressor roles, dependent on the cancer
cell type. In this review, we will first give a general description of the Notch signaling
pathway, and its physiologic role in hematopoiesis. Next, we will review the role
of aberrant Notch signaling in several hematological malignancies. Finally, we will
discuss current and potential future therapeutic approaches targeting this pathway.

INTRODUCTION

Notch is an evolutionally conserved signaling
pathway consisting of a family of transmembrane
receptors and ligands that allow cell-cell communication.
Since its first discovery by Thomas Hunt Morgan in
1917 [1] in a mutant fly with notches, or ‘serration at the
end of the wings’ [2], the role of Notch has been well
characterized in the development of different tissues such
as the processes of hematopoiesis and angiogenesis. This
highly coordinated signaling system controls many aspects
of cell biology, including differentiation, proliferation
and death. Deregulation of the Notch pathway has been
reported to play a role in the pathogenesis of a variety
of solid tumors and this is summarized effectively by a
number of recent reviews [3-6].

Importantly, the role of aberrant Notch signaling in
hematological malignancies, which forms the focus of this

review, has also emerged as an exciting field of cancer
research. In fact, the most firmly established evidence for
dysregulated Notch signaling in cancer is represented by
the oncogenic Notchl receptor mutations present in over
50% of T-cell acute lymphoblastic leukemias (T-ALL) [7].
Interestingly, however, in another acute leukemia, acute
myeloid leukemia (AML), Notch may act as a tumor
suppressor [8, 9]. Also within mature B-cell neoplasms
there is genetic evidence implicating the Notch pathway
in disease pathogenesis, with Notchl receptor mutations
representing an adverse prognostic marker in chronic
lymphocytic leukemia (CLL) [10], and constitutive
Notch?2 activation being reported in 8% of diffuse large
B cell lymphomas (DLBCL) [11]. In this review we aim
to introduce the Notch signaling pathway and summarize
the evidence for its involvement in the pathogenesis and
biology of hematological malignancies, together with the
relevant therapeutic strategies currently in development.
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THE NOTCH SIGNALING PATHWAY

First described in Drosophila, Notch comprises
a receptor-ligand based signaling pathway that allows
communication between neighboring cells. A varied
combination of four transmembrane receptors (Notch1-4)
and five transmembrane ligands (Delta-likel, 3 and 4,
and Jaggedl and 2) are expressed on the surface of many
different mammalian cell types. Central to this signaling
pathway are the Notch receptors, whose largest portion is
represented by the extracellular domain, which comprises
a variable number of epidermal growth factor (EGF)-
like repeats (36 for Notch1-2, 34 for Notch3 and 29 for
Notch4) necessary for ligand-receptor interaction, and
a negative regulatory region (NRR), composed of three
Lin-12 Notch repeats (LNR), and a hetero-dimerization
domain (HD) (Figure 1). The HD domain consists of an
N-terminal and a C-terminal subunit, and in the absence
of ligand stimulation, the LNR repeats fold over the HD
domain to lock and stabilize the interaction of the two HD
subunits. This LNR-HD unit maintains Notch in a resting
state. However, upon ligand binding, the LNR repeats
undergoes a conformational change, destabilizing the
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interaction between the two HD subunits and exposing the
C-terminal subunit for cleavage. The intracellular domain
of the Notch receptor (NICD) contains a PEST sequence
at the C-terminus, a transactivation domain, 6 ankyrin
repeats between two nuclear localization sequences
(NLS) and a RAM domain. Both the Jagged and Delta-
like ligands consist of a delta-serrate-Lag2 (DSL) domain
at the N-terminus followed by 18 or 8 EGF-like repeats
respectively, with the Jagged ligands also containing a
cysteine-rich domain in the extracellular region. Following
binding of the ligand DSL domain to the Notch receptor
EGF-like repeats, the NICD is cleaved and released into
the cytoplasm and then translocated into the nucleus. It
is important to note the combinatorial complexity of
this receptor-ligand binding, as a single receptor can
be activated by multiple ligands, whilst one ligand can
activate multiple receptors [12].

NICD release is a two-step process, with a first
extracellular cleavage involving the ADAM family of
metalloproteases, an a-secretase complex, followed by
an intracellular step driven by a presenilin/y-secretase
protease, a complex consisting of presenilin, nicastrin,
Pen-2 and Aph-1. Subsequent NICD translocation into
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Figure 1: Brief overview of the Notch pathway. Notch receptors have an extracellular domain comprising a variable number of
epidermal growth factor (EGF)-like repeats (36 for Notch1-2, 34 for Notch3 and 29 for Notch4) and three Lin-12 Notch repeats (LNR).
Ligand binding triggers sequential receptor cleavages involving ADAM family metalloproteases and the y-secretase complex, ultimately
leading to the cytoplasmic release of the intracellular domain (NICD). This comprises a RAM domain, six ankyrin repeats between two
nuclear localization sequences (NLS) and a transactivation domain. A PEST sequence is also present at the C-terminus of all four Notch
receptors, with a transactivation domain present in Notchl-2. After cytoplasmic release, this intracellular domain translocates into the
nucleus where it exerts its transcriptional activity. Both Delta-like and Jagged ligands comprise of Delta-serrate-Lag2 (DSL) domains
followed by a variable number of EGF-like repeats (8 for Delta-likel and 4, and 6 for Delta-like3), with an additional cysteine-rich domain
present in Jagged ligands. The Jagged ligands both have 18 EGF-like repeats.
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the nucleus results in CSL (CBF1, Suppressor of hairless,
and Lag-1) -dependent transcription activation. Here, an
active Notch transcriptional complex is formed through
the interaction between the NICD RAM domain with a
CSL transcription factor, and a Mastermind-like (MAML)
co-activator. MAML are a family of genes that encode
critical transcriptional co-activators essential for Notch
signaling. The three members of this family (MAMLI-
3), display different functions and expression patterns,
increasing and modulating the diversity of signals deriving
from Notch receptor-ligand binding in various cell types
[13]. Among the primary targets of Notch signaling there
are two families of transcriptional modulators: Hes (Hairy
and E (spl)) and Hey/Hesr [14]. Both act as transcriptional
repressors, inhibiting the expression of several genes.
Other important targets of the Notch signaling pathway
include: NF-kB [15], Cyclin D1 [16], p21 [17], GATA3
[18], c-Myc [19] and Deltex1[20].

There is also strong evidence for non-canonical,
CSL-independent Notch signaling, of which there may be
more than one pathway [21, 22]. For example, the NICD
may interact with transcription factors not belonging to
the CSL family, such as Lefl, HIF, and Mef2 [23-25].
Notch may also directly interact and modify the functions
of cytoplasmic proteins, such as the translational regulator
Musashi, without affecting its gene expression [21]. Other
mechanisms of CSL-independent Notch signaling include
the release of a different intracellular fragment to NICD by
a protease distinct from presenilin, and the interaction of
the cytoplasmic protein Deltex, with the ankyrin repeats of
the Notch receptor [21].

Finally, mechanisms must be in place to switch
off Notch signaling. One such process involves
the mammalian Sel-10 homolog, an F-box protein
(FBXW?7), which is involved in ubiquitin-mediated
protein degradation of the NICD via ubiquitination of
its PEST domain [26-28]. There is also evidence that
Notch signaling may be self-limiting, with MAML able
to stimulate phosphorylation and proteolytic turnover of
the NICD [29].

THE ROLE OF NOTCH PATHWAY IN
NORMAL HEMATOPOIESIS

Under physiological conditions, Notch plays a
crucial role in the development of different tissues/organs
[30]. Amongst these, it is pivotal in the generation of the
embryonic hematopoietic stem cells (HSC) [31], in several
stages of T-cell development [32-34] and in marginal zone
B-cell development [35-37], while there is also a role for
Notch signaling in myelopoiesis [38]. Furthermore, Notch
signaling also plays an indirect role in HSC development,
in addition to its direct role in HSC formation described
below [39], as it is a key pathway in vascular development
and arterial vessel identity, which in turn is significant in
HSC development as these cells arise from the ventral wall

of the dorsal aorta and vitelline and umbilical arteries [40,
41].

The hematopoietic system originates from several
different sites during embryonic development. The
most primitive HSC appear in the extraembryonic yolk
sac, before migrating to intraembryonic sites, which
includes the aorta-gonad mesonephros (AGM). Later,
hematopoiesis switches to the fetal liver before its final
transition to the bone marrow (BM). A number of studies
highlight the essential role of Notch signaling for the
development of definitive hematopoiesis in the embryo:
Kumano ef al. demonstrated the importance of Notchl,
but not Notch2, in the generation of HSC from endothelial
cells in embryonic hematopoiesis [42]. In addition,
there is a critical role for Jaggedl mediated Notchl
activation, necessary for controlling GATA?2 transcription
factor expression within the AGM for maintenance
of intraembryonic hematopoiesis independently of its
role in arterial development in the mouse [43]. There is
also evidence for the role of Notch in the development
and maintenance of HSC in adult BM. In particular,
parathyroid hormone (PTH) or PTH-related protein
(PTHTrP) receptor signaling stimulates osteoblastic cells,
resulting in increased HSC numbers through Notch
pathway [44].

There is also growing evidence for the role of
NOTCH pathway exerting its influence through stromal
cell interactions within the BM hematopoietic stem cell
microenvironment. The latter is a highly specialized
micro-anatomical compartment for the maintenance of
HSC, allowing their differentiation into the full repertoire
of peripheral blood cells. Within this environment, or
‘niche’, reside a number of mesenchymal and stromal
cells that contribute towards hematopoiesis, with Notch
signaling promoting proliferation, self-renewal and
maintenance of HSC in the undifferentiated state [31, 45-
48]. In addition, NOTCH signaling in the bone marrow
microenvironment is thought to be necessary to maintain
normal hematopoiesis. Within this microenvironment,
osteoblastic cells are in close proximity to HSC, and
may, through NOTCH signaling, provide a niche for their
growth and development [44, 49].

Importantly, alongside this role, murine models
have also proven that alterations in BM stromal cells
can change Notch signaling from the microenvironment,
inducing malignant outgrowth of pre-leukemic clones,
indicating that appropriately regulated Notch signaling
is key for proper hematopoietic development [50-53].
Therefore, developing a clearer understanding of the role
of Notch pathway in the BM microenvironment control of
stem cell activity will potentially support the identification
of therapeutic targets.

Despite the important role in the BM
microenvironment, the most extensively characterized
function of Notch signaling in the hematopoietic system
is in thymic T-cell development. BM HSC travel to the
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thymus via the bloodstream where they adopt a T-cell
fate through successful B selection before differentiation
through the double positive (CD4'CD8") stage and
subsequent maturation into single positive (CD4" or
CD8") T cells upon TCRa rearrangement. Notch signaling
is fundamental during early T-cell development, up to and
including f selection. The earliest stages of this process
involve the interaction between precursor cells’ Notchl
with Delta-like ligand 4 (DI1l4) expressed by thymic
epithelial cells, with inactivation of the latter resulting in
a complete block of T-cell development and concurrent
ectopic B-cell formation [34]. Accordingly, constitutive
Notch activation halts B-cell development and induces
thymus-independent T-cell development [54].

Despite its suppressive role in early B-cell fate
specification, Notch also plays a role in marginal zone
B-cell (MZB) development in the spleen. In this organ
there are two main B-cell subsets (the progenitors of
which are derived from the BM) MZB and follicular
B cells, the latter being the more abundant of the two
subsets. MZB are able to rapidly respond to blood-
borne antigens, such as those derived from pathogens,
through the production of T-cell independent antibodies.
B-cell development involves the rearrangement of heavy
and light immunoglobulin chain genes to express a
specific B-cell receptor (BCR), with cells expressing a
self-reacting BCR undergoing clonal deletion. Further
maturation in the spleen involves transitional T1 and T2
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stages, before final differentiation into follicular B or MZB
cells. In this context, interaction between B-cell expressed
Notch2, and Delta-like ligand 1 (DIl1) expressed by
both B and dendritic cells, is crucial for MZB cell fate
specification, with the complete absence of MZB in
DIl1-null mice [35]. In mature B cells, Notch signaling
is mainly mediated by Notch2, with impaired pre-MZB
and MZB cell differentiation in mice with heterozygous
Notch?2 inactivation and total block of MZB differentiation
before the pre-MZB stage on complete Notch?2 deletion
[36].

NOTCH IN PRECURSOR LYMPHOID AND
MYELOID NEOPLASMS

Hematological malignancies encompass a wide
range of pathologies and can broadly be divided into
precursor (acute myeloid and lymphoblastic leukemias)
and more mature subtypes (mature peripheral B/T-
cell neoplasms, myeloma and Hodgkin lymphoma).
Precursor malignancies typically exhibit aggressive
disease progression, involving rapid proliferation of
minimally differentiated cells. In comparison, mature
neoplasms generally develop more slowly, and display a
partial maturation phenotype [55]. We will now review
the various mechanisms by which the Notch pathway
contributes to the biology of several hematological
malignancies (see also summary list in Table 1 and

Notch3 Notch4

T-ALL B-ALL

Figure 2: Notch receptors in hematological malignancies. All four Notch receptors have been reported to play a role in multiple
hematological malignancies. The mechanism of receptor activation and subsequent aberrant activity relies in some case on genetic
mutations, often affecting the receptor itself (as in the case of Notchl in T-ALL), but also targeting signaling negative regulators such as
FBXW?7, an ubiquitin ligase that is implicated in NICD turnover. In some instances, increased pathway activation is due to receptor up-
regulation or increased expression of specific ligands, the latter occurring in tumor cells and/or stromal cells (see text for more details).
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Table 1: The role of Notch in individual cancer types.

Oncogene
Tumor type or tumor | Mechanism Reference
suppressor
T-acute Constitutive activation of mutated Notchl receptor results
lymphoblastic | Oncogene in aberrant continued signaling. Notch3 also has oncogenic |[7, 58, 59, 81]
leukemia function
B-acute . Notch3 and Notch4 mediate stromal cell-mediated anti-
lymphoblastic | Oncogene o off B-cell [86, 160]
leukemia apoptotic effect on B-cells
Acute myeloid | Tumor Activation of all four Notch receptors induces apoptosis of I8, 9]
leukemia suppressor AML cells ’
Multiple Homotypic and heterotypic interactions between plasma
m el(?ma Oncogene cells and BM stromal cells allow for anti-apoptosis through | [89, 91, 161]
Y activation of Notch pathway
Hodekin Constitutive activation of Notchl, possibly via NF-xB
lvm gh m Oncogene signaling pathway, promotes proliferation and survival in [[94, 95, 162, 163]
ymphoma HRS cells
Burkitt Oncogene Notch signaling essential for Raji cell survival through [96]
lymphoma g maintenance of c-myc expression
Diffuse Gain-of-function Notch2 mutations result in PEST domain
large B-cell | Oncogene deleti [11]
lymphoma eletion
Chronic Notchl PEST domain mutations result in continued Notchl
lymphocytic Oncogene onali [10]
leukemia sighaling
Mantle cell Oncogene Notchl mutations prevents FBXW7-mediated NICD [108]
lymphoma & degradation
Splenic Notch2 PEST domain mutations NICD cause impaired
marginal zone | Oncogene degradation p [109, 110]
lymphoma
Follicular Oncogene Constitutive activation of Notch signaling due to Notchl [115, 116]
lymphoma g and Notch2 mutations ’

illustration in Figure 2).

T-acute lymphoblastic leukemia

The most firmly established oncogenic role for
Notch signaling derives from its important function in
T-ALL, which is characterized by the clonal proliferation
of T-lineage progenitor cells, representing approximately
12 and 24% of all pediatric and adult ALL cases
respectively [56, 57]. Mutations in the Notch signaling
pathway are detectable in over 50% of all T-ALL patients,
with the Notchl receptor being recognized as the most
common oncogene [7]. The involvement of Notchl was
first identified in the chromosomal translocation t(7;9)
(q34;934.3), detectable in 1% of T-ALL [58]. This
rearrangement truncates the Notchl gene and juxtaposes
it next to the TCRB locus, resulting in the constitutive
activation of an abnormal Notchl receptor, with potent
oncogenic activity [59]. Indeed, studies show that
irradiated mice transplanted with HSC expressing a
truncated Notchl receptor gene develop an immature form
of T-cell leukemia with 50% incidence [60].

Aside from the rare t(7;9)(q34;q34.3) translocation,

the majority of other Notchl activating mutations result
in disruption of regulatory mechanisms that normally
prevent the uncontrolled activation of this receptor,
resulting in enhanced/prolonged or constitutive signaling.
The most commonly occurring mutations are the HD
class 1 mutations (45% of all T-ALL), consisting of single
amino acid substitutions or small in-frame insertions
and deletions within exon 26 and 27 that destabilize the
interaction between the N- and C-terminal HD subunits
[7]. This results in increased signaling through either
ligand-independent or ligand hypersensitive activation
of Notchl. Rare HD class 2 in-frame insertions in exon
27 result in a displacement of the processing site for
ADAM cleavage to the outside the protective HD-LNR
complex, allowing for constitutive, ligand-independent
metalloprotease processing [7, 61]. Another similar
mechanism of constitutive Notchl signaling, known
as juxta-membrane expansion (JME), present in 3% of
T-ALL, is due to in-frame insertion mutations in exon 28
that displace the HD-LNR complex away from the cell
membrane, inducing a conformational change that allows
for increased ADAM cleavage [62]. A common group of
mutations occurring in 15% of T-ALL involve nonsense
or truncating mutations in exons encoding the PEST
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domain. These delete recognition sequences required for
the proteasomal degradation of the NICD by the FBXW?7-
SCF ubiquitin ligase complex [7], and lead to aberrantly
prolonged NICD signaling in the nucleus. Similar
molecular outcomes also occur in response to mutations
affecting arginine residues in FBXW?7 (in about 15% of
T-ALL) that are involved in substrate-recognition of the
PEST domain of activated Notchl, resulting in impaired
degradation of NICD [63, 64].

Interestingly, these Notch receptor and pathway
regulator mutations are not all equivalent in terms
of oncogenic potential. For example, Notchl PEST
domain alterations are weak, and are only functional in
the presence of Notch ligands [7], whereas the tumor-
inducing potential of Notchl HD domain mutations is
higher, relying on both ligand hypersensitivity and ligand
independent activation mechanisms [61]. Finally, 25%
of T-ALL patients will have a disease that is driven by a
combination of the above mutations, with a cumulative
oncogenic effect based on very high levels of Notch
signaling. Examples include HD mutations existing in
combination with truncations of the PEST domain, or dual
mutations involving HD and FBXW7 [7].

Studies have investigated the biological
consequences of increased Notch signaling in T-ALL and
have identified Notch1-ICD as a transcriptional activator
of several genes involved in cell growth and metabolism,
among which are potent oncogenes such as MYC [19, 65].
Interestingly, many of the genes controlled by Notchl
involved in cell growth and proliferation are also targets
for MYC, thus generating an amplified gene network
leading to uncontrolled cell growth [66]. Notchl signaling
also activates the PI3K-AKT-mTOR pathway that
regulates glucose uptake and glycolysis and also sustains
cell growth during T-cell development [67]. In T-ALL
blast cells, this is mediated via HES1, a transcriptional
repressor induced by Notch signaling, that is able to
down-regulate the expression of the PI3K pathway
negative regulator, PTEN [68]. Furthermore, Notchl
signaling also up-regulates insulin-like growth factor 1
receptor and interleukin 7 receptor o chain, molecules
that are both located upstream of the P13K pathway
[69, 70]. Conditional deletion of Rictor, an mTOR
(mammalian target of rapamycin) interacting protein
and essential component of the mTORC2 complex, has
demonstrated that this complex enables Notch signaling
to regulate AKT and NF-kB pathways, promoting thymic
T-cell development and T-ALL progression [71]. Other
oncogenic mechanisms induced by Notchl signaling to
support T-ALL cell growth and survival include promoting
G1/S cell cycle transition [72], and the up-regulation of
the IxB-kinase with the consequent increase in nuclear
NF-kB and its transcriptional activity [73].

While their oncogenic role is clear, the prognostic
value of Notch pathway mutations remains controversial.
In fact, despite a number of studies showing patients

with Notchl and/or FBXW7 mutations having greater
steroid sensitivity and reduced rates of minimal residual
disease [74-76], some later trials failed to show that these
correlated with an overall improved clinical outcome [77,
78].

The cell intrinsic mechanisms of Notch activation
in T-ALL described above may also be influenced by the
interactions of leukemic blasts with stromal cells (extrinsic
activation), as suggested by the in vitro maintenance and
long-term growth of human T-ALL cells when cultured
with mouse stromal cells expressing the DII1 ligand [79].
Similar ligand-induced Notch signaling has also been
proved for DIl4 and Jaggedl, in both cases involving
Notch3 [80, 81], another receptor reported to play a role
in T-ALL although not mutated [82, 83]. Furthermore,
T-ALL blasts in contact with BM stromal cells are rescued
from apoptosis via an IL-7 dependent mechanism [84],
that involves ICAM-1 and LFA-1 adhesion molecules
[85], that are modulated by Notch activation [86]. Better
understanding of the role of stromal cells in T-ALL Notch
activation would enable future therapies that target both
intrinsic and extrinsic mechanisms supporting oncogenic
Notch signaling in this disease.

B-acute lymphoblastic leukemia

Despite the well-documented role of Notch
signaling in T-ALL, much less is known about its function
in B-cell acute lymphoblastic leukemia (B-ALL), the most
common form of both childhood and adult acute leukemia.
It is well understood that the interaction between BM
mesenchymal stromal cells and the lymphoid precursors
is vital for the regulation of proliferation, differentiation
and survival of both normal and malignant B-precursor
cells. In this context, Nwabo Kamdje et al. have shown
that inhibition of both receptors (Notch3 and Notch4) or
ligands (Jagged1, Jagged2 and DII1) in an in vitro BM co-
culture system results in B-ALL cell apoptosis, suggesting
a potential important role for Notch pathway in mediating
the anti-apoptotic effect of BM stromal cells for neoplastic
B-cells in the progression of B-ALL [87].

Acute myeloid leukemia

Interestingly, in the case of acute myeloid leukemia
(AML) the role of the Notch pathway is not well
understood, with different reports describe contrasting
results. Early studies reported a possible tumor-suppressor
function for Notch signaling in this acute leukemia [8, 9].
In these, analysis of primary samples demonstrated that
this pathway is silenced in cytogenetically normal AML
patients, with reactivation of Notch signaling inducing
rapid cell cycle arrest and apoptosis of AML cells, both
in vivo and in vitro [8]. In addition, combined genetic
inactivation of the Notch pathway with deletion of the
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myeloid suppressor gene, TET2, results in an AML-like
disease in vivo, further suggesting a possible anti-tumor
role. In another study, Kannan et al. showed that despite
Notch receptor expression in human AML cell lines, their
activation and downstream target gene levels were low,
suggesting the pathway lacked activity in these cell lines
[9]. Importantly, AML cell growth arrest and caspase-
dependent apoptosis could be induced through activation
of each of the four Notch receptors or by the Notch target
gene HESI. From a translational point of view, both
studies therefore suggested the potential therapeutic use
of Notch agonists in the treatment of AML.

Despite these ecarly reports, recent research has
identified a potentially oncogenic role for Notch signaling
in the earliest phases of AML leukemogenesis through
a microenvironment regulated process. Kode et al.
demonstrated in a murine model that activated B-catenin
in osteoblasts stimulated the expression of the Notch
ligand Jaggedl by these cells, with subsequent activation
of Notch signaling in the leukemia-initiating long-term
repopulating HSC progenitors, without changes in other
BM hematopoietic stem and progenitor cell populations.
Jaggedl expression in osteoblasts was thus shown to
contribute to AML development in murine models and
was detectable in human samples, although it is currently
unclear whether Jaggedl is required for leukemia
maintenance, or only its initiation [50].

THE ROLE OF NOTCH IN MATURE
B-CELL NEOPLASMS

The mature B-cell neoplasms show some similarities
to the stage of normal B-cell development they derive
from. During cell differentiation, normal progenitor B
cells within the BM undergo immunoglobulin VDJ gene
rearrangement, differentiating into naive B cells with
mature surface immunoglobulins. Upon encountering
antigen within the germinal center of secondary lymphoid
organs, normal naive B cells undergo differentiation,
proliferate and mature into post-germinal center
lymphocytes, which includes antibody-secreting long-
lived plasma cells and memory cells. Most cases of
mantle cell lymphoma (MCL), termed pre-germinal center
neoplasms, are thought to correspond to naive B cells [88].
Diffuse large B-cell lymphoma (DLBCL) (germinal center
subtype), follicular lymphoma, Burkitt lymphoma and
Hodgkin lymphoma are thought to develop from B cells
undergoing maturation within germinal centers, whereas
marginal zone lymphoma, multiple myeloma, activated
B-cell-like DLBCL and chronic lymphocytic leukemia
(CLL) are classified as post-germinal center neoplasms
[55].

Multiple myeloma

This malignancy is characterized by the abnormal
proliferation of clonal plasma cells with the secretion
of a monoclonal immunoglobulin [89]. Notch is a vital
signaling pathway that contributes to the pro-neoplastic
interaction between BM stromal cells and malignant
plasma cells, which is observed in the development of
multiple myeloma. Two major types of Notch activation
occur in the process of neoplastic plasma cell deregulation
within the BM microenvironment. Firstly, autonomous
homotypic interactions occur between plasma cells due
to their concurrent expression of Notchl, Notch2, and
Notch3 receptors and Notch ligands, of which Jagged?2 in
particular is often over-expressed and correlates positively
with disease stage [90]. Secondly, heterotypic interactions
are mediated by ligand-expressing BM stromal cells and
macrophages, which allow activation of Notch receptors
on myeloma cells. Notch pathway activation protects
myeloma cells from apoptosis, and leads to increased
resistance to chemotherapy [91]. Indeed, the use of
v-secretase inhibitors (GSIs; small molecule inhibitors;
see paragraph on the development of Notch-targeting
therapies) to therapeutically block Notch signaling
increased apoptosis via down-regulation of the Notch
target gene HES and the subsequent up-regulation of the
pro-apoptotic protein Noxa. In addition, the concurrent
use of GSIs enhanced the cytotoxic effects of doxorubicin
and melphalan chemotherapy [91]. Jundt ef al. have also
described the tumor-promoting role of Notch in myeloma,
showing that Notchl, Notch2 and Jaggedl are strongly
expressed in myeloma cell lines, but are often missing in
normal plasma cells, with Notch activation through both
homotypic and heterotypic interactions causing increased
tumor cell growth [92].

Hodgkin lymphoma

Hodgkin lymphoma is typically characterized by
scattered mono-nucleated Hodgkin and multinucleated
Reed-Sternberg (HRS) cells, representing clonal tumor cell
populations derived from germinal center B cells within an
inflammatory infiltrate [93]. A key survival mechanism of
HRS cells is based on the constitutive activation of NF-
kB signaling, which controls lymphoma cell proliferation
and survival [94]. In this context, it has been shown that
Notchl and its ligand Jaggedl are strongly expressed in
HRS cells, with pathway activation induced by the latter
accelerating tumor cell growth and inhibiting arsenic-
induced apoptosis [95]. Interestingly, the specific cross-
talk between NF-kB and Notchl was recently highlighted
using GSlIs, with in vitro pharmacological Notch
inhibition leading to a dose-dependent reduction in NF-
kB transcriptional activity in HRS cells, as also observed
in T-ALL [96].
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Burkitt lymphoma

Burkitt lymphoma is a highly aggressive non-
Hodgkin B-cell lymphoma (NHL) that develops as a result
of the translocation and deregulation of the c-Myc gene on
chromosome 8. Notch signaling has been reported to have
a growth-promoting role in Burkitt lymphoma using the
Raji cell line as a model for this disease. He et al. showed
that stimulation of these cells with soluble fragments of
human DLLI activated Notch signaling, inducing HES!
via a y-secretase-dependent mechanism. This activation
synergized with B-cell receptor signaling stimulating
cell proliferation, while repressing apoptosis, and both
effects were prevented by GSIs treatment. Importantly,
as observed in T-ALL, Notch pathway inhibition strongly
reduced c-Myc protein levels, indicating that Notch
signaling might play a role in the high c-Myc activity
typical of Burkitt lymphomas [97].

As for other tumor types, a role for
microenvironment-induced Notch signaling has also been
reported for Burkitt lymphomas. Cao et al. showed that
vascular endothelial cells support the expansion of c-myc-
driven mouse lymphoma cells with aggressive features,
such as chemotherapy-resistance, augmented growth and
extra-nodal invasion. This occurs via endothelial Jagged1-
dependent activation of the Notch2 receptor in lymphoma
cells. Importantly, more aggressive features were observed
in Burkitt lymphoma cases showing high levels of
vascular endothelial Jagged1 in primary human lymphoma
tissues. In addition, the endothelial Jagged1 within tumor
capillaries can confer enhanced chemo-resistance and
invasiveness to indolent lymphoma cells in both humans
and mice [98]. These findings may provide a useful means
to stratify those patients presenting high Jagged1 levels in
tumor-associated endothelial cells as high risk.

Diffuse large B-cell lymphoma

DLBCL is a neoplasm of large B lymphoid cells
and is the most common lymphoid malignancy in adults.
Among the Notch receptors, Notch2 is preferentially
expressed in mature B cells, and Lee et al. reported that
8% of DLBCL cases present with Notch2 mutations,
including nonsense mutations and single-base deletion,
causing partial or complete deletion of the PEST domain,
or one amino acid substitution in the protein’s C-terminus.
Some DLBCL cases also showed increased copy numbers
of the mutated Notch?2 allele. As a consequence of PEST
domain deletion, mutant cells were shown to have a ‘gain-
of-function’ Notch2 phenotype, with increased activity
when stimulated by Notch ligands in vitro. It was however
unclear from this study as to the prognostic significance
and response to therapy outcomes of such mutations in
DLBCL[11].

Chronic lymphocytic leukemia

CLL is characterized by the progressive
accumulation of mature, monomorphic B lymphocytes
with high expression of CD23 and defective apoptosis,
and it is the most common form of leukemia in adults
over the age of 50 years [99]. Both receptors (Notchl and
Notch2) and ligands (Jaggedl and Jagged?2) are expressed
in CLL cells, leading to constitutively active Notch
signaling that is not observed in normal B lymphocytes
[100]. Importantly, genetic alterations are also reported,
with Notchl PEST domain mutations being frequent in
CLL and conferring an adverse prognosis. This was seen
in a study of 209 patients, which found the Notchl PEST
domain mutation to be mutually exclusive with genetic
alterations in 7P53, another poor prognostic marker in
CLL. Both mutations were identified as independent
predictors of poor survival outcome compared to wild-
type genotypes. Further analysis from this study showed
that those patients with Nozchl mutations also presented
with a more advanced stage of disease [10].

Of note, 80% of Notchl mutations in CLL involve
c.7544 7545delCT, making it a potential target for
molecular screening and future treatment strategies
[101, 102]. Functionally, induction of Notch signaling
via Jaggedl stimulation has been shown to increase the
levels of both NF-kB activity and expression of cellular
inhibitor of apoptosis protein 2 (c-IAP2) and X-linked
inhibitor of apoptosis protein (XIAP) [100]. Conversely,
GSIs and siRNA silencing of Notch2 increased B-CLL
cell apoptosis through a reduction of NF-kB, c-IAP2
and XIAP. A number of other studies have also reported
a higher frequency of Notchl mutations in cases of CLL
undergoing Richter transformation to aggressive DLBCL,
and in patients refractory to fludarabine therapy, further
highlighting the potential clinical relevance of the Notch
pathway in this disease [101, 103].

Several studies have shown the importance of
BM mesenchymal stem cells in supporting the survival
and preventing apoptosis of CLL cells [104-107]. These
findings are consistent with an interesting clinical
study using peripheral blood samples from patients
with newly diagnosed CLL, and co-culture with human
BM mesenchymal stromal cells of both autologous and
allogeneic origin. This study found Notchl, Notch2,
and Notch4 to be involved in stromal-dependent
CLL resistance to fludarabine and cyclophosphamide
chemotherapy, with mesenchymal stem cells dramatically
increasing tumor cell survival. It is therefore thought that
the mutations occurring in the Notchl gene may enhance
the anti-apoptotic signals which the normal pathway
already confers to CLL cells interacting with BM stromal
cells [108].
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Mantle cell lymphoma

MCL represents a small subset of NHL, and is
composed of monomorphic small to medium sized
lymphoid cells involving the lymph nodes, spleen, blood
and bone marrow. A study by Kridel et al. identified
12% of MCL harboring Notchl mutations, the majority
consisting of a 2 base-pair deletion which truncates the
C-terminal PEST domain, removing the recognition
site for the FBXW7-SCF ubiquitin ligase degradation
complex, resulting in a more stable and transcriptionally
active form of Notchl-ICD [109]. Furthermore, this
study observed that cases with Notchl mutations had a
significantly shorter overall and progression-free survival,
with inhibition of the Notch pathway resulting in increased
apoptosis and reduced proliferation in two out of 10 MCL
cell lines tested in vitro.

Splenic marginal zone lymphoma

Splenic marginal zone lymphoma (SMZL) is a
low-grade small B-cell lymphoma that involves the
spleen and runs a relatively indolent course. Notch
mutations have been shown in two studies to be the
most frequent lesion, with Notch2 gain-of-function
gene mutations in approximately 20-25% of all SMZL
cases, causing impaired degradation of the NICD in a
similar fashion to Notchl mutations in MCL, CLL, and
some forms of T-ALL [110, 111]. Notch2 signaling is
needed for normal marginal zone B-cell development,
and it is unclear whether Notch2 mutations still require
ligand binding for activation, or whether they are able
to function through a ligand-independent signaling
pathway. Notch2 mutations show relative specificity for
SMZL among B-cell lymphomas, being almost absent
in other low grade malignancies of this family, and
occurring infrequently in DLBCL [11]. Thus, specific
Notch2 mutations may potentially be used as a diagnostic
marker to characterize this subset of indolent lymphoma.
In addition, identification of Notch2 mutations in SMZL
opens an attractive opportunity for potential Notch-
targeting therapies, with the appealing possibility of
reducing the current use of splenectomy to control disease
progression. Of note, the presence of Notch2 mutations
in SMZL has been reported by Kiel ef al. to have adverse
clinical outcomes in terms of disease relapse, histological
transformation and patients’ survival, and may therefore
be used as biomarker for more aggressive therapeutic
approaches [111]. Interestingly, similar Notch2 germline
mutations characterize the autosomal dominant bone
disease Hajdu-Cheney syndrome, which however does
not present with lymphoproliferative disorders, suggesting
that additional mutations are necessary for B-cell
transformation [112, 113].

Follicular lymphoma

Follicular lymphoma (FL) is a common low-
grade lymphoma, representing 20 to 25% of NHL cases
in the US and Europe [114]. It is characterized by the
chromosomal translocation t(14;18)(q32;q21), found in
80% of cases [115], and the role of Notch signaling in this
disease is less established. Sanger sequencing in 114 cases
of FL revealed a total of 6.1% with Notchl and/or Notch2
mutations, all of which led to truncation of the PEST
domain [116]. Interestingly, such mutations occurred
exclusively in female patients, were more prevalent in
cases lacking t(14;18)(q32;q21), and were significantly
more frequent in those patients with splenic involvement
and DLBCL transformation [117].

NOTCH TARGETING IN STEM CELL
TRANSPLANTATION

Beside its role in neoplastic growth, Notch signaling
seems to play another important role for those patients
with hematological malignancies requiring allogeneic
hematopoietic stem cell transplantation (HSCT).
This pathway has been shown to be involved in the
pathogenesis of graft versus host disease (GVHD), which
results from donor-derived T cells causing immune-
mediated damage within host tissues and represents a key
limitation for this therapeutic approach. A recent study
showed that genetic and biochemical pan-blockade of
Notch signaling within donor T cells in mouse models
of allogeneic HSCT resulted in adequate protection from
acute GVHD, including transplants with both major
and minor histocompatibility antigen mismatch [118].
Notch inhibition reduced the production of inflammatory
cytokines by donor T cells, such as IFNy, TNFa, IL-17
and IL-2, whilst increasing production of regulatory T
cells. Currently, treatment for acute GVHD involves
strong immunosuppression to dampen the damaging
effects of alloreactive T cells, but this unfortunately
impairs the beneficial graft-versus leukemia (GVL) effect,
with increased rates of disease relapse. Interestingly,
T cells lacking Notch signaling retained their cytotoxic
effects against allogeneic residual leukemic cells while
sparing normal host cells. This dual advantage of reduced
incidence of acute GVHD coupled with long-term disease-
free survival post-transplant has made Notch signaling
an attractive target for therapy [119]. A number of other
studies have demonstrated similar results, with Zhang et
al. reporting Notch-deprived donor T cells retaining their
ability to engraft and proliferate in the host, but failing
to accumulate in the gut and cause gastrointestinal acute
GVHD [118].
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Table 2: Currently registered clinical trials targeting Notch pathway in hematological malignancies.

Intervention |[Condition Development Phase | Trial Status
NCT02518113 %‘fg%;gﬂ%or T-ALL Phasel/ 2 Not yet recruiting
y-secretase T-ALL refractory to or
NCTO01363817 inhibitor relapsed from standard |Phase 1 Open and currently recruiting
(BMS-906024) | therapies
Anti-Notchl
NCTO01703572 specific Relapsed or refractory Phase 1 Open and currently recruiting
antibody lymphoid malignancy
(OMP-52M51)
Notch inhibitor )
NCTO01158404 g?eg}éﬁréﬁmnot ﬁ/(rlr:/;}?grii solid tumor or Phase 1 Complete, no results available
stated)
y-secretase . .
NCT00878189 inhibitor (PF- [Advanced solid  tumor | pp, g | Terminated,  no  results
03084014) malignancy and T- available
Yy-secretase .
NCT00100152 inhibitor T-ALL Phase 1 Terminated,  mo  results
(MK0752) available
_secretase Relapsed or refractory
NCT01088763 ;{nhibitor solid tumors, CNS tumors, Phase 1 Terminated, no results
lymphoma or T-ALL available
(RO4929097)
_secretase Pediatric relapsed/
NCT01236586 ;{nhibitor refractory solid or CNS Phase 1/ 2 Withdrawn, no results
(RO4929097) tumors, lymphoma or T available
cell leukemia
y-secretase .
NCTO01251172 inhibitor Multiple myeloma Phase 2 ;Zgﬁgé?gvn’ no results
(RO4929097)

THE DEVELOPMENT OF NOTCH-
TARGETING THERAPIES

The therapeutic rationale for the use of Notch-
inhibiting strategies is based on the fact that blocking
this pathway can have both direct effects on cancer cells,
and can also indirectly hinder tumor growth by reducing
blood supply through angiogenesis dysregulation and
by disrupting the tumor stem cell niche [120, 121].
Furthermore, the fact that tumor cells often acquire
multiple mutations in several different pathways
interplaying with Notch, such as Hedgehog and WNT,
supports the use of combination targeted therapies.
Importantly, combination with traditional chemo-
radiotherapy also seems promising as their therapeutic
effect can also be enhanced by the use of Notch inhibitors
[91] [122].

There are several Notch-targeting approaches
currently in development, such as small molecules, namely
v- and a-secretase inhibitors (GSIs and ASIs respectively),
immunotherapy with neutralizing antibodies targeting
either Notch receptors or ligands, and the use of soluble
recombinant ligands and receptors as decoys.

Most ongoing clinical trials testing Notch-targeting
therapies in hematological malignancies, of which the

majority are evaluating GSIs, involve patients with
diseases that are refractory or relapsed to standard chemo-
radiotherapy. There are currently few trials open and
recruiting, but many more have been already terminated
or withdrawn (Table 2). Current phase one clinical trials
aim to explore the safety and maximum tolerable dose
of anti-Notch therapies, either alone or in combination
with standard therapies, with the goal of developing
effective approaches that can reduce toxicities (see below),
determine the most promising combination strategies, and
identify the particular subsets of patients that are more
likely to respond to Notch inhibition.

GSIs were originally developed for Alzheimer’s
treatment, due to the role played by the y-secretase
complex in processing the f-amyloid precursor protein
in this disease [123]. They were quickly investigated
for use in oncology and represent the first successful
small molecule inhibitors of the Notch pathway. There
have also been exciting results in the development of
small molecules targeting the a-secretase complex,
a multi-protein machinery responsible for the first of
the two enzymatic cleavages releasing the NICD into
the cytoplasm. GSIs are under extensive study for the
treatment of both solid and hematological malignancies
with T-ALL being one key target, due to the pivotal role
played by Notch pathway in the disease. Pre-clinical
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studies show encouraging results with GSIs treatment
of T-ALL cell lines resulting in the rapid clearance of
activated Notchl and the transcriptional down-regulation
of its target genes, with consequent decrease in tumor cell
growth and proliferation due to G1 cell cycle arrest [7,
59].

In addition to receptor processing blockade using
small molecule inhibitors described above, highly specific
antibodies targeting certain ligands, receptors and the
y-secretase complex have also been developed. GSIs
main limitations reside in their ability to simultaneously
inhibit all 4 Notch receptors and to target also other
y-secretase regulated pathways. On the contrary, the
superior specificity of antibody-based therapies avoid
these limits by inhibiting only selected receptors or
ligands, therefore sparing all others and preserving
related desired Notch activity (e.g. in normal tissues).
A number of different antibodies have been developed
and tested for the treatment of both solid tumors and
hematological malignancies. Notch1 is the most studied
of the receptors, with a well described oncogenic function
in several tissues and as such, it has seen the development
of several neutralizing antibodies that have been pre-
clinically tested for the treatment of T-ALL and several
solid tumors, showing both a direct effect on tumor
growth by inhibiting Notch pathway in neoplastic cells
and an indirect effect by dysregulating angiogenesis
[124-127]. Other receptors have also been successfully
targeted including Notch2 and Notch3 [125, 128, 129]. It
is important to note that when blocking Notch receptors,
two main strategies have emerged in respect of the specific
domain to be targeted. The first one, and perhaps the most
intuitive one, aims at inhibiting the interaction between
ligand and receptor by blocking the ligand-binding
domain on the latter. This has proved to be an efficient
approach when targeting wild type receptors, preventing
ligand-dependent signaling, but failed when receptor
mutations enabled ligand-independent pathway activation
[124, 130]. As a consequence, antibodies capable of
inhibiting mutated Notch activity have been generated,
by targeting the receptor NRR. These are also able to
prevent ligand-independent activation, as in the case of
T-ALL [125, 127]. Among the ligands, inhibition of D114
has shown the most promising results, based on its effect
on tumor angiogenesis and, in some case, on tumor cells
directly (e.g. inhibition of cancer stem cells) [131-134].
Neutralizing antibodies against Jaggedl and Jagged1/2
have also been generated and shown to have therapeutic
potential although they have not been characterized
extensively [129, 135]. Lastly, anti-nicastrin monoclonal
antibodies have also been developed and proven to have
therapeutic potential in pre-clinical models of both T-ALL
and breast cancer [136, 137]. Interestingly, the use of
humanized monoclonal antibodies to block individual
Notch receptors and ligands has also shown promising
results in the HSCT setting. Tran et al. demonstrated

that Notch1 and Delta-like ligands are key for mediating
Notch signaling effects in alloreactive T cells during acute
GVHD, with the specific blockade of Notchl limiting
GVHD but inducing intestinal side effects. However,
inhibition of DII1 or DIl4 prevented GVHD with few
toxicities and preservation of the GVL effect [138].

Unfortunately, antibodies do face some limitations
as a large proportion remains in the blood and their
tumor uptake is dependent on the balance between
their pharmacokinetics and the ability of the antibody
to penetrate and be retained in the tissue. For example
the large molecular weight of antibodies contributes to
their long half-life by preventing renal clearance but can
hamper their diffusion within solid tumors, while their
high affinity enables tissue retention but may prevent
effective tissue penetration. This is one of the reasons
why antibody-based therapeutics have been particularly
effective in hematological malignancies rather than solid
tumors.

Another potential therapeutic approach involves
the use of recombinant proteins or fragments acting as
decoy molecules that inhibit Notch signaling. Examples
include the use of soluble Jaggedl to inhibit pulmonary
hypertension through its interference with ligand-induced
signaling [139], the administration of Notch3-derived
peptides to inhibit tumor growth in a pre-clinical model of
lung cancer [140], and the use of EGF-like proteins DLK1
and DLK2 as inhibitory ligands of Notch1 [141]. Finally,
the use of a Notchl decoy was also shown to affect
angiogenesis and reduce tumor growth via inhibition of
Notch receptor activation [142]. A Mastermind inhibiting
decoy peptide, has also been employed in a pre-clinical
setting to block the interaction of the MAML protein
with the NICD, resulting in direct inhibition of the Notch
transcription factor complex [143].

Despite the great therapeutic potential however,
limiting toxicities and on-target side effects associated
with the various Notch therapies have been reported in
both pre-clinical and clinical studies. For example, the
success of GSI-based therapies in phase 1 trials has been
hampered by their gastrointestinal toxicity, explained by
normal Notch signaling directing gastrointestinal stem
cells towards an epithelial fate, with subsequent blockade
causing increased numbers of mucus-secreting goblet cells
in the small intestine [144]. Similar health-threatening
differentiation problems were also reported for Notchl
and Notch2 co-inhibition by monoclonal antibodies,
although this was not investigated as a potential
therapeutic combination [125]. Finally, another general
concern stems from the complexity of the roles played
by the Notch pathway, as it can play both oncogenic and
tumor suppressive functions in a tissue-specific manner.
The latter is the case of AML [8, 9], small cell lung cancer
[145] and skin carcinomas [146], and there is therefore
in theory the possibility that chronic suppression could
increase the risk of this type of malignancies [145, 147].
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An experimental proof for this comes from pre-clinical
studies using Dll4-targeting antibodies, a therapeutic
approach pursued by different biotech companies due
to its powerful effect on tumor growth primarily via
angiogenesis dysregulation [132, 133]. Genentech, one
of these companies, reported concerning toxicities upon
chronic treatment with their monoclonal antibody in
pre-clinical models. These problems ranged from liver
pathology to formation of vascular neoplasms due to
abnormal endothelial cell activation, as normal DIl4
signaling is required to maintain these cells in a quiescent
state [148].

A number of strategies have been trialed in an
attempt to prevent or ameliorate the above side effects.
The use of targeted approaches such as monoclonal
antibodies already represents per se a safer option
compared to current small molecule inhibitors, although
not being completely risk-proof. Beside the D1l4-targeting
issues previously mentioned, recent data have also
shown that the therapeutic potential of double Jagged1/2
targeting is associated with important toxicities. A new
technology however, was developed to make a combined
Jagged1/2 neutralizing antibody active only in the tumor
microenvironment (Probody technology), therefore
sparing normal tissues while retaining the therapeutic
effect [135]. Importantly, the development of safer
approaches has not been based only on the identification
of new drugs, and efforts have been made to optimize the
use of effective but potentially toxic molecules. This is
the case of GSIs, where the dose-limiting gut toxicity can
be ameliorated by either intermittent dosing regimens, or
concurrent administration of corticosteroids [149].

Other opportunities to selectively target Notch are
provided by components of the downstream signaling
pathway, such as individual Notch target genes. As several
key Notch activated target genes are transcriptional
regulators these could be targeted individually to
partially block Notch signaling. For example HESI
has a crucial role in T-ALL and regulates a specific
transcriptional signature that is similar to that modulated
by the drug used to treat cardiac ischemia, perhexiline.
While this compound inhibits mitochondrial carnitine
palmitoyltransferase-1, and not HESI, perhexiline
exhibited antitumor responses in vivo in a preclinical
model of T-ALL and showed no significant adverse effects
on the hematopoietic system [150]. HESI1 silencing using
overexpression of microRNA-199b-5p has also been
shown to reduce engraftment of medulloblastoma by
decreasing stem cell frequency, although additional target
genes regulated by this microRNA may also contribute
[151].

Finally, another area of opportunity for
improvement resides in the possible synergistic effects
of combining Notch therapy with inhibitors of other
signaling pathways it interacts with, for example, Wnt
[152], and NF-xB [153]. In particular, there have been

examples of combined inhibition in solid tumors, such
as with HER2 inhibitors in breast cancer [154, 155],
with WNT-B-catenin in osteosarcoma [156], and with
AKT in glioma [157]. Interestingly, within hematological
malignancies, the frequent involvement of PI3K, mTOR
and Notch pathways in T-ALL suggests a rationale base
for the combined inhibition of all three pathways [158].
In addition, inhibition of Notch has also been reported to
sensitize cancer cells to traditional chemotherapy in both
solid tumors (such as the combined use of GSIs and the
platinum based chemotherapy, oxaliplatin in colorectal
cancer [159, 160], and combination with the nucleoside
analogue, gemcitabine, for advanced solid tumors [161]),
and hematological malignancies (GSIs significantly
improved the cytotoxic effects of the chemotherapeutic
drugs doxorubicin and melphalan in multiple myeloma
[91]). However, a few studies have reported on the
abrogation of chemotherapy-induced apoptosis when
used in combination with GSIs in colon cancer [160] and
T-ALL [162]. It is therefore vital to better understand the
different mechanisms of action of Notch within different
cancer cell types.

CONCLUSIONS
DIRECTIONS

AND FUTURE

In this review, we have attempted to summarize the
role of Notch pathway in hematological malignancies and
the potential therapeutic approaches developed to date.
Due to its important role in cancer stem cell biology,
angiogenesis, cell proliferation and survival, Notch
signaling represents one of the most promising molecular
targets in cancer therapy, either alone or combination
with traditional chemo-radiotherapy, and other targeted
approaches. However, a few important hurdles still limit
the direct translation of promising preclinical work into
patient benefit, among which on-target toxicities and
patient heterogeneity represent the main ones. To this
end, we believe that future translational and clinical
studies should therefore focus on the development of
more selective therapeutic approaches (e.g. monoclonal
antibodies), the discovery of biomarkers for patient
selection (e.g. markers of sensitivity/resistance to Notch-
targeting agents including ligand and receptor expression
and activity as well as expression and mutational status
of important pathway regulators), pharmacodynamics
studies (to determine the most responsive Notch target
genes and or generate antibodies to additional NICDs to
enable correlation of the degree of pathway modulation
with clinical outcomes), and on the identification of
combination therapeutic approaches with enhanced
efficacy and safety.
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