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Notch receptors are single-pass transmembrane proteins that play a critical role in cell fate decisions and have been
implicated in the regulation of many developmental processes. The human Notch family comprises of four receptors
(Notch 1 to 4) and five ligands. Their signaling can regulate extremely basic cellular processes such as differentiation,
proliferation and death. Notch is also involved in hematopoiesis and angiogenesis, and increasing evidence suggests that
these genes are involved and frequently deregulated in several human malignancies, contributing to cell autonomous
activities that may be either oncogenic or tumor suppressive. It was recently proposed that Notch signaling could play an
active role in promoting and sustaining a broad spectrum of lymphoid malignancies as well as mutations in Notch family
members that are present in several disorders of T- and B-cells, which could be responsible for altering the related
signaling. Therefore, different Notch pathway molecules could be considered as potential therapeutic targets for
hematological cancers.
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| 1. Introduction

The Notch gene was first identified in Drosophila & as a key developmental gene . Notch receptors are single-pass
transmembrane proteins which play a critical role in cell-fate decisions and have been implicated in the regulation of many
developmental processes El. The Human Notch family comprises of four receptors (Notch 1 to 4) and five ligands— of
which are members of the Delta-like (DLL1, DLL3 and DLL4) and the Jagged (JAG1 and JAG2) family 3. Notch receptors
transduce short-range signals by interacting with the transmembrane Delta-like and Jagged ligands on neighboring cells.

The Notch receptors span the cell membrane with extracellular and intracellular domains. Ligands that bind to the Notch
extracellular domain result in the initiation of the sequential receptor proteolytic cleavages. In fact, an ADAM-family
metalloprotease called ADAM10, cleaves the receptor just outside the membrane and the Notch extracellular domain
(NECD) is released 4. This induces y-secretase to cleave the transmembrane region at the S3 site, releasing the Notch
intracellular domain (NICD) thereby entering the cell nucleus and triggering gene expression &, In the nucleus, NICD
forms a ternary complex with the DNA-binding protein CBF1/RBPjk/Su(H)/Lagl (CSL) that helps recruit the adaptor
protein Mastermind-like to activate target gene expression 4. During the transcriptional activation process, NICD is
phosphorylated on its PEST domain and targeted for proteasome-mediated degradation by ubiquitin ligases known as
FBXW?7. This limits the half-life of a canonical Notch signal [£],

Although Notch signaling can regulate rather basic cellular processes such as differentiation, proliferation and death, it is
also involved in hematopoiesis and angiogenesis I, |ncreasing evidence suggests that Notch pathways are involved
and frequently deregulated in several human malignancies 1, contributing to cell autonomous activities that may be
either oncogenic or tumor suppressive 11,

Notch signaling plays an active role in promoting and sustaining a broad spectrum of lymphoid malignancies 123114] |y
addition, mutations in the Notch family members are present in several disorders of T and B-cells I35l gnd gre
responsible for altering the related signaling 2.

| 2. Notch 1
2.1. Physiology of Notch 1 Signaling in the Imnmune System Cells

Notch 1 is one of four Notch receptors expressed in mammalians. Among the five ligands, DLL4 has a higher affinity than
DLL1 and JAG1 8 and it is responsible for Notch 1 activation in the thymus of murine models 2718 D1 4-Notch 1
interaction is crucial in endothelial cell communication in response to vascular endothelial growth factor (VEGF) to
balance tip and stalk cells in sprouting events 19,



Notch 1 is expressed in hematopoietic stem cells (HSC) and is required for their maturation, even though knockout
experiments did not reveal alterations in HSC maintenance 29, Mice with induced loss of function of Notch 1 showed
blockage in T-cell development from early progenitors, before the expression of lineage surface markers 2. In addition,
Maria J. Garcia-Leon and colleagues demonstrated that a tight regulation of Notch ligand expression in the diverse
thymus region drive T-cell development 22, In particular, the DLL4 ligand is specifically expressed in the thymus cortex
epithelial cells during the embryonic phase and is downregulated in the adult thymus when the full T-cell repertoire is
completed, confirming once more its pivotal role in Notch 1 induced T-cell development 22,

T-cell lineage can be distinguished into two subsets: y3 and ap T-cells, which express different surface receptors [23l. Both
T-cell subsets develop from common precursors 24: y3 T-cells are the first to appear in the thymus during fetal
development and their relative proportion decreases while ap T-cells increase 23], In vitro experiments with the earliest
human intrathymic precursors highlighted the role of Noch1l signaling in the development of y3 T-cells (28, Conversely, it
has been shown that ap T-cells require low levels of Notch activation [ZZ. Moreover, the zinc finger transcription factor
Bclllb is required for both T-cell commitment and for ap T-cells specialization 2812,

In fact, interaction between Notch 1 and its ligands, DLL4 and JAG2, leads yd T-cell development through the repression
of Bel11b expression BY. Dolens and colleagues proposed a Notch dependent temporal expression of Belllc. In the early
critical phase of T-cell development, Notch induced the expression of the BCL11B gene while in the subsequent
differentiation of yd T-cells, induced the expression of miR-17, microRNA from the miR 17-92 cluster, which inhibits
BCL11B BY, Thus, BCL11B expression is upregulated and drives the differentiation in ap T-cells and it is downregulated
in yd T-cells.

In addition, Ciofani et al. demonstrated that, in the thymus, the interaction between Notch 1 and DII1 sustained pre—T-cell
survival after B selection by promoting glucose metabolism through the PI3K-AKT axis U, Wang Q et al. reported that
Notch 1 cofactor Zmiz1l is involved in the early maintenance of T-cell progenitors and in the development of T-cell lineage.
Zmizl is probably required for normal B-selection and, in general, it is important in Notch 1-Myc-related thymocyte
proliferation 32,

While the involvement of Notch 1 in T-cells has been well-investigated, its role in B-cells remains mostly unknown. Using
mice models and primary mouse B-cells, Kang J.A. and collaborators showed that Notch 1 overexpression increases
marginal zone B-cell numbers indicating its role in proliferation. In differentiated B-cells, Notch 1 signaling increases after
the B-cell receptor binds to the antigen B3I, Notch 1 knocked-down B-cells showed a decrease in antibody production
however it was reverted in splenocyte cultures where different cell types were present B4, This suggests that Notch 1, or
its ligand in other immune cells, could upregulate pathways in Notch 1-defecting B-cells (241,

Furthermore, Notch 1 target genes are involved in cell cycle, growth and survival such as c-MYC B8l and the transcription
factor HES1 [38],

The role of Notch 1 in the differentiation of immune cells makes it a highly studied gene in hematologic malignancies, but
it is also implicated in a wide range of solid tumors, concerning growth and progression, such as melanoma &7,
intrahepatic cholangiocarcinoma 28, prostate cancer 22 and osteosarcoma 49,

2.2. Notch 1 in T-Cell Acute and Chronic Lymphoblastic Leukemia

Since Notch 1 is a key factor in T-cell development, it is clear that it has been well investigated in T-cell diseases such as
acute lymphoblastic leukemia (T-ALL). The first hint of its involvement in T-ALL pathogenesis was the discovery of (7;9)
translocation, a mutation that disrupts the Notch 1 gene, fusing the 3’ end portion encoding its intracellular domain (ICN)
to the enhancer and promoter elements of the T-cell receptor (TCR) B, This results in the overexpression of a
constitutively active form of Notch 1, activating genes that inhibit cell differentiation ¥4, In fact, the abnormal Notch 1
signaling consequent to t(7;9) supports the growth of human translocated cell lines 42, Less macroscopic mutations,
although directly activating, were then found in the extracellular heterodimerization domain (HD) and/or the C-terminal
PEST intracellular domain of the Notch 1 gene #3! and in the extracellular juxtamembrane region 4 in about 60% and
30% of T-ALL cases, respectively.

In this context, Notch 1 blocking molecules such as y-secretase inhibitors (GSlIs) could be of aid in T-ALL treatment
(44 (Figure 1). y-secretase is a protease complex that cleaves the transmembrane protein that has been studied as a
target therapy for Alzheimer's disease 45, As Notch 1 is involved in different cancers, GSls have been proposed as a
potential drug for different solid tumors and T-ALL 48!,
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Figure 1. Mechanisms of Notch signaling inhibition as possible therapeutic strategies in hematological malignancies. (A)
The inhibition of y secretase-complex (i.e., with Crenigacestat or LY-411,575) prevents the proteolytic cleavage of Notch
intracellular domain (NICD), blocking its signaling; (B) the binding with monoclonal humanized antibodies prevents Notch
ligand interaction and the signaling activation; (C) gliotoxin is a specific Notch 2 inhibitor that binds Notch 2 intracellular
domain (N2IC) blocking the DNA binding and preventing the target expression.

| 3. Notch 2
3.1. Physiology of Notch 2 Signaling in the Immune System Cells

The Notch 2 molecules are synthesized as single precursor proteins that are cleaved in the Golgi to become functional
heterodimeric receptors present on the cell surface 4.

As previously explained, the interaction of Notch receptor with ligands results in further proteolytic cleavage, with the
release and nuclear translocation of the NICD which functions as a transcriptional regulator 48!,

NICD enters the nucleus and seeks coactivators such as Mastermind-like proteins (MAML 1-3). Together with the
recombinant signal-binding protein for immunoglobulin kappa J region (RBPJ) transcription factor, they form the
transcription complex accountable for the induction of Notch target genes 49,

Notch 2 is expressed in many cell types in the hemato-lymphoid compartment with specific roles in the development and
differentiation of immune system cells.

In the spleen, Notch 2 activation is crucial for marginal zone (MZ) B-cells growth 59 and for the dendritic cells (DCs)
differentiation (211,

Mature splenic B-cells are divided into two types of B-cells, follicular B (FOB) cells and MZB-cells 22, Immature B-cells,
developing in the bone marrow, migrate to the spleen and initially differentiate into type 1 (T1) transitional B-cells that
subsequently become type 2 (T2) transitional B-cells 53l Thereafter, these progenitors differentiate into the others two
cellular types, MZB and FOB-cells. Notch 2 and no other Notch family member plays a role in the step from T2 B-cells to
MZB and its activation is mediated by the DLL1 ligand B9, DLL1 binding to the Notch 2 receptor triggers the Notch 2
signaling cascade through ADAM10-mediated cleavage and the conditionally targeted deletion of Notch 2 results in a
defect of the MZB-cells 52,

Furthermore, it was recently discovered that Notch 2-dependent transcription is active in classical DCs and that it is
selectively required for support of the germinal center reaction 241, In fact, while Notch 2-dependent classical DCs are
required in vivo for the induction of follicular Th cells B4, Notch 2 activation in the DC of the intestinal lamina propria



corresponds to an increase of IL-17-producing CD4+ T-cells B4,

Notch 2 double deficient animals disclose differentiation of naive CD4+ T-cells towards Th2 cells B3, In Th1 differentiation,
the role of Notch 2 signaling is less clear, as some studies showed that Th1 differentiation is increased by the Notch family
members without specific details and focuses attention on the role of the two ligands Deltal and Delta4 28!, However, Th1
cell response is also present in Notch 2, Notch 1 and RBP-J knocked-down mice 3. This observation leads to the
hypothesis that the development of Thl is regulated by several members of the Notch family or by all of them in a
redundant way.

Maekawa Y. and co-workers 24 showed that Notch 2 signaling is able to promote cytotoxic T-cells (CTLs). In fact, in mice,
Notch 2-deficient T-cells altered differentiation into CTLs and DCs with low expression of the ligand DLL1 that caused a
less efficient differentiation of CTLs BZ. The intracellular domain of Notch 2 interacts with the cAMP responsive element
binding protein 1 (CREB-1) B8l that binds a DNA nucleotide sequence present in many cellular promoters stimulating
transcription. The control of T-cell cytotoxicity depends on the combining of Notch 2 and CREB1 signals 71,

The CTLs are involved in cancer immunosurveillance, and Notch 2, unlike Notch 1, seems to be required for the efficient
induction of their antitumoral activity 59,

It is well-known that Notch signaling is involved in the self-renewal of stem cells and in the growth and differentiation of
progenitors in various organs. In mice, Notch 2 improved the formation rate of short-term repopulating multipotential
progenitor cells (MPPs) as well as long term repopulating HSCs 9, Varnum-Finney B. et al. demonstrated in their studies
that a Notch 2-dependent role in ensuring repopulation by HSCs, MPPs and lymphoid cells is present during BM
regeneration 89, In fact, Witt et al. previously described a double role of Notch 2 in T and B lineage stem cells, artificially
inducing various levels of an activated form of Notch 2 (N2IC) in murine hematopoietic progenitors 1. While high levels
of N2IC led to T-cell leukemia, lower levels boosted the maturation of the CD8 lineage. In contrast, concerning the B
lineage, N2IC drove towards the development of the B1 B-cell subset B, The different expression levels of N2IC
suggests that Notch 2 signaling modulation may have significant consequences for thymocyte development. In mice
expressing high levels of N2IC, peripheral T-cell populations have high proliferation rates. Conversely, in mice with low
levels of N2IC, no disease is diagnosed until month 10 after transplantation 81, In addition, the endogenous Notch 2
protein is more expressed in the pro-B-cells, as their development requires a crosstalk with bone marrow stroma. As
Notch 2 is expressed in both MZ B and B1 B-cells, but not in FO B or B2 cells, members of the NF-kB pathway, targeted
by Notch signaling, may be involved in the development of both MZ B and B1 B-cells subsets. In summary, the effect of
N2IC on the B-cell lineage confirms the involvement of Notch 2 signaling in the development of B-cell subsets 4],

Considering the crucial role of Notch 2 in different aspects of the physiological development/maturation processes and
homeostasis of immune system cells, it is not hard to understand how different alterations in its signaling could be
involved in hematologic malignancies. These alterations are mostly somatic mutations determining gain-of-function with a
potentiated Notch 2 transcriptional activity.

3.2. Notch 2 Mutations in B-Cell Lymphomas

The hyperactivation of Notch 2 through gain-of-function mutations in subtypes of mature B-cell neoplasms has been
proven by Lee et al. ¥, These mutations were the partial or complete deletion of the PEST domain, or a single amino
acid substitution at the C-terminus of the Notch 2 protein “Z. Notch 2 mutations were identified in DLBCL 44 and in MZB-
cell lymphoma €263 The PEST domain mutations cause an increased stability of Notch 2, prolonging its life. In fact,
PEST sequences trigger the ubiquitin-mediated proteolysis €4 and mutations in this region, producing Notch 2 truncated
forms, could prevent receptor degradation and increase its activity. The presence of recurrent somatic gain-of-function
mutations in Notch 2 was also proven, using whole-genome DNA sequencing (WGS), by Kiel and colleagues 63, They
found two main types of mutations: alterations in the PEST domain and, more rarely, nonsynonymous substitutions
affecting the extracellular HD [63l. Overall, only MZL (25% splenic and 5% non-splenic) showed Notch 2 mutations that
were not detectable in other hematologic malignancies (63!,

In addition, the authors compared mutated to wild type Notch 2 lymphomas regarding the clinical outcomes, reporting a
shorter relapse-free survival, for cases carrying Notch 2 mutations 831, Notch 2 mutations in Splenic MZL (SMZL) were
identified by Rossi and colleagues as truncating events (14 frameshift indels and 11 nonsense mutations) and clustered
within a hotspot region in exon 34, including a recurrent p.R2400 nonsense mutation in 24% of cases 3, In the same
study, Notch 2 mutations were described in a small percentage (3.7%) of DLBCL [, These observations led to a further
investigation focused on this high-grade histotype 8. The authors evaluated HCV-positive and negative DLBCL and
observed a frequency of 25% in mutations in the Notch 1 and Notch 2 genes in the HCV-positive samples while only in
1% of the DLBCL negative for HCV 8], Since these mutations were associated with a severe prognosis and with the



presence of low-grade components in the diagnostic biopsy, the authors suggested that at least a fraction of the HCV-
positive DLBCL could represent the transformed phase of an MZL clone or the coexistence of high and low-grade
components €8], A similar pathogenetic hypothesis was previously and cautiously suggested by Lee et al. who did not find
Notch 2 mutations in MZB-cell lymphomas, but proposed the interesting possibility that some or all the DLBCL cases
carrying Notch 2 mutations were transformed from MZB-cell lymphoma 12,

As already mentioned, PEST domain somatic mutations were also described for high-grade forms such as the DLBCL 7.
In this setting, a genome-wide approach revealed a rarer copy number increase of the mutated Notch 2 allele 44, a
phenomenon previously associated with oncogenic gene alterations in other cancers 57,

Overall, Notch 2 mutations are involved in the pathogenic processes of MZL and DLBCL. Although the fine mechanisms
still need to be understood, these alterations could represent a hypothetical biomarker and in addition the Notch 2
mutations could help inform SMZL diagnosis and prognosis (€8],

3.3. Notch 2 in B-Cell Acute and Chronic Lymphocytic Leukemia

Acute myeloid leukemia (AML) is the most common myeloid malignancy in adulthood, characterized by the impairment of
myeloid differentiation and blast-cell accumulation in the BM 2, Chemo-resistance is a not rare feature of AML cells,
usually due to the persistence of residual blast-cells in the BM. Signals coming from stromal cells could be responsible for
inducing these kinds of abilities in AML cells through the involvement of different pathways, including Wnt/B-catenin and
Notch 9,

In detall, in AML the Notch 2 pathway is boosted by receptor overexpression. Such an overexpression is not caused by a
mutational event but by an altered microenvironmental signaling from bone-marrow mesenchymal stromal cells 1]
inducing AML cell survival and chemo-resistance [Z4],

In their study on CLL, Mangolini et al. 22 used an opposite approach, based on the same concept that malignant B-cells
do not survive nor proliferate autonomously, but rather in conjunction with tumorigenic cues from the stromal
microenvironment. Since CLL cells constitutively express the Notch ligands JAG1, JAG2 and DLL, the authors evaluated
the expression and activation of Notch 1 and Notch 2 in stromal cells 2. They found a double role for stromal Notch 2
activation. Notch 2 activation regulates N-cadherin expression in CLL cells, interacting with and further stabilizing p-
catenin and, at the same time, it boosts canonical Wnt signaling in the same CLL cells 72 All these effects were reverted
by the pharmacological inhibition of the Wnt pathway as well as the inhibition of Notch 2 in stromal cells /2,

Sera from patients with chronic B-CLL contain high amounts of soluble CD23 (sCD23), which reflects disease activity and
is an important indicator of disease progression as confirmed by numerous reports [Z3],

CD23, which usually is a transitionally expressed marker of B-cells, is a downstream target of Notch 2 signaling [Z4I[Z5],
The membrane CD23 undergoes spontaneous proteolysis, producing abnormal levels of soluble (sCD23) molecules in
CLL. In this study, Hubmann et al. demonstrated a direct link between Notch 2 signaling “gain-of-function” and the higher
levels of CD23 and in a further study, showed that peripheral CLL cells overexpressed a transcriptionally active form of
Notch 2 3. This transcriptionally active Notch 2 truncated form acts independently from the proteolytic cleavage of y-
secretase complex that cuts the intracellular domain of the wild type Notch making it able to translocate to the nucleus.
Thus, GSls are putative novel anticancer agents at least in some Notch -associated malignancies 2. These limitations
could be overcome by a molecule selectively inhibiting all the Notch 2 isoforms, namely gliotoxin that promotes the
induction of apoptosis in CLL cells contrasting the negative effects of stromal crosstalk L84 (Figure 1).
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