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    Abstract     Notch receptors participate in a highly conserved signaling pathway 
that regulates normal developmental and tissue homeostasis in a context-dependent 
manner. Deregulated Notch signaling is involved in numerous human diseases and 
recently, a substantial body of evidence has been generated in support of this path-
way playing critical roles in several types of cancer. The fi nding that activating 
Notch-1 mutations are frequently found in patients suffering from T-cell acute lym-
phoblastic leukemia is one of the best examples, but an abnormal expression of dif-
ferent human Notch receptors also contributes to B-cell tumors as well as a number 
of solid cancers such as breast, colon, pancreas, brain, lung, skin and other tissues. 
Several γ-secretase inhibitors are currently being explored for their potential thera-
peutic applications in Notch-associated tumors. Alternative approaches involve the 
development of antibodies to inhibit Notch receptors, their activating ligands, or 
other components of the Notch pathway. In this book chapter, we review the ratio-
nale for Notch inhibition in cancer, the current state of the art, as well as potential 
strategies that try to target the oncogenic properties of Notch signaling.  
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2.1         Introduction 

 Notch pathway was fi rst recognized as an important developmental pathway in 
Drosophila in the fi rst half of the twentieth century [ 1 ]. Several decades later, it 
was shown this pathway powerfully infl uences stem cell maintenance, differentia-
tion and cell fate decisions [ 2 – 5 ]. In the last years, a number of preclinical but also 
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clinical studies have shown that Notch signaling plays important roles in numerous 
human diseases, including a broad spectrum of malignancies [ 6 – 10 ]. Therefore, the 
Notch pathway has a tremendous potential as a new target in cancer therapy and 
there is growing evidence that synergy can result from combining Notch inhibition 
with already existing treatment modalities such as chemotherapy (CT), radiation 
and other pathway inhibitors [ 11 – 15 ]. This book chapter will address the current 
knowledge of Notch signaling in various types of hematological and solid tumors as 
well as potential therapies that try to target its oncogenic properties.  

2.2     Notch Signaling Pathway 

 As introduction, it is important to consider the complex studies of this highly con-
served signaling pathway. The Notch pathway is a short-range communication sys-
tem in which contact between a cell expressing a membrane-associated ligand and 
a cell expressing a transmembrane receptor sends the receptor-expressing cell (and 
possibly both cells) a cell fate regulatory signal. This signal takes the form of a 
cascade of transcriptional regulatory events, that involves the expression of hundred 
if not thousands of genes, and has profound context-dependent phenotypic conse-
quences [ 16 ]. 

 Mature Notch receptors are large single pass transmembrane noncovalent het-
erodimers consisting of an extracellular subunit and a transmembrane subunit. 
Whereas the fl y genome contains only one Notch receptor, and worms have two that 
act redundantly [ 17 ], mammals have four paralogs (Notch-1, -2, -3, and -4) that dis-
play both redundant [ 18 ] and unique functions [ 19 ]. The extracellular domain of all 
Notch proteins contains 29–36 tandem epidermal growth factor (EGF) -like repeats, 
some of which mediate interactions with ligands. The activating interaction with 
ligand presented by neighboring cells ( trans  interactions) are mediated by repeats 
11–12, whereas inhibitory interaction with ligand co-expresses in the same cell ( cis  
interactions) are mediated by repeats 24–29 [ 20 ]. Many EGF repeats bind calcium, 
which plays an important role in determining the structure and affi nity of Notch to 
its ligands [ 21 ,  22 ]. The EGF repeats are followed by a unique negative regulatory 
region (NRR) composed of three cysteine-rich Lin12-Notch repeats (LNR) and a 
heterodimerization domain (HD). The NRR plays a critical role in preventing recep-
tor activation in the absence of ligand. The single transmembrane domain (TMD) 
is terminated by a “stop translocation” signal comprised of 3–4 Arg/Lys residues. 
Intracellulary, the RBPjĸ association module (RAM) domain forms a high affi nity 
binding module of 12–20 aminoacids centered on a conserved WxP motif [ 23 ]. 
A long unstructured linker containing one nuclear localizing sequence (NLS) links 
RAM to seven ankyrin repeats (ANK domain). Following the ANK domain are an 
additional bipartite NLS and a loosely defi ned and evolutionarily divergent transac-
tivation domain (TAD). The very C-terminus contains conserved proline/glutamic 
acid/serine/threonine-rich motifs (PEST), which regulate the  stability of the Notch 
intracellular domain (NICD). 
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 Most canonical Notch ligands are similar but smaller single-pass transmembrane 
proteins, that are characterized by three related structural motifs: a specialized delta/
serrate/lag-2 (DSL) domain at the N-terminus, a specialized tandem of EGF repeats 
called the DOS domain (Delta and OSM-11-like proteins), and EGF-like repeats 
[ 24 ,  25 ]. Both the DSL and DOS domains are involved in receptor binding, with the 
DSL domain involved in both  trans  and  cis  interactions with Notch. Notch ligands 
can be classifi ed based on the presence/absence of a cysteine-rich domain (Jagged/
Serrated vs. Delta, respectively) and a DOS domain [ 25 ]. There are three Delta-like 
proteins (DLL-1,-3, and -4) and two Jagged proteins (JAG-1 and -2), which are dif-
ferentially expressed in different cells. Other ligands have been proposed, such as 
the NOV (nephroblastoma-overexpressed), the neural adhesion molecule F3/con-
tactin [ 26 ], the related NB-3 protein [ 27 ] and the EGF repeat protein DNER [ 28 ], 
but they have not been as well-established as Delta-like and Jagged. 

 Signal transduction by Notch receptors relies on a series of proteolytic cleavages. 
During traffi cking to the cell surface, Notch is cleaved by a furin-like protease at a 
site termed S1 located within an unstructured loop protruding from the HD domain. 
As a result, mature Notch receptors are heterodimers made up of non-covalently 
associated extracellular and transmembrane subunits that are held together by the 
intrinsic stability of the HD domain [ 29 ]. Signaling is initiated when Notch recep-
tor of one cell binds to a Notch ligand expressed on a neighbouring cell. This set in 
motion events that lead to the cleavage of Notch by two additional proteases. The 
fi rst cleavage is carried out extracellularly by an alpha-secretase (a disentegrin and 
metalloprotease ADAM-10 and ADAM-17) at site 2 (S2), which is located 12–14 
amino acids external to the TMD [ 30 ,  31 ]. In the resting state, the S2 site is deeply 
buried within the NRR, indicating that a substantial conformational change must 
precede S2 cleavage. S2 cleavage requires the endocytosis of ligand into the ligand- 
expressing cell, leading to speculation that mechanical forces transmitted to the NRR 
via endocytosis are responsible for the intramolecular movements that precede S2 
cleavage [ 32 ]. The shedding of the Notch ectodomain creates a membrane- tethered 
intermediate, the Notch extracellular truncation (NEXT), that is cleaved within its 
transmembrane domain by γ-secretase, a multi-subunit protease consisting of pre-
senilin 1 or 2, PEN-2, APH-1, and nicastrin. The ultimate cleavage at the site S3 
frees the intracellular domain of Notch (NICD) from the membrane, allowing it 
to translocate to the nucleus [ 33 ]. Whether γ-secretase cleavage occurs at the cell 
surface or following endocytosis within endocytic vesicles remains controversial. 

 NICD contains several protein-protein interaction domains, including seven iter-
ated ankyrin repeats (ANKs) that are needed for all known Notch functions and a 
so-called RAM domain. Nuclear NICD associates with the DNA-binding protein 
CSL (for CBF1, Suppressor of Hairless, Lag-2; also known as RBP-Jĸ) through high-
affi nity RAM contacts and lower-affi nity ANK contacts. In humans, CBF1 is the only 
CSL factor identifi ed to date. Binding of ANK to CSL creates an extended, composite 
surface groove that recruits scaffold proteins of the Mastermind-like (MAML)/Lag-3 
family, the third component of the core Notch transcription complex (NTC). The NTC 
in turns interacts with chromatin modifying factors such as the histone acetyl-tranfer-
ases p300 and pCAF, as well as components of the mediator complex, to transactivate 
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target genes. In the absence of NICD, CSL can associate with multiple proteins that 
suppress transcription, including multiple complexes with histone deacetylase activity 
and other factors with histone demethylase activity [ 34 ,  35 ]. For this reason, CSL has 
been likened to a molecular switch capable of actively suppressing or stimulating tran-
scription, depending of the Notch activation status of a cell. Normal Notch transcrip-
tion complexes are believed to have a half-life of the order of minutes, in part due to 
the presence of a PEST degron domain in the C-terminus of NICD that marks activated 
Notch for ubiquitination and proteasomal degradation, thus terminating the signal [ 16 ]. 
Notch target genes are numerous and include HLH-family negative transcriptional reg-
ulators of the Hes and Hey family, but also cell cycle progression genes (c-Myc, cyclin 
D1), antiapoptotic genes (Bcl-2), and many others yet to be discovered [ 36 ,  37 ]. 

 Other aspects of the Notch pathway are also noteworthy. The Notch ligands 
Delta-like and Jagged are processed in a similar fashion to Notch following bind-
ing; they are cleaved also by alpha- and gamma-secretase, liberating an intracellular 
domain that is believed to be localized to the nucleus [ 38 ,  39 ]. The functions of 
their intracellular domains remain unknown. The likelihood of independent func-
tions for Delta-like and Jagged proteins should be considered in the development 
of Notch inhibitors, as most strategies for Notch inhibition are also likely to inhibit 
Delta-like and Jagged. In addition, putative non-canonical pathways have been sug-
gested but remain incompletely characterized. Among them, physical interaction of 
the intracellular domain of Notch-1 with the IKK signalosome, with nuclear IKKα 
and with p50. And the intracellular domain of Notch-3 with cytoplasmic IKKα may 
mediate therapeutically relevant cross-talk with nuclear factor ĸB (NF-ĸB) [ 40 – 42 ]. 
Physical interaction of the intracellular domain of Notch-1 with p85 PI3-kinase α 
may [ 43 ] mediate non-nuclear cross-talk with AKT, leading to survival signaling 
[ 44 ]. 

 A closer look at this apparently simple signaling pathway reveals a intricate 
series of mechanisms that fi nely regulate the timing, intensity, and biological con-
sequences of Notch signaling, and are likely to have signifi cant therapeutic implica-
tions. Because the pathway relies on protein-protein interactions and the NICD is 
short-lived, a single activated Notch receptor is likely to transactivate only one tar-
get gene for a short period of time (on the order of minutes), a “design” that enables 
very precise temporal and quantitative control.  

2.3     Notch Pathway Functions in Normal and Cancerous 
Cells: Rationale for Notch Inhibition in Cancer 

 The evolutionary conserved Notch signaling pathway functions as a mediator of short-
range cell-cell communication. Numerous functions have been attributed to Notch, 
with some of these helping to explain its cancer-promoting effects in many tissues. 
However, Notch function can substantially differ and be dependent on cell type and 
tissue, and often the role of Notch signaling in a given tissue is unpredictable. Notch 
is among the most central pathways in self-maintenance of stem cells, along with 
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Hedgehog, Wnt, and perhaps transforming growth factor-β (TGF-β). Interestingly, 
Notch signals select among preexisting cellular potentials; in a context dependent 
manner they will either promote or suppress proliferation, cell death, acquisition of 
specifi c cell fates and activation of differentiation programs throughout development 
and during maintenance of self-renewing adult tissues [ 2 – 5 ,  45 – 56 ]. Notch has been 
found to be critical in development of the brain, heart, vasculature, fat, hematopoietic 
system, gut and immune system. For example, it drives toward a glial cell fate in the 
central nervous system (CNS) [ 45 ] and regulates the T helper 1 versus T helper 2 deci-
sion in the immune system [ 4 ]. Notch has two main physiological roles in the intes-
tine. One is to maintain the proliferating undifferentiated SC/progenitors acting as a 
gatekeeper of crypt cells and the other is to monitor binary cell fate decisions of the 
transient amplifying compartment, resulting in increased proliferation of absorptive 
enterocytes and a severe reduction of all secretory cells-goblet, enteroendocrine, and 
Paneth cells [ 5 ,  46 ]. Notch signaling, and in particular, RBP-J, is also an important 
regulator of pancreatic progenitor cells that have to choose between the endocrine and 
the acinar cell fate [ 47 ,  48 ]. How Notch regulates this cell fate decision is not fully 
understood. One possible mechanism suggested that Hes-1(hairy/enhancer of split 1) 
represses the expression of neurogenin3, which functions as a pro-endocrine factor, 
and the cell-cycle regulator p57 [ 49 ], thereby preventing progenitor cells from exiting 
the cell cycle and from differentiating into the endocrine lineage. In addition, some 
reports confi rm that although Notch is not very active in homeostatic conditions, it 
seems to play important roles during tissue regeneration [ 50 ]. Interestingly, a physio-
logical role for Notch signaling in the melanocyte lineage has also been demonstrated. 
Notch acts through Hes-1 and plays an indispensable role in the maintenance of mela-
nocytic stem cells and melanoblasts in the epidermis. When Notch-1 and/or Notch-2 
are ablated in the melanocyte lineage, a diluted initial hair pigmentation at birth and 
premature hair graying in subsequent hair cycles is observed [ 51 ,  52 ]. 

 As referred above, Notch signaling can also induce terminal differentiation, which 
is accompanied with growth suppression. The skin is one of the best-studied exam-
ples of Notch exerting growth suppressive functions. The epidermis is composed 
of multiple layers of keratinocytes that are separated from the dermis by a base-
ment membrane. Skin stem cells (SC) and transient amplifying cells are found within 
the basal cell layer of the epidermis and they are the reservoir for epidermal SC. 
Keratinocytes that undergo cell-cycle arrest detach from the basement membrane 
and move upward to form a supra-basal spinous layer and post-mitotic keratinocytes 
continue to migrate toward the outer surface of the skin to form the granular layer. 
Notch-1, Notch-2, and Notch-3 mRNA are highly expressed in the basal cell layer 
and to a lesser extent in the suprabasal layer of the human epidermis [ 53 ]. DLL-1 
expression was shown to be highest in regions where potential SC reside which led to 
the suggestion that DLL-1 mediated Notch signaling induces SC to differentiate into 
transient amplifying cells. Cell culture experiments combined with genetic mouse 
studies suggest that Notch signaling induces terminal differentiation processed in 
keratinocytes [ 53 ,  54 ]. The p63 gene is important for the self- renewing properties 
and stratifi cation of keratinocytes in the skin. P63 is expressed in the proliferat-
ing compartment of the skin and is downregulated as soon as keratinocytes start to 
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differentiate. Notch-1 and p63 negatively regulate each other and thereby regulate 
the balance between self-renewing and differentiation [ 55 ]. In the context of cancer, 
p63 is often upregulated in epithelial tumors, including squamous cell carcinomas, 
in which Notch receptor expression is often downregulated [ 56 ]. Additional Notch-
mediated mechanisms that help keratinocytes to differentiate are the induction of 
keratin1/10 and involucrin, as well as downregulation of integrin expression [ 54 ]. 

 Because Notch plays a critical role in many fundamental processes and in a wide 
range of tissues, it is not surprising that aberrant gain or loss of Notch signaling com-
ponents have been directly linked to multiple human disorders, from developmental 
syndromes, such as the Tetralogy of Fallot, Alagille syndrome, familial aortic valve 
disease, spondylocostal dysostosis or syndactyly [ 57 ], to adult onset diseases such as 
CADASIL (cerebral autosomal dominant artheriopathy with subcortical infarcts and 
leukoencephalopathy), Alzheimer’s disease [ 58 ], and cancer [ 6 – 10 ]. 

 As we referred above, Notch is one of the most powerful of the stem cell- promoting 
pathways, making it relevant for cancer given the undifferentiated/de- differentiated 
state of most tumor cells. The growing evidence for the “cancer stem cell” (CSC) 
hypothesis may make Notch a particularly exciting target in Oncology. This hypoth-
esis states that cancers harbor a usually small subpopulation of pluripotent “CSC” or 
“cancer-initiating cells” that retains SC character and gives rise to the bulk population 
of cancer cells through a process of aberrant differentiation that recapitulates that of 
normal tissues. Such cells have now been isolated and cultured from leukemias, breast 
cancers, glioblastomas, and many other cancers. They are characterized by properties 
of normal SC, such as indefi nite self-renewal through asymmetric cell division [ 59 ,  60 ] 
but also the ability to differentiate into cells resembling normal cell types in a given 
tissue, very slow proliferation rates and resistance to standard treatments such as CT 
and radiation, owing, in part, to overexpression of ABC export pumps and cell cycle 
checkpoints proteins [ 59 ,  61 ,  62 ]. Whether CSC are derived from the malignant trans-
formation of normal tissue SC or from the “dedifferentiation” of normal non-SC is a 
matter of considerable debate. What seems likely is that these cells are uniquely capa-
ble of resisting anticancer agents, surviving for a long time in a nearly quiescent status 
and eventually cause disease recurrences and/or metastasis after apparently complete 
remissions. Thus, a complete eradication of them will be necessary to attain a cure. 
This will require targeting of pathways that participate in the survival, replication and 
differentiation decisions in pluripotent cells, such as the Notch pathway [ 59 ,  63 – 65 ]. 

 Some of the impact of Notch inhibition in cancer cells results from its extensive 
cross-talk with several essential proteins and pathways in tumorigenesis [ 66 – 74 ]. 
Notch regulates expression of important receptor tyrosine kinases such as the epider-
mal growth factor receptor (EGFR) and the vascular endothelial growth factor recep-
tor-1 (VEGFR-1) [ 66 ,  67 ] and also interacts with fi broblast growth factor receptor 
(FGFR) signaling [ 68 ]. It has been also demonstrated that Notch activity sustains the 
phosphatidyl inositol 3-kinase (PI3K)/Akt/mTOR pathway and is a mediator of the 
oncogenic function of the RAS/MAPK pathways [ 69 – 71 ]. In addition, Notch and 
the nuclear factor-ĸB (NF-ĸB) pathway are intimately related, with multiple points 
of interaction described [ 72 ], and the Myc oncogene is a direct target of Notch, 
mediating much of the oncogenic effects of Notch in T-cell malignancies [ 73 ]. 
In some instances, other oncogenic pathways have been shown to cross-talk with 
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Notch or its downstream activity, as is the case for the hypoxia/hypoxia inductible 
factor-1α (HIF-1α) pathway [ 74 ]. It is important to note that some of the described 
interactions are context-dependent and do not occur in all cellular backgrounds. 

 The direct effects of Notch inhibition on cancer cells may vary. Since Notch activ-
ity promotes cell survival and has anti-apoptotic functions through its interaction with 
important anti-apoptotic pathways such as Akt, it is not surprising that Notch inhi-
bition has most frequently been shown to trigger apoptosis in cancer cells [ 70 ,  75 ]. 
Notch inhibition has also been shown to slow cancer cell proliferation and there is 
some evidence indicating that there may be important roles for Notch in the cell cycle 
in some settings [ 76 ]. Senescence has also been linked to the Notch pathway as its 
mediator, Hes-1, has been shown to play a critical role in blocking senescence [ 77 ]. 
Finally, the interaction between cancer cells and the surrounding stroma is receiving 
increasing attention as a key factor in tumor progression. “Tumor stroma” includes 
endothelial cells, necessary for tumor angiogenesis, fi broblasts that can produce 
growth factors and cytokines, as well as many subtypes of immunocytes, from T cells 
to dendritic cells or NK cells. There is signifi cant evidence that bidirectional intercel-
lular communication involving Notch signals takes place between tumor cells and 
stromal cells in some malignancies, suggesting that targeting the Notch-ligand interac-
tion in endothelial cells can have therapeutic implications. For example, Notch block-
ade can impact the angiogenesis process [ 78 – 83 ]. The precise mechanisms by which 
Notch regulates the vasculature seem to be diverse. Notch/DLL-4 signaling directly 
regulates angiogenic endothelial cells and Notch also seems to regulate aspects of 
vascular development such as arterial versus venous fate [ 78 ]. Moreover, Notch also 
regulates the expression of the VEGFR-1, a key receptor for vascular formation. 
A number of reports have shown direct antiangiogenic effects from Notch inhibition 
[ 67 ]. A major role for Notch in blood vessels is supported by the vascular nature of the 
defects in the human disease called CADASIL syndrome caused by Notch-3 muta-
tions [ 51 ]. Recently, multiple groups have found that signaling via the Notch ligand 
DDL-4 regulates endothelial sprouting and its inhibition lead to disordered and unpro-
ductive endothelial growth and decreased tumor size, even in tumor with vascular 
endothelial growth factor (VEGF) inhibition resistance [ 79 ,  80 ]. In addition, in mice 
the knockouts of Notch-1, DDL-1 or JAG-1 are embryonic lethal due principally to 
vascular defects [ 81 ] and small- molecule Notch-inhibiting drugs have been shown to 
have potent antiangiogenic effects in cancer animal models [ 82 ,  83 ].  

2.4     Notch Signaling in Hematologic and Solid Tumors 

2.4.1     Notch Signaling in T-Cell Acute Lymphoblastic 
Leukemia (T-ALL)/Lymphomas 

 Notch-1 was discovered in 1991 through analysis of T-cell lymphoblastic leuke-
mias/lymphomas (T-LL) with balanced (7;9) translocations [ 84 ]. The translocation 
breakpoint were shown to fall within Notch-1 on chromosome 9 and the T-cell 
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receptor β (TCRβ) locus on chromosome 7 and to result in fusion of the 3’end 
of Notch-1 to TCRβ enhancer/promoter elements, which drive the expression of 
aberrant Notch-1 transcripts encoding truncated, constitutively nuclear Notch-1 
polypeptides. Expression of similar forms of Notch-1 in murine hematopoietic 
stem cells (HSC) induces the appearance of T-LL [ 85 ,  86 ], whereas no tumors are 
observed when the same polypeptides are expressed in HSCs with genetic defects 
that abrogate T-cell development [ 87 ]. These studies revealed that Notch-1 had a 
special oncotropism for T-cell progenitors and it is both necessary and suffi cient for 
T-cell development from HSCs [ 88 ]. 

 The degree of Notch-1 involvement in human T-LL became apparent in 2004, 
when Notch-1 gain-of-function mutations were found in roughly 60 % of primary 
human T-LL [ 6 ]. The most common Notch-1 mutations in human T-LL consist of 
point substitutions or small in-frame insertions or deletions [ 29 ]. In 40–45 % of 
T-ALL, mutations perturb the NRR domain, leading to ligand-independent signal-
ing or increased sensitivity to ligand. Other Notch-1 mutations cause displacement 
of the extracellular ADAM cleavage site away from the NRR domain, or shifting of 
the NNR domain away from the transmembrane domain, in both instances leading 
to de-regulated ADAM cleavage at the S2 site which results in ligand-independent 
proteolysis [ 29 ,  89 ]. A second type of Notch-1 mutations results in truncation of the 
C-terminal PEST domain, leading to increased stability of NICD and hence pro-
longed transcriptional activation of Notch-1 target genes [ 6 ]. Remarkably, individ-
ual tumors may harbor as many as three Notch-1 mutations, typically aligned in  cis  
in a single allele and mutations abrogating NRR function are often found together 
with PEST domain mutations, indicating that T-cell transformation is driven by 
selection for increasingly high levels of Notch activity. Consistent with this obser-
vation, Notch-1 mutations have been detected as secondary events in T-cell sub-
clonal populations in T-ALL patients [ 90 ]. Finally, given the strong selection for 
Notch-1 gain of function in T-LL and the ability of leukemic blasts to proliferate in 
many tissues where access to ligand is likely limited, it is likely that other mecha-
nisms of ligand-independent Notch-1 activation remain to be discovered in human 
T-LL. This is particularly true of tumors that only have PEST deletions, as such 
mutations may have little or no effect on Notch-1 signaling in the absence of some 
mechanisms (e.g. an NRR mutation) that promotes Notch-1 proteolysis [ 6 ,  91 ]. 

 In the context of transformed T-cell progenitors, Notch signaling induces and 
reinforces a programme of gene expression that supports cell growth. The most 
important direct target genes include c-Myc [ 6 ,  92 ,  93 ] and Hes-1 [ 6 ,  92 ,  94 ]. A key 
pathways activated by Notch-1 include the PI3K/Akt/mTOR, since Notch-1 signal-
ing via Hes-1 down-regulates PTEN, an important negative regulator or PI3K/Akt 
signaling [ 71 ,  95 ,  96 ]. Notch-1 also up-regulates the expression of the interleukin-7 
(IL7) receptor, which activates PI3K/Akt signaling in an IL7-dependent fashion. In 
culture systems, the growth of primary human T-LL cells is IL7-dependent, suggest-
ing that the IL7/IL7-receptor signaling axis is an important mediator of growth [ 97 , 
 98 ]. Notch-related T-LL is also associated with constitutive activation of NF-ĸB 
[ 40 ] and abnormalities of E2A [ 99 ], but the mechanistic bases for these relation-
ships are not fully elucidated. In addition to Notch-1, developing thymocytes also 
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express Notch-3, which appears to be a downstream target for Notch-1 [ 6 ,  92 ]. 
Transgenic mice expressing N3ICD develop T-LL, but the relative importance of 
Notch-3 compared with Notch-1 has been uncertain [ 87 ]. 

 Despite the confi rmed role of Notch-1 mutations in all genetic and clinical sub-
types of human T-ALL, associations between mutation status and outcome have been 
inconsistent. While a few series have suggested that Notch-1 mutations are associ-
ated with worse outcomes [ 100 ], most have shown no association or a trend towards 
more favourable responses [ 6 ,  101 ,  102 ]. Although Notch signaling has been linked 
to resistance to glucocorticoids in studies of T-LL cell lines [ 103 ], no such associa-
tion has been found in primary tumors; in fact, in some series the trend is towards 
better responses to glucocorticoids among tumors with Notch-1 mutations [ 104 ].  

2.4.2     Notch Signaling in Solid Tumors 

 The Notch pathway activation is a common step in the initiation and/or progression 
of many different human cancers, including breast cancer [ 105 – 118 ], colon cancer 
[ 119 – 123 ], pancreatic cancer [ 124 – 129 ], medulloblastoma [ 130 – 135 ], melanoma 
and other cutaneous tumors [ 136 – 148 ], Ewing’s sarcoma [ 149 ], Kaposi’s sarcoma 
[ 150 ], osteosarcoma [ 151 ], lung cancer [ 152 ], hepatocellular carcinoma [ 153 ,  154 ] 
or ovarian cancer [ 155 ,  156 ]. 

2.4.2.1     Breast Cancer 

 The fi rst evidence describing a link between aberrant Notch signaling in solid 
tumors came from the observation in animal studies that the integration of the mouse 
mammary tumor virus (MMTV) into the Notch-4 gene leads to the formation of 
mammary tumors [ 105 ]. Over the past years several mouse studies have establish 
the role of Notch signaling during the normal mammary gland development [ 106 , 
 107 ] and correlative evidence has also been accumulated implicating this pathway in 
human breast cancer. Activated forms of Notch-1 and Notch-4 have been identifi ed 
in several human breast cancer cell lines [ 8 ] and Notch-3 has been shown to play an 
important role in the proliferation of ErbB2-negative breast tumor cell lines. 

 The fi rst clue that Notch might be aberrantly expressed in primary human breast 
cancer came from a study demonstrating increased expression of Notch-1 in four 
breast cancer tumors that overexpressed H-ras identifying Notch-1 as a downstream 
target of oncogenic H-Ras [ 109 ]. Interestingly, tumor samples expressing high lev-
els of both Notch-1 and its ligand JAG-1 are associated with particularly low over-
all patient survival rates, suggesting a synergistic effect of these expression level 
changes on tumor progression [ 110 ]. Increased accumulation of N1ICD and Hes-1 
expression in ductal carcinoma in situ (DCIS) compared with normal breast tissue 
also predicts a reduced time to recurrence 5 years after surgery [ 111 ]. This fi nding 
confi rms that both the accumulation of NICD as a useful prognostic marker for 
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recurrence as well as changes in the Notch signaling pathway may be associated 
with the progression from DCIS to invasive disease. Consistent with these observa-
tions, activated Notch signaling [ 8 ,  112 ] and consequent upregulation of genes that 
promote tumor growth [ 128 – 130 ] have been observed in breast cancer cell lines and 
primary breast cancers. In particular, Notch-4 expression, as detected by immuno-
histochemistry, correlated with Ki67 in infi ltrating breast carcinoma of ductal or 
lobular histologies [ 112 ]. Activation of Notch signaling in estrogen receptor (ER)-
negative breast cancer results in direct transcriptional up-regulation o the apoptosis 
inhibitor, and cell-cycle regulator survivin [ 113 ] and levels of Slug, a transcriptional 
repressor and Notch target, are elevated and correlate with increased expression of 
JAG-1 in human breast cancers [ 114 ]. 

 On the other hand, Notch signaling plays a role in breast CSC and two recent 
studies have demonstrated that the Notch pathway is important for promoting the 
commitment of mammary stem cells to the luminal lineage at the expense of the 
myoepithelial lineage in both man and mice [ 116 ,  117 ]. The Notch pathway in 
vivo appears to be preferentially active in mammary luminal cells, with prominent 
expression of the active form of Notch-1 and its target genes (Hey1 and Hey2) in 
luminal progenitor cells. Expression of N1ICD in mammary stem cell promoted 
luminal cell-fate specifi cation at the expense of the myoepithelial lineage. The con-
stitutive overexpression of N1ICD led to specifi c expansion of luminal progenitors 
and their self-renewal, fi nally leading to hyperplasia and tumorigenesis [ 116 ]. In 
contrast to the mouse, where Notch-1 is the key determinant of luminal fate selection 
[ 117 ], Raouf et al. have showed that Notch-3 is critical for the restriction of bipo-
tent progenitor cells to the luminal pathway in human breast tissue and that other 
Notch receptors could not substitute for this activity. Nevertheless, they showed that 
Notch-4 gene expression is highest in undifferentiated human clonogenic mam-
mary progenitor cells, becoming markedly downregulated when these cells com-
mitted to the luminal lineage [ 116 ]. This fi nding is interesting in light of a study by 
Harrison et al., who have identifi ed the activated form of the Notch-4 receptor in 
basal CD44+ breast CSC cell lines and in primary human samples, whereas N1ICD 
was observed at higher levels in the luminal cells of normal breast epithelium [ 118 ]. 
The differential distribution of Notch-1 and Notch-4 in basal CSC and more differ-
entiated cells would suggest different roles for each receptor. Therefore, targeting 
the Notch-4 receptor specifi cally might be a feasible therapeutic approach. In sum-
mary, the luminal progenitor cell can be implicated as a potential cell of origin for 
tumors in which the Notch pathway has been activated inappropriately, leading to 
hyperplasia and eventually tumorigenesis.  

2.4.2.2     Colon Cancer 

 It has become evident that the accurate coordination of both the Notch and the 
Wnt signals controls intestinal epithelial cell fate decisions and it is essential in 
normal intestinal development and consequently it may play an important role in 
intestinal tumorigenesis [ 119 ,  120 ]. Indeed, tracing cells in which Notch-1 was 

A. Custodio and J. Barriuso



33

activated, or  detecting expression of the Notch target gene Hes-1 [ 3 ], indicated 
uniform Notch-1 activation in adenomas of adenomatous polyposis coli (APC) mice 
as well as in human colon cancer cell lines and primary human colon cancer tissue 
samples [ 121 ] implying that Notch and Wnt signaling are simultaneously active in 
the proliferating adenoma cells. Reedijk et al. provide correlative evidence of active 
Notch signaling in human adenocarcinomas [ 122 ]. Gene expression of both Jagged 
ligands, Notch-1, LFNG, and Hes-1 was detected by in situ hybridization and shown 
to be at comparable or greater levels than normally observed in cells of the crypt 
base. In another study performed by Fre et al. the interplay between the two signal-
ing pathways was assessed in vivo by modulating Notch activity in mice carrying 
either a loss- or a gain-of-function mutation of Wnt signaling [ 123 ]. The prolifera-
tive effect of active Notch signaling has on early intestinal progenitors requires Wnt 
signaling, whereas its infl uence on intestinal differentiation appears Wnt indepen-
dent. This synergy was also observed in human intestinal adenomas. The analysis of 
Hes-1 expression in human colon cancer samples showed that 12 out of 15 polyps 
of both sporadic and hereditary low-grade adenomas present strong nuclear Hes-1 
expression, whereas Hes-1 is either not detected or expressed at low levels in human 
adenocarcinomas. Similarly, Hey1, HeyL, and the Notch ligands JAG-1 and JAG-2 
were expressed at higher levels in human adenomas than carcinomas. These obser-
vations warrant the conclusion that elevated Notch signaling in benign adenomas 
may contribute to the initiation of colorectal cancer. On the other hand high Notch 
signals in adenomas could be interpreted to maintain a tumor suppressive function, 
whereas it seems to be dispensable at later stages of colon cancer development.  

2.4.2.3     Pancreatic Cancer 

 There is increasing evidence that link Notch to the development and/or  progression 
of pancreatic cancer. First, multiple Notch receptors, ligands, and downstream tar-
get genes have been shown to be expressed in early metaplastic lesions (known 
as pancreatic intraepithelial neoplasms, PanIN) as well as in pancreatic adenocar-
cinoma tissue of mice and humans [ 124 ,  125 ], indicating that Notch expression 
might be an early event in the development of pancreatic cancer. In addition, Notch 
could possibly cooperate with other key pathways in pancreatic tumorigenesis. For 
example, TGF-α-induced EGF receptor signaling is frequently found in pancreatic 
cancers and transgenic overexpression of TGF-α in mice also results in acinar to 
ductal metaplasia and correlated with increased Notch signaling [ 125 ]. The K-ras 
proto oncogene is mutated in most pancreatic adenocarcinoma but also in early stage 
lesions indicating that activating K-ras mutations occur at an early stage during pan-
creatic carcinogenesis [ 126 ]. Thus, simultaneous expression of NICD with an onco-
genic form of K-ras in either pancreatic progenitors or mature acinar cells resulted in 
the development of PanIN lesions at time points where expression of NICD or K-ras 
alone did not lead to such lesions. These results strongly suggest that Notch and 
K-ras synergize and can cooperate to initiate pancreatic  carcinogenesis in  animal 
models [ 127 ]. Finally, experimental data on murine pancreatic adenocarcinoma 
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strongly suggest that Notch signaling can also promote progression from PanIN 
lesion to pancreatic adenocarcinoma and therefore could represent a therapeutic 
target [ 128 ,  129 ]. 

 Although these studies are very encouraging, many issues remain to be resolved. 
These include elucidation of the role Notch plays in pancreatic cancer and whether 
interference with Notch infl uences disease outcome, how do Notch receptors and 
ligands get re-expressed during the development of early PanIN lesions or during 
their progression to pancreatic is also unclear, as is the question of which Notch 
target genes are activated during this process and what is their role.  

2.4.2.4     Medulloblastoma 

 Multiple signaling pathways, which are involved in regulating neural stem cells, 
are also aberrantly activated in medulloblastoma, such as the sonic Hedgehog and 
the Wnt pathways [ 130 ,  131 ]. Analysis of primary medulloblastoma tumor samples 
also revealed increased mRNA expression of Notch-2 but not Notch-1. In 15 % of 
the examined tumors increased Notch-2 expression levels correlated with Notch-2 
gene amplifi cation suggesting that it may play a more important role for this neo-
plasm compared to the other Notch receptor family members [ 132 ,  133 ]. Moreover, 
increased Hes-1 expression correlated with poor patient survival prognosis [ 134 ]. 

 Additional evidence that Notch signaling is involved in medulloblastoma is 
derived from experiments trying to interfere with the Notch cascade. Pharmacological 
inhibition of Notch activation or using soluble Delta ligands or small interfering 
RNAs (siRNAs) approaches induced apoptosis and led to pronounced reduction 
of viable cells in medulloblastoma cell lines and/or primary explant cultures [ 134 , 
 135 ]. Reciprocal gain-of-function studies overexpressing N2ICD promoted cell 
proliferation, and tumor growth in xenotransplantation experiments. Somewhat 
surprisingly, similar experiments using N1ICD resulted in growth inhibition [ 134 ], 
which suggests that both Notch receptor exhibit very distinct functions, in contra-
diction with the in vivo fi nding [ 135 ]. How the N2ICD growth promoting function 
differs from a N1ICD mediated growth inhibitory function is unknown and needs 
further investigation.  

2.4.2.5     Skin Tumors 

 Recent studies suggest that activation of the Notch signaling pathway is important to 
preserve the melanocyte SC (MSC) and may also play a role in melanoma progres-
sion. Microarray profi ling comparing the gene expression pattern of normal mela-
nocytes to human melanomas revealed up-regulation of Notch receptors, ligands, 
and downstream target genes. Notch-2 and Hey1 mRNA were overexpressed in 
melanoma cells compared to nevi and normal melanocytes [ 136 ]. Furthermore, 
JAG-2 mRNA is upregulated in highly invasive melanoma cell lines [ 137 ]. Massi 
et al. have also found that the expression of Notch-1 and Notch-2, as well as Notch 
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ligands, was upregulated in human “dysplastic nevi” and melanomas as compared 
with common melanocytic nevi [ 138 ]. These results suggest that the activation of 
Notch may represent an early event in melanocytic tumor growth leading to the 
hypothesis that up-regulation of Notch signaling may sustain tumor progression. 
The oncogenic effect of Notch-1 on primary melanoma cells was mediated by 
β-catenin, which was upregulated following Notch-1 activation [ 9 ]. Moreover, the 
oncogenic effect of activated Notch-1 is at least partially mediated through regula-
tion of the MAPK and PI3K-Akt pathways and hyperactivated PI3K-Akt signal-
ing results in the upregulation of Notch-1 through NF-κβ activity [ 139 ,  140 ]. In 
addition, Notch-1 signaling enhances tumor cell adhesion and increases N-cadherin 
expression, a cell adhesion protein whose expression is highly correlated with mela-
noma progression and metastasis [ 140 ]. 

 Pinnix et al. have recently provided good evidence that deregulation of Notch 
signaling activity plays a specifi c role in promoting a transformed phenotype in 
human melanocytes and has defi ned the importance of Notch signaling in human 
melanoma [ 141 ]. Through analysis of a large panel of cell lines and patient lesions 
they could show that Notch receptors 1, 2, and 4 are overexpressed particularly 
when compared against primary melanocytes or normal human skin and that 
ectopic N1ICD expression resulted in the loss of E-cadherin expression and up- 
regulation of MCAM, two well-characterized events in melanoma development. 
These fi ndings suggest that Notch signaling plays a specifi c role in promoting the 
transformed phenotype in human melanocytes and acts as a driving force in melano-
cyte transformation. Nonetheless, genetic loss-of-function analyses in established 
melanoma models need to be performed in order to convincingly demonstrate that 
Notch activation is an obligate event necessary for melanoma development and/or 
tumor progression. 

 In non-melanoma skin tumors, data suggesting that Notch has tumor suppressive 
activities in the skin is mostly derived from genetic mouse studies and correlative 
expression studies of human skin lesions. Conditional inactivation of several signal-
ing components of the Notch cascade including Notch-1, Notch-1-Notch-2-Notch-3 
concomitantly, RBP-J, and Presinilin1 and 2 in mouse skin results in hyperprolif-
eration of the skin, hair loss, and epidermal cyst formation within less than 4 weeks 
[ 142 ,  143 ]. Skin tumors in mice lacking Notch-1 develop only after a long latency 
period (approximately 12 months), but removal of additional Notch components 
accelerates time to tumor onset to as early as ~70 days in mice heterozygous for 
Notch-2 and lacking Notch-1 and Notch-3 [ 144 ]. The spontaneous tumors of these 
mice are papillomas with a subset progressing to heavily vascularized basal cell 
carcinoma-like tumors and a few squamous cell like tumors. The long latency of 
tumor onset in Notch-1 defi cient mice suggest that loss of Notch-1 signaling on its 
own is not suffi cient to develop skin tumors. During the latency period additional 
mutations are likely to accumulate thus suffi ciently deregulating growth leading to 
tumor development [ 144 ]. In this scenario Notch would cooperate with additional 
oncogenic mutations and thereby contribute to tumor development. 

 The genetic mouse data seem to be consistent with observations in human skin 
cancer. Human basal cell carcinomas exhibit downregulated Notch-1, Notch-2, 
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and JAG-1 expression [ 53 ]. Moreover, reduced expression of Notch-1, Notch-2, 
and Hes-1 was shown in a panel of human oral and skin squamous cell carcinoma 
cell lines, as well as in surgically excised squamous cell carcinomas from patients. 
In addition, suppression of Notch signaling in primary human keratinocytes that 
express an activated form of the Ras gene is suffi cient to cause aggressive squamous 
cell carcinomas in xenograft models [ 145 ], as seen with mouse keratinocytes [ 146 ]. 
Downregulation of Notch-1 expression in human skin tumors may be linked to com-
promised p53 function, a regulator of Notch-1 expression [ 147 ,  148 ]. Interestingly, 
a similar link between suppression of Notch and p53 activity was reported for 
Ewing’s sarcoma [ 149 ], possibly indicating that such a mechanism could be con-
served in tissues where Notch has growth suppressive functions. 

 Although the skin is clearly the best-studied organ system in which Notch exerts 
tumor suppressive properties, much more work needs to be done to map all the tis-
sues where Notch loss may promote cancer. The prostate [ 157 ], small cell lung can-
cer [ 158 ] and hepatocellular carcinoma [ 154 ] are all locations where loss of Notch 
signaling may promote dysplasia.    

2.5     Therapeutic Approaches to Modulating Notch Signaling 

 For targeting purposes, some features of the Notch pathway have unique relevance. 
First, the fact that the Notch pathway members has not enzymatic activity and signal-
ing cascade triggered by Notch-ligand interactions does not include and enzymatic 
amplifi cation step means that “signal intensity” can be modulated very precisely by 
cellular regulatory mechanisms. As a result, the downstream effects of Notch acti-
vation are exquisitely dose dependent [ 159 ]. This means that complete shutdown of 
the pathway may not always be necessary to achieve a therapeutic effect. A second 
important feature is that the intracellular half-life of the active form of Notch, NICD, 
is generally very short, in the order of minutes, as we referred above, though it may 
be longer in transformed cells [ 109 ]. The Notch signal is essentially a short pulse 
of gene regulation [ 159 ], which implies that sustained inhibition may not always be 
necessary and that intermittent inhibition may be successful. A third key feature is 
that the effects of Notch are remarkably context dependent. This means that Notch 
signals can be used for different purposes in different cell types and that systemic 
inhibition of Notch signaling is likely to have a multitude of effects in different cell 
types. Therefore, for therapeutic purposes it necessary to determine whether there is 
a level (or timing) of Notch inhibition that is suffi cient to attain effi cacy in disease 
control without causing intolerable adverse events (Fig.  2.1 ).

   There is defi nitely a potential therapeutic benefi t for targeting Notch in cancers 
including CSC depletion, tumor angiogenesis reduction, differentiation induction, and 
even cell death [ 59 ]. The effi cacy of targeting Notch in cancer will vary within cancer 
types; even within the same cancer, targeting Notch may result in different effects on 
tumor subpopulations [ 11 – 13 ,  59 ]. Several inhibitory strategies are  currently tested in 
preclinical setting as well as in clinical trials, including the following:
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Cell origin of
the signal

Cell receiving
the signal

LIGAND

NOTCH

ADAM

MAM
Nucleus

CSL

NICD

NICD

A5226A
(Anti-Nicastrin mAb)

NRR2
(Anti-Notch1 mAb)
602.101
(Anti-Notch1 mAb)
NRR3
(Anti-Notch3 mAb)

OMP-21M18
(Anti-DLL4 mAb)

SAHM1
(MAM peptide antagonist)

PF-03044014
MRK-003
MK-0756
RO4929097

-SECRETASE
L

  Fig. 2.1    Notch pathway. Alternative therapies to inhibit Notch pathway       

    1.    Various GSI of different selectivity and effi cacy, all preventing the S3 cleavage 
and thereby activation of all Notch receptors.   

   2.    Inhibitory antibodies (Abs) against individual Notch receptors and ligands with 
the aim to block specifi c receptor-ligand interactions.   
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   3.    Receptor specifi c inhibitory Abs masking the S2 cleavage site, thereby blocking 
ADAM-protease-mediated cleavage of the receptors.   

   4.    Novel stapled peptides blocking the formation of a functional NICD-MAML 
transcription complex of unknown selectivity and low effi cacy.    

  Some on the more promising strategies, with their potential advantages and dis-
advantages, are discussed in detail below. 

2.5.1     GSIs 

 GSIs were fi rst developed as potential therapies to treat and/or prevent Alzheimer’s 
disease, as the amyloid precursor protein (APP) implicated in this illness is also 
cleaved by the gamma-secretase [ 160 ,  161 ]. The off-target effects of the fi rst- 
generation GSIs on Notch signaling immediately suggested that these agents might 
prove particularly useful in treating Notch-related tumors and they represent the 
pioneering class of Notch inhibitors both in the laboratory and in the clinic. 

 There are numerous GSIs (Table  2.1 ) commercially available for research and a 
number of chemical structures have been used as the basis for these compounds. The 
most commonly used is a modifi ed di- or tri-peptide, usually with one to two aromatic 
hydrocarbon rings included. This has yield hydrophobic compounds which are cell-
permeable and that act as reversible inhibitors of γ-secretase. In the laboratory, the most 
widely employed is DAPT and another frequently-used compound in the structurally 
similar Lilly GSI L685, 458. A structurally different compound which is also available 
preclinically is compound E (PF-03044014). Other classes of GSIs includes diazepine-
type structures, with DBZ (dibenzazepine) as an example, agents based on an isocou-
marin foundation, such as JLK6, that can bind and inhibit γ-secretase irreversibly or 
potent agents with a sulfonamide core, such as Compound 18 [ 64 ,  134 ,  172 ]. The speci-
fi city, selectivity, and dosing strategies of GSIs have been improving steadily over the 
last years. They have the advantage of relative ease of administration and oral bioavail-
ability. In general, small molecules can be dosed more precisely than Abs because of 
their relatively short biological half-life and simpler dose-response relationships. An 
additional potential advantage is the fact that a single agent can block the activation of 
all four Notch homologues since they all depend on γ-secretase. Even though there are 
at least six different γ-secretase complexes in humans, and subtype-specifi c inhibitors 
might be developed, Notch appears to be a substrate for each of these complexes.

2.5.1.1       GSI for Notch-Targeted Cancer Therapeutics: 
T-ALL and Other Hematologic Malignancies 

 Given the well-documented role of overactive Notch signaling in T-ALL [ 6 ,  29 , 
 89 – 99 ], many of the fi rst studies to explore the potential effi cacy of GSI-based 
 cancer treatments focused on T-ALL human cell lines and mouse xenografts models. 
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 In an early study, fi ve human T-ALL cell lines were found to undergo G 0 /G 1  
cell cycle arrest, reduction in cell proliferation, and increased apoptosis following 
treatment with Compound E [ 6 ], fi ndings that were subsequently replicated with 
additional T-ALL cell lines [ 14 ,  15 ,  173 – 175 ]. Specifi c inhibition of Notch signal-
ing was demonstrated by reduced NICD levels and transcriptional downregulation 
of Notch-1-responsive genes. Compound E was also shown to enhance the sensitiv-
ity of T-ALL cell lines to other agents, including dexamethasone and imatinib [ 14 ]. 
Similar effects on G 0 /G 1  cell cycle arrest and apoptosis were also observed with the 
cyclic sulfonamide GSI MRK-003 for three T-ALL cell lines [ 176 ]. Nevertheless, 
these studies also revealed that only a subset of T-ALL cell lines responded positively 
to GSI therapy [ 6 ,  177 ] and mixed results were also reported with rodent xenografts 
models of T-ALL using various GSIs [ 15 ,  163 ]. For example, the GSI PF-03084014 
was found to exert robust antitumor effects in six Notch-1-driven T-ALL xenografts 
[ 15 ], and MRK-003 similarly downregulated Notch signaling, inducing apoptosis 
and causing complete tumor regression in mouse xenografts of thirteen different 
human T-ALL lines [ 163 ]. However, the evaluation of the GSI RO4929097 in a 
panel of mouse xenografts representing several different human cancers revealed 
no effect on two T-ALL xenografts or six precursor-B ALL xenografts, although 
tumor growth delays were observed for other xenografts tested, particularly for 
osteosarcoma [ 168 ]. One likely factor that could explain these incongruent out-
comes in T-ALL cell lines and xenograft models is that a variety of different GSI 
and dosing regimens have been employed in the studies performed to date, making 
it diffi cult to compare the results. Indeed, different T-ALL cell lines and xenografts 
are exquisitely sensitive to different dosing regimens. For instance, in one T-ALL 
xenograft study comparing seven different MRK-003 dosing regimens, high doses 
administered on a 3-days-on/4-days-off, weekly, or bimonthly schedule were effec-
tive, but moderately lower doses administered on similar schedules were ineffective 
in conferring antitumor protection [ 163 ]. In a second mouse xenograft study with 
PF-03084014, much stronger antitumor effi cacy was observed for a 7-days-on/7-
days-off dosing schedule compared to a 3-days-on/4-days- off dosing schedule [ 15 ]. 
These results highlight the necessity of carefully evaluating GSI dose levels, dos-
ing schedules, and therapeutic windows to determine the optimal design of clini-
cal trials for candidate GSI agents. A second factor contributing to the differential 
response of T-ALL tumors to GSI therapy is that these tumors are genetically het-
erogeneous. Several T-ALL cell lines that exhibit high levels of NICD are resistant 
to GSI treatment were found to harbor mutations in the FBW7 gene, which encodes 
an F-box ubiquitin ligase required for NICD degradation by the proteosome [ 177 ]. 
The FBW7 mutations abrogate its binding to the substrates, thus allowing NICD 
to evade its normal down-modulation. A signifi cant percentage (8.1 %) of primary 
T-ALL isolates were also found to harbor FBW7 mutations, illustrating the ten-
dency of T-ALL cells to acquire secondary mutations under selective pressure for 
continued tumor growth. Mutational inactivation of the PTEN tumor suppressor 
gene has also been documented in T-ALL cell lines with GSI resistance, resulting 
in hyperactive PI3K/Akt/mTOR signaling that confers this resistance by bypassing 
the requirements for Notch signaling during leukemic clone growth [ 71 ]. As these 
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studies indicate, it is of great importance to identify biomarkers and perform tumor 
genotyping in order to predict which molecular subtypes of T-ALL and other can-
cers are more likely to obtain benefi t with GSI-based treatments. 

 A phase I clinical trial of MK-0752, which involved 10 patients with relapsed or 
refractory T-ALL, six of whom had activating Notch1 mutations, proved disappointing 
[ 159 ]. The orally administered daily dose (300 mg/m 2  per day) had sever gastrointestinal 
toxicities (diarrhea, fatigue and cough), and patients were on the trial for a median of 11 
days. The dose and daily schedule were clearly too toxic. Evaluation of Notch1 levels in 
peripheral blood mononuclear cells did not correlate with gain-of-function Notch1 muta-
tions or clinical benefi t. Several phase I studies are currently underway to evaluate differ-
ent GSI (MK-0752, RO4929097, MRK- 003, PF-03084014) for the treatment of T-ALL. 

 On the other hand, emerging evidence indicates that GSIs might also prove use-
ful for treating hematologic tumors of B-cell origin. Many B-cell tumor lines have 
been found to be sensitive to GSIs, providing a rationale for further testing in animal 
models and ultimately in human clinical trials. DAPT treatment causes a signifi cant 
reduction in cell proliferation for Hodkin’s lymphoma and multiple myeloma cells, 
and GSI-I, GSI-XII and DAPT inhibit growth and induce apoptosis of large B-cell 
lymphoma and Burkitt’s lymphoma cells [ 173 ,  178 ]. Contradictory results have been 
obtained with precursor-B ALL cell lines, with one study reporting no signifi cant 
effect of RO4929097 on six different cell lines [ 168 ], while another study found that 
GSI-I induces apoptosis in precursor-B ALL cell lines and primary lymphoblasts, and 
blocked or delayed engraftment in 50 % of precursor-B ALL mouse xenografts [ 179 ]. 
Furthermore, MRK003 treatment induced caspase-dependent apoptosis and inhibited 
proliferation of multiple myeloma and non-Hodkin lymphoma cell lines and patient 
cells. Examination of signaling events after treatment showed time-dependent decrease 
in levels of the notch intracellular domain, Hes1 and c-Myc. MRK003 downregulated 
cyclin D1, Bcl-Xl and Xiap levels in non- Hodkin lymphoma cells and p21, Bcl-2 and 
Bcl-Xl in multiple myeloma cells. In addition, MRK003 caused an upregulation of 
pAkt, indicating crosstalk with the PI3K/Akt pathway [ 164 ]. A complicating question 
is that unlike truly γ-secretases- specifi c GSIs, some GSI compounds including GSI-I 
and –XII also target the proteasome, leading to the suggestion that simultaneous inhibi-
tion of both γ-secretase and the proteosome is required for the pro-apoptotic activities of 
some GSIs in B-cell tumors [ 179 ]. Finally, GSI can also modulate the Notch-dependent 
interactions between B cells and stromal osteoblasts, osteoclasts and fi broblasts. GSI 
treatment ameliorates the stromal cell-mediated drug resistance of multiple myeloma 
cells in vitro and enhanced the antitumor activities of melphalan and doxorubicin in 
a murine multiple myeloma model [ 75 ]. Therefore, GSI-based therapies might prove 
broadly applicable for B-cell neoplasias despite the complexities of Notch signaling 
and its crosstalk with other pathways in this class of hematologic tumors.  

2.5.1.2     GSI-Based Therapies for Solid Tumors 

 Numerous studies using human cancer cell lines and xenografts models have estab-
lished the potential utility of GSI-based therapies for solid tumors [ 13 ,  64 ,  75 ,  83 , 
 128 ,  162 ,  165 ,  168 ,  169 ,  180 – 183 ]. For instance, the in vitro and in vivo properties 
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of PF-03084014 have been investigated in a panel of breast cancer xenografts 
 models [ 162 ]. In vitro, PF-03084014 exhibited activity against tumor cell migra-
tion, endothelial cell tube formation, and mammosphere formation. In vivo, apop-
tosis, anti-proliferation, reduced tumor cell self-renewal ability, impaired tumor 
vasculature, and decreased metastasis activity after the treatment of PF-03084014 
was also observed. PF-03084014 treatment displayed signifi cant antitumor activity 
in 10 of the 18 breast xenograft models [ 180 ]. However, the antitumor effi cacy in 
most of them did not correlate with the in vitro antiproliferation results in the corre-
sponding cell lines, suggesting the critical involvement of tumor microenvironment 
during Notch activation. In the tested breast xenograft models, the baseline expres-
sions of the Notch receptors, ligands, and the cleaved Notch-1 failed to predict the 
antitumor response to PF-03084014, whereas several Notch pathway target genes, 
including Hey2, Hes-4, and Hes-3 were strong predictors of response. In addition, 
RO4929097 has shown to downregulated the Notch target genes Hes-1, Hey1, and 
HeyL in infl ammatory breast cancer cells. However, the putative self-renewal mam-
mosphere formation assay effi ciency was increased with the drug [ 181 ]. Authors 
further showed that RO429097 inhibits normal T-cell synthesis of some infl am-
matory cytokines, including TNF-α and interleukin-8 (IL-8) production in the 
microenvironment. The therapeutic effect of GSI in K-rasG12V-driven non-small 
cell lung cancer (NSCLC) has also been shown in mice carrying autochthonous 
NSCLCs [ 182 ]. Treated carcinomas present reduced Hes-1 levels and reduced phos-
phorylated ERK without changes in phosphorylated MEK. Mechanistically, Hes-1 
directly binds to and represses the promoter of DUSP1, encoding a dual phospha-
tase that is active against phospho-ERK. Accordingly, GSI treatment upregulates 
DUSP1 and decreases phospho-ERK. A recently published study has analyzed a 
panel of human pancreatic cancer cell lines as well as patient-derived pancreatic 
cancer xenografts to determine their responsiveness to MRK-003, a potent and 
selective GSI [ 165 ]. Pretreatment of pancreatic cancer cells with MRK-003 in cell 
culture signifi cantly inhibited the subsequent engraftment in immunocompromised 
mice. MRK-003 monotherapy signifi cantly blocked tumor growth in 5 of 9 (56 %) 
pancreatic cancer xenografts. A combination of MRK-003 and gemcitabine showed 
enhanced antitumor effects compared with gemcitabine in 4 of 9 (44 %) pancre-
atic adenocarcinoma xenografts, reduced tumor cell proliferation, and induced both 
apoptosis and intratumoral necrosis. Gene expression analysis of untreated tumors 
indicated that upregulation of NF-κB pathway components was predictive of sensi-
tivity to MRK- 003, whereas upregulation in B-cell receptor signaling and nuclear 
factor erythroid- derived 2-like 2 pathway correlated with response to the combina-
tion of MRK-003 with gemcitabine. Finally, RO4929097 reduces the tumor ini-
tiating potential of human melanoma cell lines by decreasing the levels of Notch 
transcriptional target Hes-1. RO4929097 also decreased tumor volume and blocked 
the invasive growth pattern of metastatic melanoma cell lines in vivo [ 169 ]. Another 
GSI, MRK-003 has also shown to reduce growth and cell invasion in uveal mela-
noma cell lines [ 183 ]. 

 Several phase I clinical trials with GSIs have also been performed in patients 
with solid tumors [ 184 – 187 ]. The primary aims of these studies were to determine 
a maximum-tolerated dose (MTD) for phase II dosing, assess safety, and examine 
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potential antitumor effi cacy, as well as pharmacokinetic (PK) and pharmacodynamic 
(PD) end points. In the study by Krop et al. [ 166 ], MK-0752 was re- investigated in 
103 patients under three schedules and at fl at doses: schedule A with continuous, 
once-per-day dosing; schedule B with dosing on 3 days of 7; and schedule C with 
once-per-week dosing. Both schedules A and B evaluated two cohorts before dose-
limiting diarrhea occurred with schedule A and unexpected dose- limiting fatigue 
occurred with schedule B. Dose expansions at the lower dose of 450 mg on both 
schedules indicated unacceptable toxicity; therefore, a weekly dosing schedule was 
pursued. However, by the time it was decided that neither schedule A nor B was 
worth pursuing, a total of 38 patients had already been treated in the expansion 
cohort. It is unclear why schedule A or B was re-investigated when the dose and 
the schedules were clearly too toxic in the previously reported MK-0752 study in 
patients with T-ALL. Not surprisingly, identical toxicities were reported in both 
studies. On schedule C (once-per-week dosing), 65 patients were treated in eight 
cohorts. Signifi cant inhibition of Notch signaling was observed with the 1,800–
4,200-mg weekly dose levels, confi rming target engagement at those doses. Clinical 
benefi t was observed, with one objective complete response and an additional 10 
patients with stable disease longer than 4 months were observed among patients 
with high-grade gliomas. Although this drug has been reported to penetrate the 
CNS in mouse models, how effectively this occurs in patients is unknown. A second 
study with MK-0752 has been performed in 23 children with refractory or recurrent 
CNS malignancies [ 167 ]. MK-0752 was administered once daily for 3 consecutive 
days of every 7 days at escalating dosages starting at 200 mg/m 2 . Interestingly, no 
clinical responses or durable stable disease has been reported. Perhaps, this refl ects 
lower daily dosing and generally low plasma levels, below which CNS penetration 
was observed in the animal models. 

 Tolcher et al. have evaluated three schedules of oral RO4929097 in 110 patients 
with refractory locally advanced or metastatic solid tumors [ 170 ]. In schedule A, 58 
patients were treated for 3 days on and 4 days off for the fi rst 2 weeks, followed by a 
week of rest. In schedule B, 47 patients were treated for the fi rst 7 consecutive days 
of a 3-week cycle. Despite multiple dose escalations, an MTD (using a classic 3 +3 
design) could not be defi ned for either schedule A or B. In fact, dose escalation was 
halted at a dose of 270 mg on schedule A and 135 mg on schedule B because PK 
evidence indicated CYP3A4 autoinduction at doses greater than 24 mg on schedule 
A and 18 mg on schedule B, with a decline in plasma concentrations with continued 
dosing. Treatment was well tolerated at the doses of both schedules A and B. Tumor 
responses included one partial response in a patient with colorectal adenocarcinoma 
with neuroendocrine features, one mixed response (stable disease) in a patient with 
sarcoma, one nearly complete FDG-PET response in a patient with melanoma and 
prolonged stable disease in several other tumor types. 

 The activity of RO4929097 has recently been tested in a phase II trial including 
37 patients with metastatic colorectal cancer who had received at least two prior 
lines of systemic CT. Patients were treated at the dose of 20 mg daily, 3 days on 
and 4 days off continuously. No objective radiographic responses were observed 
and only six patients had stable disease as their best response. Median progression 
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free survival (PFS) was 1.8 months and median overall survival (OS) was 6 months, 
which suggests that RO4929097 at the study dose has minimal single agent activity 
in this malignancy [ 171 ]. 

 GSI-based Notch inhibition is now being evaluated for some solid tumors in pre-
clinical and clinical trials that are currently underway. In fact, the Cancer Therapy 
Evaluation Program now has several trials that are readdressing the issue of opti-
mal dose and schedule (A Phase I Study of Various Administration Schedules of 
RO4929097 With Multi-Parameter Assessment [Biomarkers, Pharmacokinetics, 
Pharmacodynamics] in Patients With Advanced Solid Cancers; and the Randomized 
Drug Interaction Study of RO4929097 for Advanced Solid Tumors). Several stud-
ies are in fact using schedules not even tested in phase I studies, such as daily low 
doses of drugs (15 mg per day) so as to avoid autoinduction (Phase IB/II Study of 
GDC- 0449 [NSC 747691] in Combination With RO4929097, a Gamma-Secretase 
Inhibitor [GSI] in Advanced/Metastatic Sarcomas). All of these issues might have 
been avoided by examining the tumors of the patients. It is thus quite clear that it is 
essential to examine pharmacology in real time. As newer biologic and small mol-
ecule inhibitors are investigated, we will continue to encounter agents for which an 
MTD cannot be readily defi ned. In this context, pathway inhibition in matched-pair 
tumor samples will be absolutely critical to help defi ne the minimal biologically 
effective dose and optimize the drug development process [ 188 ]. 

 Preclinical and clinical trials evaluating GSIs in cancer are summarized in 
Table  2.1 . Table  2.3  showed ongoing clinical trials with these compounds.   

2.5.2     Notch Immunotherapy: Antibody 
Inhibitors of Notch Activity 

 An alternative approach for inhibiting Notch signaling is immunotherapy using 
antibodies directed against Notch, its Delta/Jagged ligands, or other components of 
the pathway (Table  2.2 ). One potential advantage of Abs inhibitors is their speci-
fi city, allowing specifi c members of the pathway to be targeted with high affi nity, 
potentially limiting mechanism-based toxicity caused by global inhibition of Notch 
signaling [ 11 – 13 ]. One situation in which a specifi c biologic may be preferable is 
in malignancies where a particular mutated or otherwise deregulated Notch para-
logue is known to be the primary oncogenic event or if the target has a relatively 
restricted expression pattern compared to other pathway members. Abs, however, 
are large molecules, though the delivery/access to cancer cells could be a main diffi -
culty. For certain cancers such as brain tumors, local delivery may be an option, but 
for most metastatic cancers it is necessary to have effi cient systemic distribution. 
Thus, inhibitory Abs of Notch may be most easily applied toward hematopoietic 
malignancies or for antiangiogenic purposes. Other potential disadvantages of bio-
logics in this setting include their generally complex dose-response curves in vivo 
and their long biological half-lives. If intermittent inhibition of Notch signaling is 
desirable to minimize adverse events, using an mAb that will remain in circulation 
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for days or weeks may prove challenging in terms of regimen designs. Of course, 
the biological half-lives of mAbs can be modulated by recombinant engineering or 
generation of F(ab)2 s, F(ab)s or even single chain Fvs [ 11 ,  13 ].

   Inhibitory Abs directed against Notch ligands, including DLL-1 and DLL-4 
have been developed. As mentioned above, Notch signaling via the ligand DLL-4 
was reported by multiple groups to suppress angiogenic sprouting by endothe-
lial cells and DLL-4 overexpression is found in tumor vasculature and in tumor 
cells to activate Notch signaling [ 79 ,  80 ]. Studies targeting blood vessel formation 
employing blocking Abs to DLL-4 revealed substantial tumor growth reduction in 
cancer cell line-based xenograft models [ 80 ]. The antitumor effect was shown to 
be the result of deregulated angiogenesis characterized by increasing sprouting in 
endothelial tip cells leading to chaotic and dysfunctional vasculature in the tumor. 
Thus, inhibiting DLL-4 disrupts productive angiogenesis in a different way from 
traditional antiangiogenic therapies causing hyperproliferation of tumor vessels 
that leads to a reduction in tumor growth. Importantly, this occurred even in cancer 
models that were resistant to VEGF Abs, an established and powerful antiangio-
genic approach in cancer therapy [ 79 ,  80 ,  195 – 197 ]. This has prompted an aggres-
sive effort to develop DDL-4 Abs for clinical usage. A land mark study by Hoey 
and colleagues demonstrated that blocking DLL-4 signaling inhibits tumor growth 
through multiple mechanisms, including a reduction in CSC frequency. In addition 
to the previously described effect on deregulating angiogenesis, they showed that 
selectively inhibiting DLL-4 signaling in human tumor cells with a humanized 
anti-hDLL4 21M18 Ab leads to a decrease in colon tumor growth, a delay in tumor 
recurrence after chemotherapeutic treatment, and a decrease in the percentage of 
tumorigenic cells. In a second study, the combination of specifi c DLL-4 Notch 
blockade and ionizing radiation impairs tumor growth in human colorectal carci-
noma and human head and neck xenografts by promoting non-functional tumor 
angiogenesis and extensive tumor necrosis, independent of tumor DLL-4 expres-
sion [ 198 ]. Fischer et al. tested the effi cacy of anti-DLL4 antibodies in KRAS 
mutant tumors in a panel of early passage colon tumor xenograft models derived 
from patients. It was effi cacious against both wild-type and mutant KRAS colon 
tumors as a single agent and in combination with irinotecan [ 199 ]. Further analysis 
of mutant KRAS tumors indicated that the anti-DLL4/irinotecan combination pro-
duced a signifi cant decrease in colon cancer stem cell frequency while promoting 
apoptosis in tumor cells. Following those preclinical studies providing evidence 
of antitumor activity, phase I clinical trials of the use of two different anti-DLL4 
human mAbs- REGN421 and OMP-21M18- in treatment of solid tumors are cur-
rently in progress. A recent report, however, has raised some important safety 
concerns in the use of blocking DLL-4 chronically [ 200 ]. The authors showed 
that prolonged DLL-4 blockade using a rat model resulted in severe disruption of 
normal tissue homeostasis, caused pathological activation of endothelial cells and 
ultimately led to the development of vascular/endothelial cell-based tumors resem-
bling hemangioblastoma in skin, heart, and lung. If this adverse event is borne out 
by others, it may present a major obstacle to the usage of DLL-4 Abs in clinic. 
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 Blocking Abs to Notch or its ligands may serve not only antiangiogenic func-
tions but also directly inhibit cancer cells. A growing number of reports have 
described the development of Abs that specifi cally antagonize the Notch para-
logues Notch-1, 2 and 3. Some of these Abs seem to work by recognizing and 
stabilizing the extracellular NRR of Notch that undergoes a conformational 
change upon ligand bindings to facilitate ADAM protease cleavage at the S2 site 
[ 201 – 204 ]. This raises the interesting prospect that Abs could fi ne-tune Notch 
activity, increasing or attenuating signaling by individual Notch family mem-
bers by different mechanisms. Several in vitro studies on human tumor lines 
indicate that they are able to inhibit oncogenic Notch signaling, albeit not as 
potently as cell-penetrating, small molecule GSIs [ 203 ]. One interesting report 
has emerged in which anti-NRR Abs were developed that specifi cally block 
activity of either Notch-1 or Notch-2 [ 202 ]. The Notch-1 anti-NRR showed 
good antitumor effects, but without the gut toxicity associated with combined 
Notch-1 and Notch-2 inhibition. Sharma et al. have developed the mAb 602.101, 
which specifi cally recognizes Notch-1, inhibited ligand- dependent expression 
of downstream target genes of Notch such as Hes-1, Hes-5, and HEY-L in the 
breast cancer cell line MDA-MB-231 [ 204 ]. The mAb also decreased cell pro-
liferation and induced apoptotic cell death. Furthermore, exposure to this Ab 
reduced CD44(Hi)/CD24(Low) subpopulation in MDA-MB-231 cells, suggest-
ing a decrease in the cancer stem-like cell subpopulation. This was confi rmed by 
showing that exposure to the Ab decreased the primary, secondary, and tertiary 
mammosphere formation effi ciency of the cells. The Ab also modulated expres-
sion of genes associated with stemness and epithelial-mesenchymal transition. In 
a third study, Abs to Notch-3 were also reported that can either block or stimulate 
receptor signaling [ 201 ]. These fi ndings provide insights into the mechanisms of 
Notch autoinhibition and activation and pave the way for the further development 
of specifi c antibody-based modulators of the Notch receptors, which are likely to 
be of utility in a wide range of experimental and therapeutic settings. A number 
of Notch-targeting Abs (NNR-1, NNR-1, NNR-3) are currently being evaluated 
in preclinical studies, and the anti-Notch mAb OMP-59R5 is under phase I clini-
cal trial evaluation (Table  2.3 ).

   MAbs could also be used to target γ-secretase itself, an approach that has received 
little attention due to the availability of highly effective GSIs. Nevertheless, human 
γ-secretase is heterogeneous, with at least six different complexes possible due 
to differential usage of either presenilin-1 or −2 as well as Aph-1Aς, Aph-1A L  or 
Aph-1B, and targeted inhibition of particular γ-secretase subtypes could potentially 
be benefi cial in some therapeutic contexts. In a recent published study, a novel mAb 
A5226A against the extracellular domain component Nicastrin has been shown to 
inhibit γ-secretase activity by competing with substrate binding, and to interfere 
with proliferation of T-ALL cell lines and tumor growth in T-ALL mouse xeno-
grafts [ 42 ]. 

 Preclinical trials evaluating antibodies inhibitors of Notch activity are  summarized 
on Table  2.2 .  
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2.5.3     Peptide-Based Approaches 

 The transcriptional effector complex downstream of Notch has also been targeted 
using a different-based approach. A recent publication has converted the peptide 
MAML1 transcription factor-based inhibitors into a drug-like molecule able to tar-
get the Notch/CSL transcription complex [ 194 ]. The crystal structure of Notch/
MAML1/CSL identifi es a nearly continuous stretch of α-helices at the interface 
of the three proteins. Moellering et al. hypothesized that a helical peptide mimetic 
might be able to compete for binding to NICD with full-length MAML1 and there-
fore inhibit transcriptional activation of Notch-targeted genes [ 205 ]. The research-
ers designed a series of six stapled α-helices peptides derived from MAML1, thus 
named for covalent backbone bonds stabilizing the helix. The stapled peptide was 

     Table 2.3    Ongoing clinical trials evaluating therapeutic targeting of Notch signalling   

 Compound  Condition  Status 

 γ-secretase 
inhibitors 

 MK-0752  CNS tumors 
 Breast cancer 
 Pancreatic cancer 
 T-ALL 

 Phase I clinical trials: 
  NCT00756717 
  NCT00803894 
  NCT01295632 
  NCT01098344 
  NCT00645333 
  NCT01243762 
  NCT00572182 
  NCT00106145 
  NCT00100152 

 RO4929097  Breast cancer 
 CNS tumors 
 Colorectal cancer 
 Melanoma 
 T-ALL 

 Phase I clinical trials: 
  NCT01198535 
  NCT01218620 
  NCT01217411 
  NCT01149356 
  NCT01270438 
  NCT01238133 
  NCT01088763 
  NCT01141569 
  NCT01208441 
  NCT01196416 

 PF-03084014  Solid tumors 
 T-ALL 

 Phase I clinical trial: 
  NCT00878189 

 MABs targeting 
notch 
signaling 

 OMP-21M18 
(Anti-DLL4mAb) 

 Pancreatic cancer 
 Colorectal cancer 
 Non-squamous 

non-small cell lung 
cancer 

 Solid tumors 

 Phase I clinical trials: 
  NCT01189929 
  NCT01189942 
  NC01189968 
  NC00744562 

 OMP-59R5 (Anti- Notch 
mAb) 

 Pancreatic cancer 
 Solid tumors 

 Phase Ib/II clinical 
trial 

 NCT01647828 
 NCT01277146 
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also more resistant to protease recognition and degradation and it was actively taken 
up by cells and entered the nucleus, where they can target the transcriptional pro-
cess. In vitro cell culture studies confi rmed that one peptide, SAHM1, prevented 
MAML1 from binding to the NICD-CSL complex, blocked the expression of 
Notch-1 target genes, and reduced proliferation of human T-ALL cell lines. The 
inhibitory effect was confi rmed in a murine model of T-ALL reducing tumor burden 
signifi cantly compared with vehicle. This strategy holds promise and, in principle, it 
could be applied to other components of the Notch pathway, including ADAM10/17 
proteases or Notch glycosylation enzymes, although an important consideration in 
the extent to which such agents might also disrupt other cellular processes that 
depend upon the same enzymes.  

2.5.4     Combinatorial Therapies Involving Notch Inhibition 

 As is becoming clear for many targeted inhibitors in cancer, Notch inhibition may 
be best not as solitary therapy but in combination with other agents. Such combina-
tions will be made possible only through a thorough understanding of cross-talk 
between Notch and other developmental and non-developmental pathways that may 
play roles in specifi c malignancies. Given that deregulated Notch signaling plays 
an ancillary role in many cancers that are primarily caused by malfunction of other 
signaling pathways and cell growth mechanisms and the growing body of evidence 
demonstrating that Notch inhibitors sensitize to more standard treatments such as 
chemotherapy and radiotherapy [ 206 – 208 ], a promising approach is to combine 
Notch inhibition with other chemotherapeutic agents that target these other path-
ways. In T-ALL cell lines harboring both Notch-1 mutations and Abl1 fusions, 
certain combinatorial treatment regimens using GSIs with the kinase inhibitor 
imatinib have demonstrated synergistic antitumor effects [ 14 ]. Real et al. achieved 
a promising breakthrough using the combination of a GSI with dexametasone in 
glucocorticoid- resistant tumor cell lines [ 103 ]. Moreover, dexamethasone counter-
acts lethal gut toxicity induced by the GSI and the authors outline how the combina-
tion therapy induces apoptosis in T-ALL cell lines, primary human T-ALL cells, and 
in xenografts of such T-ALL cell lines in mice to a much greater extent than either 
dexamethasone or the GSI alone. A second study has shown similar conclusions. 
Combination treatment of the GSI PF-03084014 with glucocorticoids induced a 
synergistic antileukemic effect in human T-ALL cell lines and primary human 
T-ALL patient samples. Mechanistically, PF-03084014 plus glucocorticoid treat-
ment induced increased transcriptional upregulation of the glucocorticoid recep-
tor and glucocorticoid target genes. Glucocorticoid treatment effectively reversed 
PF-03084014-induced gastrointestinal toxicity via inhibition of goblet cell meta-
plasia [ 209 ]. Synergistic effects were not observed, however, when GSIs were com-
bined with etoposide, methotrexate, vincistine or  l -asparaginase [ 14 ]. In multiple 
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myeloma, combined inhibition of Notch using GSI-XII treatment and Bcl-2/Bcl-xL 
using the small molecule ABT-737 resulted in synergistic cytotoxicity in cell lines 
and mouse xenografts models [ 209 ]. Enhanced antimyeloma effects have also been 
observed for combinations involving GSI-XII and bortezomib in cell lines and pri-
mary bone marrow isolates [ 210 ]. 

 The utility of combining GSIs with conventional chemotherapy, hormono-
therapy or targeted agents has also been confi rmed for solid tumors [ 211 – 219 ]. 
In breast cancer, GSIs such as LY-411,575 and MRK-003 were found to prevent 
or reduce ErbB-2-positive tumors recurrence when combined with lapatinib or 
trastuzumab in cancer xenografts, and partially reversed trastuzumab resistance 
in refractory tumors [ 211 ]. Notch signaling is prominently regulated by Her2/
Neu and trastuzumab- induced inhibition of ErbB-2 leads to Notch-1 activation 
[ 212 ], which in turns activates PI3K/Akt/mTOR signaling [ 70 ,  213 ], a tumor-
promoting event that is attenuated by GSI treatment in some ErbB-2-positive 
breast cancer lines [ 69 ,  212 ]. In addition, a newly discovered feedback between 
Notch and the ER-α [ 112 ,  137 ,  214 ] supports combining Notch inhibitors with 
anti-estrogens and this combination is being investigated in ongoing clinical tri-
als. An unexpected but potentially useful observation was that co-treatment with 
tamoxifen greatly alleviated the intestinal toxicity of orally administered GSIs, 
suggesting that this combination may be not only more effective but also safer 
than single GSI treatment. Oxaliplatin-induced activation of Notch-1 signaling in 
metastatic colorectal cancer is reduced by simultaneous GSI treatment, resulting 
in enhanced tumor sensitivity to oxaliplatin [ 215 ]. Additionally, the combination 
of PF-03084014 and irinotecan may be effective in reducing tumor recurrence in 
a colorectal cancer preclinical explants model in those tumors exhibiting elevated 
levels of the Notch pathway [ 216 ]. Synergistic anti- tumor effects have also been 
documented recently for the GSI MRK-003 together with rapamycin in pancreatic 
cancer, which was attributed to enhanced inhibition of the PI3K/Akt/mTOR path-
way by the combined therapy [ 217 ]. 

 Inhibitors of the PI3K-AKT-mTOR pathway may also be useful in combination 
with Notch inhibitors, and there is evidence that this strategy may reverse resis-
tance to GSI in T-ALL that carry PTEN inactivating mutations [ 71 ]. Whether this 
strategy can be successful in other cancers characterized by PTEN loss is unclear. 
The complex cross talk between Notch and NF-ĸB suggests that, at least in some 
circumstances, drugs that inhibit NF-ĸB activity directly or indirectly could be suc-
cessfully combined with Notch inhibitors [ 40 ,  218 ,  219 ]. As DLL-4 mAb appear to 
be effective independently of VEGF, they may be useful in combination with agents 
that block the VEGF pathway such as bevacizumab [ 78 – 81 ]. Finally, a particularly 
interesting treatment option is the combination of Notch inhibitors with inhibitors 
of other key stem cell pathways. For example, recent results show potent anti-cancer 
effects from combining a Notch-inhibiting agent and a Hedgehog pathway inhibitor 
in glioblastoma stem cell lines [ 220 ]. Hedgehog-inhibitor plus GSI combinations 
are also being investigated in ongoing clinical trials in breast cancer.  
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2.5.5     Future Approaches for Notch Inhibition 

2.5.5.1     Other Potential Approaches to Small-Molecule Inhibitors 

 At the theoretical level, it could be possible to generate small-molecule inhibitors of 
Notch that act at different levels. Whereas attention has focused only on γ-secretase 
as a vulnerable point in Notch processing, it may also be feasible to use α-secretase 
inhibitors (ASI). The α-secretase enzymes that cleave Notch are thought to be 
ADAM-7 and ADAM-10 [ 221 ], and inhibitors that block both these ADAMs have 
been developed [ 222 ]. There may be theoretical advantages of an ASI over a GSI; 
for example, an ASI would not have to enter the cell to act. The process of testing 
ASIs as Notch inhibitors in cancer is currently underway. 

 While the inhibition of an enzymatic activity is typically the most common strat-
egy to block a protein or pathway, examples are beginning to emerge of the poten-
tial druggability of protein-protein interactions. This strategy has been shown in 
reports in which small-molecule agents were derived to interrupt the interaction of 
the fusion protein EWS-Fli 1 with the RNA helicase RHA [ 223 ] or the p53/MDM2 
interaction [ 224 ]. A number of protein-protein interactions in the Notch pathway 
would be logical targets for disruption, including Notch-Notch ligand, NICD-CBF1 
transcription factor, or NICD-MAML. 

 Another promising approach relies on the discovery that the γ-secretase cleavage 
of Notch occurs not at the cell membrane but in the acidic endosomes [ 225 ]. A num-
ber of agents with the potential to interfere with endosomal acidifi cation have been 
screened for their ability to reduce Notch activity. The Na+/H+ antiporter Monensin 
emerged as a potent Notch inhibitor [ 226 ].  

2.5.5.2    Genetic Strategies 

 Genetic strategies for Notch inhibition may also fi nd limited application in cancer 
therapy, particularly for hematopoietic malignancies or localized tumors, such as in 
lung or brain. One potential option could consist of delivery of a gene or pseudogene 
encoding a Notch-inhibiting peptide or protein. A dominant-negative form of MAML 
has been used in vitro to inhibit canonical Notch signaling via CBF1 [ 227 ] and other 
genes known to down-regulate Notch could also serve this function, such as the Numb/
Numb-like or FBXW-7 genes [ 228 ]. Agents that up-regulate the expression of these 
endogenous Notch-inhibiting genes could be another way of blocking Notch activity. 

 Delivery of RNA interference represents a similar strategy for Notch-inhibiting 
cancer therapy, but possibly one with more potential for clinical success. Similarly 
to Notch-inhibiting genes, delivery remains one of the main problems in develop-
ing such strategies, but it is relatively less challenging to deliver small oligonucle-
otides than its whole genes. Either siRNAs or endogenous or artifi cial microRNAs 
could be generated. Each microRNA targets numerous genes and in general each 
gene is targeted by more than one microRNA. MicroRNAs thus offer the potential 
to simultaneously target more than one gene of interest, though the target genes 
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may not be suppressed as effi ciently as by siRNAs. For example, the microRNA 
 miR-326 has been shown to target both Notch-1 and Notch-2 and to decrease Notch 
activity [ 229 ]. The tumor-suppressive micro-RNA miR-34a has also been shown 
to target Notch-1 and Notch-2 and microRNA-206 has targeted Notch-3. In some 
cases, transfecting these microRNAs has demonstrated not only to decrease Notch 
activity but also to kill cancer cells, as in the case of the miR-326 and glioblastoma 
cells [ 229 ]. In addition, viral or liposomal vectors have been developed for genetic 
strategies such as RNA interference. Recent studies suggest that cancer cells have 
been shown to shed large amounts of microvesicles that can transmit cytoplasmic 
contents to nearby cells and that siRNAs or microRNAs can be transferred in this 
fashion to suppress gene expression in those cells. Thus, even if a limited percent-
age of cancer cells is transfected with a therapeutic vector, the transfected cancer 
cells may “share” with neighboring untransfected cancer cells to obtain benefi t. It 
remains an open question, however, whether siRNAs or  microRNAs would be suc-
cessful agents for Notch inhibition and cancer therapy.   

2.5.6     Potential Risks of Notch Inhibition 

 Different strategies for Notch inhibition in cancer may also pose potential signifi -
cant risk and side effects. As with the initial evaluations of GSIs for the treatment 
of Alzheimer’s disease, studies involving fi rst-generation GSIs in T-ALL and other 
tumors found that this therapy fails to distinguish individual Notch receptors, inhib-
its other signaling pathways and cause signifi cant systemic toxicity, attributed to 
dual inhibition of Notch-1 and 2 [ 203 ]. One of the most common adverse events 
is severe diarrhea. This is likely an on-target side effect of Notch inhibition, given 
that Notch drives gastrointestinal precursor cells toward an epithelial fate and away 
from a secretory cell fate; therefore, chronic Notch inhibition in the gut causes 
metaplastic conversion of proliferative cells in intestinal crypts and adenomas into 
secretory globet cells [ 3 ,  5 ,  46 ]. Secretory diarrhea showed its potential to be a 
dose- limiting toxicity in all these trials and it is likely one that will be problematic 
for any systematically-delivered Notch inhibitor. However, it has been found that 
intermittent rather than continuous oral administration of GSIs (e.g. giving a week 
off each month) greatly ameliorates the intestinal toxicity, presumably because it 
allows at least some intestinal stem cells to correctly differentiate as enterocytes. 
Corticosteroid treatment may also help to minimize the gut toxicity of Notch inhi-
bition while maintaining anti-tumor effi cacy [ 103 ]. Other adverse effects of sys-
temic GSI treatment in mice include reversible thymic suppression, reversible hair 
depigmentation, hair loss or reversible hyperkeratosis. Hair loss in dose-escalation 
experiments is an indication that a toxic dose has been reached and is associated 
with diarrhea and weight loss. GSI are not signifi cantly myelotoxic, making such a 
potential application at least theoretically feasible. 

 There has also been concern about other two theoretical risks of long-term Notch 
inhibition have been posited. The fi rst one is the potential for damage or ablate 
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the normal adult stem cell populations in various organs, which possible impact is 
 diffi cult to determine, but could include anything from hematopoietic collapse to 
subtle cognitive dysfunction. No signs of such toxicities have been uncovered in the 
earliest clinical trials, but the dosing was relatively short in those studies. The second 
potential risk may be even more concerning, as it involves an increased incidence 
of certain cancers. Whereas Notch plays an oncogenic role in most tissues, it acts as 
a tumor suppressor in some, such as B lymphocytes, neuroendocrine lung cells and 
certain skin cells [ 146 ,  158 ]. For example, loss of Notch signaling in the skin causes 
a barrier defect that causes local infl ammation, predisposing to transformation, 
hyperproduction of thymic stromal lymphopoietin, and systemic immunological 
disturbances [ 142 ,  143 ]. Thus long-term Notch inhibition may increase the risk of 
cancers in these cellular compartments, though this has not yet been demonstrated.   

2.6     Conclusions and Future Perspectives 

 Notch is a critical pathway in stem cell maintenance, development and cancer [ 2 – 5 ]. 
It has been shown to be important in numerous hematologic and solid malignan-
cies [ 6 – 10 ,  105 – 156 ], and its potential utility against “tumor stem cells” makes 
it a particularly high-value target [ 59 ,  63 – 65 ]. Despite last years have seen rapid 
advances in the development of therapeutic approaches to treat cancers and other 
diseases associated with dysfunctional Notch signaling, patients are not yet rou-
tinely treated by deliberately targeting the Notch pathway aside from clinical trials. 
Most Notch- directed therapies involve the use of GSIs, that have long been used 
in basic and preclinical investigation [ 13 – 15 ,  64 ,  75 ,  83 ,  128 ,  162 ,  165 ,  168 ,  169 , 
 180 – 183 ] as Notch inhibitors and they have recently begun clinical trials in cancer 
patients [ 166 ,  167 ,  170 ,  171 ,  184 – 191 ,  195 – 197 ] (Table  2.3 ). Other more selective 
inhibitors of Notch and Notch ligands, such as DLL-4 Abs, are in preclinical or 
early clinical development and may show great promise against not only cancer 
cells but also tumor angiogenesis [ 79 ,  80 ,  184 – 187 ,  189 – 197 ]. Optimism for Notch 
should be tempered somewhat by adverse events such as gastrointestinal toxicity 
that are beginning to be observed in clinical trials and other problems from long-
term Notch inhibition remain to be discovered [ 142 ,  143 ,  145 ,  157 ,  184 ,  186 ,  223 , 
 224 ]. Promising results have also been obtained through less common approaches, 
such as using Notch 1 ectodomain expression to inhibit tumor growth and angio-
genesis [ 226 ], inhibiting the ADAM metalloproteases that perform key activating 
Notch cleavages [ 227 ], expressing dominant-negative fragments of MAML [ 215 , 
 228 ] and expressing DLL-1 and JAG-1 fusion proteins to modulate Notch signaling 
[ 229 ]. Although all these strategies show great potential for realistic therapeutic 
intervention of Notch signaling in the future, they also highlight the need to iden-
tify groups of patients and/or subtypes of cancers who are most likely to benefi t 
from Notch inhibitors. To that end, it remains to be determined which cancers and 
specifi c subtypes are characterized by active Notch signaling, what specifi c roles 
are performed by different components of the Notch signaling pathway in a given 
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tumor, and whether global or selective Notch modulation is most desirable. Another 
key point is the study of biomarkers on Notch-associated cancers to understand 
other cellular events and signaling pathways interactions that contribute to tumor 
progression, thereby guiding the selection of the most effective treatment, which in 
many cases will involve GSIs or Notch immunotherapy in combination with other 
chemotherapeutic or targeted agents.     
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